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1. Introduction  

Modern civilization depends on energy. Without it, further development would be 

unthinkable. Energy transforms lives, businesses, and economies. However, it dramatically 

changes our planet—its climate, natural resources, and ecosystems. Therefore, a sustainable 

world is currently one of the biggest challenges to address by our society. “A sustainable 

world is the one in which human needs are met equitably without harm to the environment, 

and without sacrificing the ability of future generations to meet their needs.” [1] To this end, 

we must shift our electric power generation from fossil fuels to other renewable energy 

sources such as a mix of wind, water, and solar. This is reflected in the fact that during the last 

decades researchers have directed their focus towards environmentally clean technologies and 

renewable energy sources. As a result, photocatalytic, photoelectrochemical (PEC), and 

photovoltaic processes based on solar energy harvesting, transformation, and utilization have 

gained enormous attention. In these fields, particularly thin films, nanostructures, and 

nanohybrids of various photoactive semiconductors are currently the most investigated 

because of their unique and suitable properties such as high photoactivity, high chemical and 

(photo)stability, non-toxicity, and particularly low cost. Up to the present, a broad range of 

nanotechnologies utilizing different kinds of preparation sources and deposition techniques 

have been developed and commercialized in this regard. 

Preparation, characterization, and functional properties of photoactive semiconducting 

nanomaterials have been the main topic of the author’s whole research carrier. At Palacký 

University Olomouc, Institute of Physics of the ASCR and at the Department of Electrical 

Engineering of the University Of Nebraska—Lincoln, USA, the author extensively studied 

materials and nanostructures based on various oxides including titanium dioxide (TiO2), iron 

oxide (Fe2O3), tungsten trioxide (WO3), zinc oxide (ZnO), etc. for their application in the area 

of photocatalysis and photoelectrochemistry. In order to address their main limitations for 

these processes, the author, together with his collaborators, combined these core 

semiconductors with other materials such as graphene derivatives, other photoactive carbon 

based materials, plasmonic materials, quantum dots, other semiconductors, etc. in various 

complex nanohybrids.  

One of the most frequently used methods for the fabrication of these materials were plasma-

assisted deposition techniques; however, other chemical methods including the sol-gel and 

hydrothermal techniques were also applied. The nanostructures were always thoroughly 

characterized by a broad range of advanced techniques involving x-ray diffraction (XRD), 
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Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), UV-Vis spectrophotometry, 

scanning electron microscopy (SEM), high-resolution transmission electron spectroscopy 

(HRTEM), Mössbauer spectroscopy, glow discharge optical emission spectroscopy 

(GDOES), etc., and finally tested for their photoinduced behaviour and activity by various 

PEC and photocatalytic experimental set-ups.  

All the different aspects of the author’s research activities are summarized in this habilitation 

thesis on the basis of 12 published scientific papers, which have been selected for these 

purposes, and in which the author acted as a key researcher (mostly as the first author or 

corresponding author). These are peer-reviewed papers that were published in prestigious and 

respected scientific journals in the fields of materials research, nanotechnology, 

photocatalysis, and/or (photo)electrochemistry. 

The presented habilitation thesis is divided into nine chapters containing commentaries on the 

aforementioned publications. In particular, after this Introductory chapter, a theoretical 

background and motivation for the photocatalytic and PEC energy related processes are 

described in Chapter 2. Chapter 3 continues to describe basic properties of titanium dioxide 

(TiO2) and hematite (α-Fe2O3), which are the two key photoactive oxides studied and 

discussed in this thesis. Chapter 4 deals with various approaches to the fabrication of 

nanostructures based on their dimensionality, such as one- and two-dimensional approaches 

(1D and 2D). This chapter further describes the key features of these nanostructures in terms 

of PEC processes. Chapter 5 provides description of the plasma deposition techniques that 

have been designed and developed by the author of this thesis and their applications for the 

deposition of TiO2 and α-Fe2O3 based nanostructures. While these four chapters are relatively 

general and primarily based on an extensive review paper published in the journal Chemical 

Society Reviews, [A1] the following Chapters 6 and 7 summarize the research findings 

related to the TiO2 and α-Fe2O3 based photoanodes, respectively. With respect to TiO2, 

Chapter 6 provides description of the main results regarding the preparation and properties of 

1D TiO2 nanostructures including nanotubes and nanorods, [A2-A4] hybrid nanostructures 

combining TiO2 nanorods and carbon based materials serving as the co-catalysts; charge 

transfer mediators; and optical sensitizers, [A5, A6] optical sensitization of TiO2 by advanced 

plasmonic nanostrcutures, [A7] and the advanced plasma deposition technique for the 

preparation of very-thin TiO2 layers working as the blocking layers in PEC solar cells. [A8] In 

the case of α-Fe2O3, the attention is focused on the high-energy plasma deposition of hematite 

very thin photoanodes, [A9] plasma induced structural defects enhancing the hematite’s PEC 
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activity, [A10] and the strategy to address the drawback of surface states by the combination 

of plasma deposition of hematite photoanodes and atomic layer deposition (ALD) of 

isocrystalline alumina passivation overlayer. [A11] Chapter 9 consequently introduces the 

synthetic procedure for the preparation of hybrid nanocomposites based on TiO2 nanotubes 

branched with α-Fe2O3 nanoflakes as an example of combined nanostructured photoanodes. 

[A12] Finally, summary remarks and a long-term outlook are provided in Chapter 9. 
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2. Renewable energy based on photocatalytic and PEC processes [A1]  

Production of energy through solar light harvesting and conversion ranks among the most 

viable options for tackling the continuously threatening climate change and global warming 

caused by huge dependence of energy demand on fossil fuels, which leads to the persistent 

emissions of CO2 into the atmosphere. In spite of the social relevance of these energy-related 

issues, a valuable alternative to the use of oil-based energy sources is still far from industrial 

and commercial applications. Given this scenario, the urgency to secure alternative, 

sustainable, clean, and renewable energy suppliers has been prioritized. In this context, the 

development of cost-competitive materials capable of producing fuels or electricity directly 

from the energy harvested from sunlight offers a desirable approach towards fulfilling the 

need of clean energy, with minimal environmental impact. Semiconductor metal oxides (e.g. 

TiO2, α-Fe2O3, WO3, ZnO) are the most widely adopted materials for the conversion of solar 

energy into transportable chemical energy that could be stored in the form of di-hydrogen 

(H2) produced via photo-electrochemical (PEC) splitting of water. In addition, the production 

of electricity with perovskite solar cells (PSCs) or similar hybrid cells is also attracting a great 

deal of attention. Nowadays, the scientific research mainly focuses on the development of 

effective pathways that could couple (i) light absorption, (ii) steady-state production and 

transfer of photogenerated charge carriers, and (iii) a PEC water splitting reaction into one 

single device, and also focuses on the engineering of composite assemblies that could 

maximize the efficiency of the single processes. Unfortunately, none of the previously 

mentioned metal oxides simultaneously meet the thermodynamic and kinetic requirements 

that would ensure high performance in the mutually interconnected (i–iii) processes. This 

thesis summarizes the results that have been achieved by the author and explains how they 

have contributed to solving the aforementioned issues.  

 

Hydrogen production via photoelectrochemical splitting of water—–background and basic 

requirements. One of the approaches for PEC light-to-chemical energy conversion consists in 

the reduction of water into hydrogen (hydrogen evolution reaction—–HER) accompanied by 

water oxidation to oxygen (oxygen evolution reaction—OER). [2-5] The photoelectrolysis of 

water by using TiO2 as one of the electrodes was firstly reported by Fujishima and Honda in 

their famous paper published in the journal Nature already in 1972. [2] The basic 

configuration of a PEC cell consists of a semiconductor photoelectrode and a metal (e.g. Pt) 

both immersed in the electrolyte solution. This category of the PEC devices is termed as the 
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Schottky type. The type of the electronic conductivity of the semiconductor determines its 

functionality in the PEC system so that the n-type semiconductor always works as the 

photoanode and analogously the p-type semiconductor can only work as the photocathode. 

The configurations in which both photoelectrodes are applied as well as the systems utilizing 

a photovoltaic cell as the source of external solar-generated voltage are collectively referred to 

as the tandem cell approaches, and are currently extensively investigated. Nevertheless, this 

thesis exclusively deals with the application of TiO2 and Fe2O3 as the photoelectrodes and 

since they are both the n-type semiconductors, only the PEC devices combining the 

semiconductor photoanode (TiO2, Fe2O3 and various hybrids based on these semiconductors) 

and metallic cathode are hereafter described. The charge carriers that correspondingly 

promote H2 and O2 evolution (i.e. electrons and holes, respectively) are generated in the 

semiconductor(s) upon the absorption of photons. Figure 1 schematically illustrates the 

Schottky type PEC device with the photoanode and metallic cathode. It further shows the four 

consecutive steps representing the complete PEC water splitting process. Specifically these 

are: (i) light absorption in the photoanode, (ii) separation of the photogenerated electron and 

holes pairs (e-/h+), (iii) transport of the charges towards the electrodes’ surfaces and (iv) 

corresponding surface redox reactions (photoanode oxidation and cathodic reduction). Once 

the n-type semiconductor comes into contact with a liquid electrolyte, a space-charge 

depletion layer is developed at the semiconductor/liquid junction (SCLJ) due to the 

established equilibrium between the energy of Fermi level in the semiconductor and the redox 

potential in the electrolyte. It consequently generates a bend bending as well as a considerable 

space charge field at the SCLJ.  

The PEC water splitting electrochemical redox reactions are described by Equations 1–4. 

First, the semiconductor absorbs light wavelengths with the energy equal or larger than its 

band gap. Upon the absorption, the electron-hole (e-/h+) pairs are generated (Eq. 1) and 

separated as a result of the space-charge field. While the holes in the valence band diffuse 

throughout the semiconductor towards its surface, where they promote the water oxidation 

half reaction (OER, Eq. 2), the electrons are withdrawn by an external circuit to the metallic 

cathode (e.g. Pt), where they undergo the water reduction half reaction (HER, Eq. 3).   𝑠𝑒𝑚𝑖𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 ℎ𝜈 →  𝑒𝑐𝑏− +ℎ𝑣𝑏+        (Eq. 1) 𝑒− +  𝐻+  → 1/2𝐻2                           𝐸𝐻+/𝐻20 =  0 𝑉 𝑣𝑠. 𝑅𝐻𝐸  (Eq. 2) 2ℎ+ +  𝐻2𝑂 → 1/2𝑂2 +  2 𝐻+     𝐸𝑂2/𝐻2𝑂0 =  1.23 𝑉 𝑣𝑠. 𝑅𝐻𝐸  (Eq. 3) 
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2 𝐻2𝑂 → 2 𝐻2 + 𝑂2                         𝛥𝐸 = 1.23 𝑉 𝑣𝑠. 𝑅𝐻𝐸   (Eq. 4) 

 
Figure 1. (a) Basic Schottky type PEC cell set-up with the four key steps of the photoelectrochemical 
water splitting, (b) position of conduction and valence band of TiO2 and α-Fe2O3 towards water 
splitting application half reactions (OER and HER). Reprinted and modified from Ref. [A1].  
 

The overall water splitting (Eq. 4) is an energetically uphill reaction (e.g. endoenergetic), with 

a Gibbs free energy ΔrG0 = 273.2 kJ/mol that, according to the Nernst equation, corresponds 

to the electrochemical potential of ΔE = 1.23 V per each electron required. Therefore, the 

semiconductor used as the photo-electrode must absorb light with photons energy greater than 

1.23 eV (that is, absorption edge at ca. 1100 nm). Furthermore, the adopted semiconductors 

should feature conduction band (ECB) and valence band (EVB) edges that straddle E°red (Eq. 

2) and E°ox (Eq. 3), respectively. However, although the ECB and EVB edges of the 

semiconductor may have appropriate energies, unavoidable potential losses and kinetic 

overpotentials imply that 1.6–2.4 eV is the actual energy necessary to sustain the overall water 

splitting. Such a severe thermodynamic and kinetic restriction explains why a semiconductor 

that will be able to efficiently drive the overall reaction has yet to be identified. Moreover, the 

requirements for the commercialization of PEC devices (high efficiency, stability and 

scalability) further narrow the list of suitable material candidates. For instance, III-V 

semiconductors show large charge mobility and optimal band gap energy (Eg); however, they 

bear high manufacturing cost and reveal poor stability in PEC conditions. Therefore, long-

term device durability cannot be afforded. Transition metal oxides rarely meet the criteria for 

an Eg suitable for sunlight activation, or for favourable band edges relative to E°red and E°ox. 

Hence, the well-renowned earth abundant materials potentially stable in the long-run, such as 

TiO2 and α-Fe2O3, still represent the most viable option for PEC applications. Both feature 

low processing cost and high stability even in harsh environments; however, TiO2 absorbs 

only UV photons (Eg = 3.2 eV), while α-Fe2O3, with good stability and optimal band gap (Eg 

= 2.3 eV), features a very short hole diffusion length compared with light penetration depth 
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(the description of TiO2 and α-Fe2O3 properties is provided in greater detail in the following 

chapter). These intrinsic limitations have been addressed in the presented thesis by: (i) careful 

material nanostructuring such as preparation of very-thin highly absorbing thin films (2D 

nanostrcutures) and/or preparation of the oxides in the form of 1D nanostructures (nanotubes, 

nanorods, nanoflakes) to overcome the short hole diffusion length and prevent the 

photogenerated charges’ recombination; (ii) nanoengineering of internal properties of the 

oxides (defect nanoengineering, doping), (iii) the use of co-catalysts/sensitizers to enhance 

structural stability and extend the spectral range of light absorption and (iv) preparation of 

multi-component hybrid nanostructures. 

 

Estimation of the PEC waster splitting efficiency. The PEC experiments are usually carried 

out using a three-electrode system connecting a working electrode (WE), which is in our case 

the investigated photonaode, a metallic counter electrode (CE), and a reference electrode (RE, 

e.g. Ag/AgCl electrode). As the standardized light source, a broadband solar Air Mass 1.5 

Global (AM 1.5 G) light simulator with the intensity of 100 mW cm-2 is commonly used. 

The photoactivity of the photoanodes was determined on the basis of the PEC experiments 

including linear sweep voltammetry, chronoamperometry, open circuit potential, 

electrochemical impedance spectroscopy, etc. [6-8] These measurements quantify dynamics 

of the photogenerated carriers (electrons, holes). The prime characteristics derived from the 

PEC measurements are photocurrent curve (dependency of the current density—J on the 

applied potential to the WE—E). The most important parameters of the photocurrent curve are 

the onset potential and the photocurrent value at the 1.23 V vs. RHE. The value of the plateau 

current indicates how many photogenerated holes are reaching the SCLJ. The onset potential 

influences whether or not the photogenerated holes will suffer from surface recombination 

due to the slow electrochemical kinetics. It can be concluded that the highest photocurrent 

plateau is desired along with the onset potential shifted to a more cathodic direction.  

Several approaches can be used to determine the performance of the PEC water splitting 

devices. Nevertheless, above all, the solar-to-hydrogen efficiency (STH, Eq. 5) is perhaps the 

most important. It is defined as the ratio between the amount of the produced chemical energy 

and the solar energy input. In this particular case, the PEC device uses only two electrodes 

that are separated into two compartments for the OER and HER. For both reactions, the 

electrolyte of the same pH and lacking in any sacrificial donors or acceptors must be used.  
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𝑆𝑇𝐻 = [ (𝑚𝑚𝑜𝑙𝐻2)∗(237000𝐽𝑚𝑜𝑙−1)𝑃𝑡𝑜𝑡𝑎𝑙(𝑚𝑊 𝑐𝑚−2)∗𝑎𝑟𝑒𝑎(𝑐𝑚2)]    (Eq. 5) 

When a BIAS applied to the working electrode is used, the efficiency can be estimated on the 

basis of the applied bias photon-to-current efficiency (ABPE).  𝐴𝐵𝑃𝐸 = [𝐽(𝑚𝐴 𝑐𝑚−2)∗(1.299−|𝑉𝑎𝑝𝑝|)(𝑉)∗η𝐹𝑃𝑡𝑜𝑡𝑎𝑙(𝑚𝑊 𝑐𝑚−2) ]   (Eq. 6) 

Another possibility of evaluating the performance of the tested material is the incident 

photon-to-current efficiency (IPCE). It describes the percentage of the incident photon flux 

that is directly transformed into the photocurrent as a function of the incident light 

wavelengths.  𝐼𝑃𝐶𝐸(𝜆) = 𝐽𝑝ℎ(𝜆)/𝑒𝑃𝑚𝑜𝑛𝑜(𝜆) = 𝐽𝑝ℎ(𝜆)∗1239.8𝑃𝑚𝑜𝑛𝑜(𝜆)∗𝜆     (Eq. 7) 

The efficiency of a single photoelectrode in the three-electrode PEC system can be directly 

calculated from (J-V) polarization curves data according to equation 8. 𝜂 = 𝐽𝑚∗𝑉𝑚𝑃𝑖𝑛        (Eq. 8) 

The components in the above equations are: Jph (λ) in mA cm-2 is the photocurrent density 

measured under monochromatic illumination at wavelength λ in nm, Pmono (λ) in mW cm-2 is 

the power intensity of incident monochromatic light at wavelength (λ), e is elementary charge, 

h is the Planck’s constant, c is the speed of light, Vm is the photovoltage generated at the 

maximum power point, and Pn is the illumination power of light (standardly 100 mW cm-2).  

Faradaic efficiency is the method that fairly reliably excludes the effect of photocorosion, 

which can contribute to the overall photocurrent value. It is calculated as the ratio between the 

experimentally achieved amount of the oxygen gas and the theoretically calculated value 

based on the measured photocurrent. 𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (Eq. 9) 

Other approaches to calculating the efficiency of the PEC devices are described in the review 

paper published by the author. [A1] 

 

3. Properties of TiO2 and α-Fe2O3 photoanodes 

Titanium oxide (TiO2). TiO2 is the transition metal oxide that occurs in three main 

polymorphs, namely rutile, anatase, and brookite. While anatase and rutile are highly 
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abundant, brookite is rather rare in nature. Rutile and anatase both crystallize in a 

tetragonaltrusture, whereas brookite crystallize in an orthorhombic structure. [9]The 

crystalline structures are shown in Figure 2.  

 
Figure 2. Crystalline structures of TiO2 polymorphs. (a) anatase, (b) brookite, (c) rutile. Reprinted 
and modified from Ref. [10], (d) crystal structure of hematite Fe2O3. 
 

The thermodynamic stability of the polymorphs largely depends on their crystallite size. 

While rutile is thermodynamically the most stable phase in coarse materials (particle size 

above 35 nm), anatase is the common crystalline phase for nanoparticles (particle size below 

11 nm). The brookite phase shows the highest stability in between these values (11–35 nm). 

The crystalline structure of TiO2 polymorphs depends on chains of TiO6 octahedra. The 

difference between anatase and rutile is found in the distortion of each octahedron (e.g. two 

Ti-O bonds are a little bit larger than the remaining four and some O-Ti-O bond angles deviate 

from 90°). The distortion is more pronounced for anatase. In contrast, brookite is formed by 

octahedra whose corners and edges are shared.  

From the electronic point of view, TiO2 is a typical n-type semiconductor with its valence 

band formed by oxygen 2p orbitals and the conduction band by the titanium 3d orbitals. The 

n-type conductivity originates particularly from the intrinsic defects such as oxygen 

vacancies. The band-gap energy width of ~ 3.0 eV corresponds to rutile and ~ 3.2 eV to 

anatase. Despite the higher band gap energy, the anatase phase features a higher 

photocatalytic activity, which is due to the better position of the conduction band minima that 

facilitate the reductive half-reactions.   

TiO2 is among the most studied transition metal oxides owing to its suitable properties, which 

are high chemical stability, non-toxicity, low cost and, particularly, high photocatalytic 

activity. Due to the semiconductor nature and its unique physical properties, TiO2 is nowadays 

used in numerous applications including pigments, heterogeneous catalysis, dye-sensitized 
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and perovskite solar cells (DSSCs, PSCs), PEC devices, electric devices, corrosion-protective 

coatings, optical-interference coatings, and many others. Nevertheless, in the context of this 

habilitation thesis, the most important feature is its photocatalytic activity. [11] 

The photocatalytic reactions belong to the family of 

advanced oxidation processes. It is a technology that is 

widely used for the degradation or mineralization of a 

broad range of organic and biological contaminants. 

The photocatalytic process on an anatase TiO2 particle 

is illustrated in Figure 3, as it is the example of perhaps 

the most active photocatalyst. Upon the light 

irradiation from sunlight or other illuminating light 

source of the photocatalyst, electrons in the valence 

band (VB) are excited to the conduction band (CB). This creates electron (e-) - hole (h+) pairs. 

After photoexcitation, the electrons and holes that do not recombine further diffuse/migrate to 

the surface of the photocatalyst, where they act as reducing and oxidizing agents, respectively. 

In other words the valence band holes oxidize water/hydroxide ions producing the OH• 

radicals, while the conduction band electrons reduce molecular oxygen to superoxide radical 

ions (O2
-•). Both of these radical species have very high oxidative potential that can 

mineralize almost all organic carbon into CO2. A further advantage is that the photocatalytic 

processes can be performed under mild ambient conditions without any mass transfer. On the 

other hand, the key and fundamental limitation is a high-energy band gap of TiO2, which 

allows only absorption of the UV light. This, in other words, means only ~ 5 % of the solar 

spectrum.  

 

Hematite iron oxide (α-Fe2O3). Hematite crystallizes in a centred hexagonal structure within 

the R-3c space group symmetry, with the lattice parameters of a = 5.034 Å and c = 13.752 Å 

(Figure 2d). The structure is related to the corundum type of a close-packed oxygen lattice in 

which 2/3 of the 12c octahedral sites are occupied by Fe3+ cations. The band gap of hematite 

is usually reported between 1.9 to 2.2 eV, which corresponds to the wavelengths of the 

incident light between 650 to 560 nm. Generally, three possible mechanisms of the electronic 

tractions upon the light absorption are known: (i) ligand field transition (d-d transition), (ii) 

ligand-to-metal charge transfer mechanism (LMCT), and (iii) pair excitations when two 

neighbouring Fe3+ ions undergo simultaneous excitation. Considering the hematite’s bandgap, 

a photocurrent value of ~ 12.5 mA cm-2 at 1.23 V vs. RHE and under one sun illumination can 

 
 

Figure 3: Schematic drawing of the 
photocatalytic process on TiO2 
particle. 



Habilitation thesis  Štěpán Kment 

11 

 

be potentially reached, which corresponds to a theoretical STH efficiency of ~ 17 %. 

However, hematite suffers from severe electronic and optical limitations, which are very low 

electrical conductivity and extremely short diffusion length of photogenerated holes. The poor 

electrical conductivity (~ 10-14 ohm-1) and electron mobility (10-2 cm2V-1s-1) is associated with 

a very specific electron transfer by hopping the electrons on Fe2+/Fe3+ iron atoms, which 

alternates on spatially localized iron (3d) orbitals. This phenomenon is known as small 

polaron conductivity, which can be described by a small polaron model considering both the 

effect of the relatively large size of the Fe2+ ion and associated lattice distortion (polaron). 

Despite the absorption of a substantial fraction of visible light, hematite provides a relatively 

poor absorptivity of photons (α-1 = 118 nm at λ = 550 nm) near its band-edge as a result of its 

indirect nature. Moreover, hematite exhibits an ultrafast recombination of the photogenerated 

carriers (time order within 10 ps) and low minority charge carrier mobility (0.2 cm2 V-1 s-1). 

Consequently, the hole diffusion length (LD) is only 2–4 nm. Furthermore, application of a 

large overpotential is required to observe the water splitting photocurrent due to the slow 

oxygen evolution reaction (OER) caused by surface traps and/or poor OER kinetics. [12-13] 

These non-ideal features still significantly hinder the performance of hematite that would be 

sufficient for industrial production of hydrogen. On the other hand, considerable effort has 

been put in to improve the photoresponse of hematite and some of the efficient approaches are 

described in this habilitation. 

 

4. Nanostructuring of the photocatalytic materials  
Nanoscopic scale (more often, nanoscale) significantly influences many of the physical, 

chemical, and biological properties of materials and provides them with new unique 

functionalities. Indeed, nanoscale is the threshold beyond which surface area effects (i.e. 

quantum confinement) and the discrete changes of properties become more significant than 

bulk features. As miniaturization has profoundly changed the world of electronics, 

nanostructuring plays a major role in many fields including renewable energy. [14] 

Nanostructured materials (NMs) are low dimensional materials composed of assemblies of 

building units with at least one dimension confined to the submicron or nanoscale regime. 

[15] According to this definition, zero- (0D), one- (1D), two- (2D) and three-dimensional 

(3D) NMs can be distinguished. Common characteristic is, compared with bulk materials, that 

NMs exhibit remarkably higher surface-to-area ratio and fundamental size effect. In 

particular, larger specific surface areas represent a great advantage when the materials are 
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intended for (photo)catalytic applications: a higher number of surface sites facilitate substrate 

adsorption, offer extended contact with solutions, etc. The size effect, instead, consists in the 

fact that nanomaterial dimensions (< 100 nm) are comparable to the critical length scale of 

physical phenomena such as the mean free path of electrons and phonons. This implies that 

charge carriers are more efficiently separated within the nanomaterials lattice and that NMs 

properties can be distinguished from those of bulk materials and those of quantum-sized 

materials. The first classification effort was introduced in 2000, [16] although only more 

recent reports also include other architectures. [15] In terms of this habilitation thesis, the 1D, 

2D, and combined hierarchical nanoarchitectures are of particular importance.  

 

1D−nanostructures. One-dimensional (1D) nanostructures such as nanotubes, nanorods, or 

nanofibers provide very high performance with respect to the overall charge collection and 

transfer efficiency. Usually highly-ordered 1D nanostructure arrays (particularly the 

nanotubes) not only maximizes the material specific surface area (a key factor for enhancing 

the performance of any heterogeneous catalytic reactions), but also features a number of 

characteristics (e.g. size confinement, atomically curved surface, extended surface-to-volume 

ratio, preferential percolation pathway for enhanced charge separation/transport/collection) 

beneficial for photo-electrocatalytic applications. Charge collection efficiency, which depends 

on both the recombination lifetime of photogenerated charge carriers and their collection 

lifetime, meaning that the time it takes the e-(h+) to reach the semiconductor-electric contact 

(semiconductor/electrolyte interface) is, in comparison with other nanostructures’ 

morphologies, thus significantly enhanced. The author of this thesis has focused particularly 

on 1D nanostructures with the morphology of highly-ordered self-organized nanotubes grown 

by electrochemical anodic oxidation, nanorod arrays synthesized by hydrothermal methods, 

and the ultrathin nanoflakes grown by thermal oxidation of metal substrates. In this regard, 

one of the outputs of the author’s continuous research in this field was a review paper dealing 

with 1D nanostructures based on TiO2 and α-Fe2O3 published in the journal Chemical Society 

Reviews. [A1] 

 

2D−nanostructures (thin films). Metal oxide films with a thickness that falls into the 

nanometer-sized regime are typical example of 2D-nanostructures. 2D thin films are 

frequently employed for photocatalytic and PEC applications. The comparison, in terms of 

properties and photocatalytic performance, between thicker films and the 2D-nanostructured 

counterparts reveals several advantages offered by the thinner layers. The superior 
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performance of nano-thick layers is ascribed to the enhanced photon absorption produced by: 

(i) multiple reflection and scattering of light at the semiconductor/electrolyte interface; (ii) the 

possibility of decoupling the directions of light absorption and of charge-carrier collection, 

which means that photogenerated charges will not diffuse through the bulky material and the 

charge recombination will be reduced; (iii) improved photogenerated charge-pairs separation 

driven by suitable internal electric field; (iv) the possibility of controlling crystal face 

exposure that influences the materials band-bending, flat band potential, surface states; (v) the 

possibility of manipulating the semiconductor band gap, taking advantage of nanoscale size 

effect; this translates into a CB edge shift towards more negative potential and/or into a VB 

edge shift in the opposite direction, etc. [17] The author of this thesis has particularly focused 

on the preparation of photoactive 2D thin and ultra-thin films by the low-temperature plasma 

assisted deposition techniques. These methods are in greater detail described in the following 

chapter.  

 

5. Plasma assisted deposition methods for the preparation of thin films and 
nanostructures 

Films of various semiconductors and metals are very often prepared with the aid of low-

temperature plasma, allowing control of their thickness, compositions, and structure. Low 

temperature plasma is ionized gas far from thermodynamic equilibrium. Electron gas has 

usually a high effective electron temperature Te in the range from Te ≈ 10000–50000 K, but 

the kinetic temperature of heavy particles is rather low, close to room temperature. Hot 

electron gas can excite electronic states in atoms and electronic, vibrational, and rotational 

states in molecules. These facts lead to molecular dissociation, creation of metastables, and 

chemically active particles, which can be produced at normal conditions close to 

thermodynamic equilibrium at very high temperatures. Consequently, the overall thermal load 

of substrates is relatively low. Exploiting this phenomenon, the low-temperature plasma-

assisted deposition can be used for the coating of thermally sensitive samples. [18] 

One of the most common ways of plasma-assisted depositions is introduced by the physical 

vapour deposition (PVD) process. Classical PVD processes are mostly realized by direct 

current (DC) or radio frequency (RF) ion sputtering of metallic or non-conductive targets 

made from a material that is further contained in the deposited layer using a suitable reactive 

gas mixture (Ar is regularly used as the working gas and O2, N2, etc. as the reactive gases). 

Particularly, various configurations based on magnetron sputtering are the most typical for 
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such PVD processes. Magnetron sputtering currently represents the most powerful physical 

method among the common industrial deposition technologies for producing thin films. 

Magnetrons are mainly operated at low pressures (p ~ 0.1–10 Pa). The magnetron systems 

have, compared with other sputtering methods, relatively high deposition rates due to the high 

plasma density at the target.  

Very promising are systems employing low-temperature pulsed plasma. [19]These systems 

generally work with low average absorbed electrical power for plasma excitation and high 

pulse power during the active part of the period. By using plasma sources in the pulse-mode, a 

high flux of ions, radicals, or other particles on the substrate due to high power absorbed in 

the plasma during the active part of the period can be attained. Simultaneously, the plasma 

remains in the low-temperature domain. By changing the duty cycle, the substrate ion 

bombardment can be controlled, which can lead to the reduction of the compressive stress in 

the deposited film as well as controllably inducing many beneficial defects into the deposited 

material. We can further easily regulate the energy delivered into the discharge, and thus 

influence the other important features of the deposited films such as crystalline structure, 

grain size, texture of the films, density of the films, adhesion, etc. The pulsing mode of the 

magnetron sputtering also prevents the charging of dielectric material accumulated on the 

target, which crucially reduce problems associated with discharge arcing and consequent 

damage to the films [20]. Pulsed magnetrons can be operated as unipolar (the cathode of the 

magnetron is grounded during the idle part of the pulse, Vc = 0 V) or bipolar (the cathode of 

the magnetron is biased with some positive voltage during the idle part of the pulse, Vc ∼ 20–

100 V).  

Recently, a modern direction in magnetron sputtering is the so-called high power pulsed 

ionized magnetron sputtering (HIPIMS) [21] and its various modifications such as the 

combination with medium frequency (MF) plasma excitation. The HIPIMS discharges are 

operated in a range of low repetition frequency of 50–500 Hz and short duty cycles Ta/T ≤ 

1%. [22] Short duty cycles result in high-power pulse densities (∼ kW/cm2) and high plasma 

density, about 1018–1019 m−3 in the pulse, [23] while the values averaged over the whole 

period are much smaller (comparable or even lower than in the DC mode). Because of the 

high energies and powers involved in a HiPIMS pulse, a large fraction of sputtered (metal) 

particles is ionized at the target region. The advantages of HIPIMS+MF systems is the 

possibility of utilizing the “off” time of the HiPIMS duty cycle, which crucially decreases the 

working pressure and improves the HIPIMS plasma generation due to MF plasma pre-
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ionization, thus improving the properties of the generated films as well. [24] The voltage 

applied on the cathode during MF sputtering is usually pulsed in the mid-frequency range of 

100–350 kHz with duty cycles of about 50% or more. Pure MF magnetron discharges are 

usually characterized by ion fluxes comparable to DC sputtering, high thermal energy flux 

[25], and a lower degree of ionization of the sputtered particles (plasma density 1015 – 1016 

m−3). [26]  

The author of this thesis designed and built, in the laboratory at Palacký University Olomouc, 

a new sophisticated infrastructure based on a magnetron sputtering system for the deposition 

of thin films and various nanostructures. The plasmatic system at UPOL is equipped with 

five-magnetron deposition source (see Figure 4) including a main four-inch and additional 

four two-inch magnetron sources. The main large magnetron enables deposition of films 

featuring very high homogeneity over a large number of substrates as well as one large 

substrate (up to 10x10 cm) in one deposition cycle. The four additional magnetron sources 

allow deposition of various binary or ternary alloys (even thermodynamically difficult to 

obtain) and doped and/or co-doped (up to four dopants) versions of the 2D thin 

nanocrystalline films (metals, metal alloys, oxides, nitrides, carbides, etc.). Furthermore, the 

system involves a professional substrate holder (EpiCentre system, UHV Design Ltd.) capable 

of precise regulation and in situ control of the most important deposition conditions for 

substrates such as temperature, speed of rotation, and DC/RF biasing during the depositions. 

Summary of the most important features that the system enables: 

1) Deposited metal and metal-alloy (binary or ternary) films onto transparent FTO substrates 

can be used as starting materials for the preparation of nanotubes via the electrochemical 

anodization. This strategy represents a significant step forward in the PEC processes since 

the usage of transparent conductive substrate serving as a transparent electrode is of 

crucial importance.  

2) Due to the HiPIMS mode, a majority of the sputtered particles are being ionized. This 

phenomena can be exploited for deposition of very thin films (metals, oxides, nitrides, 

etc.) inside the cavities of nanotubes and/or various scaffold-like functional 

nanostructures. The process can be considerably enhanced when the substrate (1D 

nanotubes or scaffolds deposited onto FTO substrate) are electrically BIASed, which 

attracts the sputtered particles towards the substrates. 
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3) The HiPIMS mode provides very high ion flux towards the substrates, which can be 

regulated and controlled. This phenomenon is particularly important with respect to the 

defect engineering of 2D nanocrystalline thin films.  

4) Due to the ionized nature of the sputtered particles, the HIPIMS mode is especially 

convenient for the doping and co-doping precise engineering and control. 

5) An in situ diagnostic of the discharge usually runs along with the plasma deposition 

process. Besides the observation of basic plasma parameters, it also enables to control the 

deposition process, thus ensuring its reproducibility. The optical emission spectroscopy is 

regularly used as the diagnostic method. It provides information about the chemical 

composition of pulsed plasma and directly detects electronically excited atoms and 

molecules. 
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Figure 4. (a) Schematic drawing of the DC pulsed magnetron sputtering system for the deposition of 
thin films and nanostructures developed by the author at Palacký University Olomouc, (b) multiple 
magnetron sputtering sources including a central four-inch magnetron and four two-niche 
magnetrons, (c) photograph of the central 4-inch magnetron with titanium target installed, (d) 
photograph of the whole system from the side of the sophisticated substrate holder, (e) photograph of 
the substrate holder inside the reactor containing ten FTO substrates with the diameters of 25 x 35 
mm, (f) photograph of the plasma discharge during the deposition and simultaneous substrate plasma 
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biasing.   
6. Phtotoelectrochemically active nanostructures based on TiO2 

6.1. 1D nanostructuring of the TiO2 photoanodes [A2] 

As described in Chapter 4, the 1D nanostructuring of materials into the form of nanorods, 

nanotubes, nanofibers, or nanoflakes is one of the most straightforward strategies to crucially 

improve the photocatalytic and PEC activity of single semiconductors, compared with their 

bulk counterparts. 1D morphology provides several beneficial features that synergistically 

contribute to the overall enhanced photoactivity, namely: (i) considerable increase in the 

surface area, which enlarges the number of photocatalytically active sites (ii) increase in the 

amount of harvested/absorbed light, (iii) enhanced photocharge separation efficiency due to 

the directional electron transfer towards the charge collecting back contact (electrode). 1D 

morphology can further work as a suitable platform/scaffold for more complex hierarchical 

photoactive nanostructures. However, the final functionality of these complicated 

nanosystems strongly depends on the properties of the starting material. Several methods are 

generally applied for the production of 1D nanostructures including both the top-down and 

bottom-up nanotechnology approaches. The first category typically represents hydrothermal 

techniques carried out in autoclaves, which usually produces oriented nanorods or more rarely 

nanotubes. Electrochemical anodization of metal foils is the classical example of the top-

down procedures. The electrochemical anodization of the metals creates various oxide 

nanostructures such as particularly nanotubes or porous nanostructures with the thickness of 

tents of nanometres to tents of micrometers (the morphology crucially depends on the metal 

and the anodization conditions and the thickness on the electrochemical parameters and 

duration) on the surface and the remaining metal then serves as the back contact. However, 

for the PEC applications, the metal substrate is not very convenient for several reasons. It is 

not transparent, which is a serious handicap to many PEC devices and, more importantly, the 

anodization process leads to the formation of different detrimental crystalline phases of the 

grown oxide at the interface of the desired oxide and the remaining metal. These unwanted 

crystalline phases act as the recombination centres for the charges and thus cause significant, 

overall (photo)efficiency losses. In this approach, these limitations were addressed by a two-

step preparation procedure. First, a high quality metal film of a precise thickness on the 

required transparent conductive substrate was deposited by magnetron sputtering. In the case 

of PEC applications, the most commonly used substrate is a glass coated with a transparent 

conductive fluorine-doped tin oxide layer (hereafter termed as FTO substrate). In the 
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following step, the metal film was fully transformed into the desired oxide form by the 

electrochemical anodization. The full transformation ensures the transparency of the electrode 

along with avoiding the formation of other crystalline structures. The grown oxide 

nanostructures are usually amorphous and must be further thermally treated to provide the 

crystallization. The plasma deposition also allows preparations of various binary or ternary 

alloys, with highly controllable ratios between metals and multilayer metal assemblies than 

can be further used for the preparation of doped oxides and 1D oxide superstructures, 

respectively. The metal films (as well as metal foils) deposited on the FTO can also be used 

for the preparation of oxide nanofibers by a high temperature oxidation in air.  

Nevertheless, this work reports on three different synthetic pathways for growing 1D 

nanostructured TiO2 photoanodes including electrochemically anodized nanotubes and 

hydrothermally grown nanorodos as well as hydrothermally prepared nanotubes. In the first 

case, the so-called self-organized TiO2 nanotubes (TNT) were grown by electrochemical 

anodization of Ti layers deposited onto an FTO glass substrate by magnetron sputtering. The 

anodization was carried out at 50 V in a most typical electrolyte containing 0.5 wt% NH4F + 2 

wt% H2O in ethylene glycol.  

Further, the TiO2 nanorod arrays (TNR) were fabricated on the FTO substrate by 

hydrothermal method. [27] In this case, the precursor solution mixture contained 14 mL of 

concentrated HCl mixed with 14 mL Milli-Q water (18.2 Mcm), followed by mixing 0.46 

mL of titanium n-butoxide into the aqueous solution. The FTO glass (surface resistivity: 7 

/sq), pre-cleaned by DI water; acetone; and 2-propanol, and the clear mixture were 

transferred into a Teflon-lined stainless steel autoclave (50 mL volume) with the FTO 

conductive side facing down. The hydrothermal reaction was conducted in a laboratory oven 

at 150 oC for 8 h and then cooled down under flowing water for 15 min. The sample was 

rinsed with DI water and ethanol.  

Finally, the TiO2 nanotubes were deposited by sequential hydrothermal method (THNT). 

First, a thin ZnO seed layer was prepared onto the FTO glass by spin coating method with 

0.02 M zinc acetate dihydrate solution at 4000 rpm for 35 s. Arrays of ZnO nanorods, which 

served as sacrificial templates for the nanotubes, were grown on the seed layer by 

hydrothermal method at 85 oC for 10 h using 0.025 M zinc nitrate hexahydrate and 0.025 M 

hexamethylentetramine as precursor chemicals. The synthesized ZnO nanorod arrays were 

then immersed in aqueous solution consisting of 0.075 M ammonium hexafluorotitanate and 

0.2 M boric acid at room temperature for 0.5 h. In this solution, ammonium hexafluorotitanate 
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hydrolyzed to TiO2 on the individual ZnO nanorod, while ZnO dissolved simultaneously in 

the solution by acids produced by ammonium hexafluorotitanate hydrolysis. Subsequently, 

the resulting TiO2 nanotube arrays immersed in a 0.5 M boric acid solution for 1 h to remove 

the residual ZnO inside the tubes. All these techniques enabled to grow the TiO2 arrays 

vertically to the FTO substrates with sufficient adhesion and covering their large area. In the 

next step, the fabricated nanostructures were thoroughly characterized and particularly 

compared in terms of their PEC activity.  

Figure 5 summarizes the main findings of this work. The SEM images show very different 

morphology and the degree of orderliness of the prepared TiO2 film arrays (Figure 5a-c). The 

latter increases in the range THNT>TNR>TNT. While the diameter of single rods and 

anodized tubes is comparable (in average around 100 nm), the diameter of hydrothermal 

nanotubes is much smaller (around 50 nm). Due to the smaller diameter and relatively high 

thickness of the arrays, which is the same of 2.5 µm for all three types, the tubes in the THNT 

structure tend to cross each other. This morphology also shows the lowest density compared 

with the closely packed TNR and TNT nanostructures. The prepared nanostructures also 

differed in one of the most important parameter, which is the crystalline structure, although 

the as-grown film arrays were thermally treated under the same conditions of 500 °C for 1 

hour in air. With the help of XRD, it was found out that the TNR arrays had the rutile 

crystalline structures with the preferred orientation of the (00l) type. The rutile phase was 

apparently obtained owing to the isostructural SnO2 (FTO) grains, which provided favourable 

nucleation sites for the formation of the rutile phase. The THNT films were fully transformed 

into the anatase structure. The anatase crystalline structures was also revealed for the TNT; 

however, these films contained residual traces of unreacted titanium.  

The PEC properties were measured under standard conditions using a three-electrode 

configuration and AM 1.5G simulated solar light illumination (intensity 100 mW cm-2). 

Figure 5d shows linear sweep voltammetry scans of the tested nanostructures with the 

thickness of 2.5 μm. The hydrothermally grown TiO2 nanorods (TNR type) exhibited the 

highest activity—630 µA cm-2 at 0V vs. Ag/AgCl). This was more than three times higher 

than the photoactivity of the anodized nanotubes (TNT, 185 µA cm-2 at 0V vs. Ag/AgCl) and 

more than six times higher than the activity of the hydrothermally grown nanotubes (THNT, 

110 µA cm-2 at 0V vs. Ag/AgCl). Generally, the rutile phase is referred to as a crystalline 

structure showing lower photocatalytic activity; in this case, the rutile TNR nanorods 

significantly overperformed both of the anatase nanotubular photoanodes. The relatively poor 
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performance of the TNT samples was attributed to the presence of the titanium residues 

coming from the starting sputtered titanium films. These titanium impurities may act as the 

recombination centres for the photogenerated charges. The lowest activity of the 

hydrothermally grown nanotubes probably resulted from the sequential synthetic procedure, 

which required a ZnO seed layer to be deposited prior to the hydrothermal growth. 

Subsequently, the seed layer had to be chemically etched away, which was a crucial step for 

keeping a good contact between the TiO2 and the FTO layer. On the other hand, the TiO2 

nanorods (TNR) grew because of the isostructural FTO crystals, which ensured a very good 

electrical contact for the charge transfer. The charge transfer was even boosted owing to the 

preferential orientation of the individual rods along the (110) crystalline plane. Therefore, it 

can be concluded that the highest photoactivity of the titania nanorods hydrothermally grown 

on the FTO substrate resulted from the best dynamics/transfer ability of the photogenerated 

charges, which was proved by the calculation of the photogenerated electron life time (Figure 

5e). For the following study, only the photoanodes based on hydrothermally deposited 

nanorods and anodized nanotubes were used.  
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Figure 5. TiO2 1D nanostructures deposited onto FTO substrate: schematic illustrations (left), SEM 

images (middle), TEM images (right). (a) Nanorods by hydrothermal method (TNR); (b) Nanotubes by 

hydrothermal method (THNT); (c) nanotubes by electrochemical anodization (TNT). (d) Linear sweep 

voltammetry scans. (e) Estimation of the electron lifetime from the open circuit potential 

measurements. The PEC measurements were performed under AM 1.5 G illumination with the 

intensity of 100 mW cm
-2

 and in the 1M NaOH electrolyte. Reprinted and modified from Ref. [A2].  

6.2. Correlation between the properties of magnetron sputtered titanium films and TiO2 

nanotubes after their transformation by electrochemical anodization [A3]  

Self-organizing electrochemical anodization of Ti metal substrate, often referred to as the 

most simple; low-cost; and straightforward approach leading to one-dimensional (1D) TiO2 

NTs, was adopted to fabricate highly ordered and vertically oriented TiO2 nanotube arrays 

directly grown on a conductive FTO substrate (i.e. a back electrical contact), which  is of clear 

usefulness when the layers are used for photo-electrochemical applications. [28] It is well 

known that under a specific set of electrochemical conditions (e.g. applied voltage, 

anodization time, electrolytic solution and its fluoride and water contents) nanotubular 

properties such as the degree of self-organization, tube length and diameter, electronic and 

ionic properties can be easily controlled. For instance, under otherwise optimized conditions, 

anodization voltage represents a key-factor in controlling the tube diameter, which typically 

shows a linear dependence on the applied potential. The duration of the anodization can be 

adjusted to determine the nanotube layer thickness as a longer anodization time leads to 

longer tubes. However, this is valid on the assumption that, after reaching a steady-state 

condition between the tube growth at the metal/oxide interface (tube bottom) and the 

chemical/electrochemical dissolution at the oxide/electrolyte interface tube top, no further 

increase in the nanotube length is observed. Furthermore, if all the other electrochemical 

parameters are kept constant, low amount of water in the electrolyte typically leads to smaller 

tube diameters, and higher concentration of F- ions are desirable to grow a thicker layer (apart 

from the fact that above optimum fluoride concentration extensive etching of the newly 

formed oxide occurs and homogeneous structure can no longer be formed). Finally, since an 

anodization process yields an amorphous oxide, adequate annealing treatment is required 

before using titania nanotubular arrays for PEC applications; depending on the temperature 

and duration, annealing in air typically leads to anatase and rutile crystalline polymorphs (or a 

mixture of the two) formation. The author has extensively studied all these experimental 

conditions and parameters. Nevertheless, as stated above, one of the important steps forward 

in the field of anodized nanostructures is the preparation of the starting material by magnetron 

sputtering, i.e. instead of using a non-transparent metal foil, the metal is first deposited by 
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magnetron sputtering on a transparent substrate and then used for the electrochemical 

anodization. This strategy has generally two advantages: (i) the interface between the grown 

nanostructure and usually the charge-collecting layer can be controlled and (ii) the final 

device is fully transparent, which can remarkably improve the efficiency of many photonic 

applications including photoelectrochemical water splitting. The author of this thesis has dealt 

with this topic in several research papers.  

The parameters of the magnetron-sputtered metal films that crucially influence the process of 

the electrochemical anodization itself as well as the properties and quality of the grown 

nanotubes are particularly adhesion to the glass/FTO substrate, grain size, and density. In this 

regard, the condition that is necessary for governing these parameters is the temperature of the 

substrate during the plasma deposition. Therefore, in this work the titanium films were 

deposited by pulsed DC magnetron sputtering onto the FTO substrate at four different 

temperatures: namely at room temperature (RT— the room temperature means that the 

substrate is not intentionally heated; however, during the deposition process the temperature 

rises up to ~ 80 °C as a consequence of the heavy ions bombardment), 150 °C, 300 °C, and 

450 °C. All the other plasmatic conditions such as deposition pressure, flow rate of Argon 

working gas, applied voltage to the titanium target, pulsing frequency and duty cycle, plasma 

discharge current, and the distance between the magnetron gun and the substrate were kept 

fixed. The paper focused on the description of how the deposition temperature affects the 

mechanical, adhesion, and microstructural properties of the titanium films and how these 

parameters consequently correlate with the properties of the corresponding TiO2 nanotubes 

and their PEC performance.  

Figure 6 summarizes the main findings of this study. We observed a volcano trend 

dependence of the deposition rate on the temperature of the substrate with the maximum of ~ 

47 nm/min for 150 °C and an opposite trend of the grain size with the minimum value of ~ 80 

nm at the same temperature (see Figure 6). These phenomena can be described on the basis of 

a shadowing effect at low deposition temperature, and higher adatom mobility at higher 

temperatures, which are common features of the deposition of films via magnetron sputtering. 

The mechanical properties of the deposited titanium films were then investigated by 

nanointendation technique. It was find out that while the reduced modulus slightly increased 

with the temperature (109 GPa for RT to 130 GPa for 450 °C), the hardness values remained 

almost unchanged (~ 2.5 GPa), and, moreover, they were in relative proximity of the hardness 

values of pure titanium bulk, which reflected the high purity of the sputtered films. Figure 6b 
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shows the progressive load scratch tests revealing that the adhesion of titanium films to the 

FTO substrate increased with the increase in the deposition temperature. The SEM surface 

morphology image in Figure 6c showed that the titanium film deposited at 150 °C was formed 

by hexagonal platelets with sharp edges. 

 

Figure 6. (a) Dependencies of crystallite size and deposition rate on the temperature of the FTO 

substrate during the DC pulsed magnetron sputtering of titanium films, (b) photographs of typical 

scratch tracks for the titanium samples deposited on the FTO substrate by DC pulsed magnetron 

sputtering with respect to the temperature of the substrate during the deposition, (c) SEM surface 

image of the titanium film deposited by DC pulsed magnetron sputtering at 150 °C of the FTO 

substrate, (d) typical photocurrent density curves recorded during the electrochemical anodization of 

the titanium films, the insert shows photographs of the samples after the anodization (the transparent 

circles are the anodized areas, the sample deposited at 450 °C delaminated during the anodization), 

(e) SEM cross-section image of the TiO2 nanotubes grown from the titanium film deposited at 150 °C 

of the FTO substrate, (f) symbols are the experimentally measured impedance data; solid curves are 

fitted to the equivalent circuit shown (inset). Rs is solution resistance, Rct is charge transfer resistance, 

Constant phase element (CPE1) is capacitance element. Photoelectrochemical (PEC) measurements 

were carried out in 1 M NaOH electrolyte under simulated solar light irradiation (air mass-AM-1.5G, 

100 mW cm
-2

). Reprinted and modified from Ref. [A3]. 

 

The deposited films were then used as the working electrode to grow the nanotubes under the 

self-organized electrochemical anodization condition using a mixture of NH4F, water and 

ethylene glycol as the anodization electrolyte. The current density vs. time plot characterizing 

the anodization procedure is displayed in Figure 6d. It contains also photographs of the 
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transparent nanotubes after the anodization in the insert. The three typical stages of the 

oxidation can clearly be distinguished in the current density plots. At the very beginning of 

the oxidation, a very sharp current density peak can be observed, which is characteristic for 

the formation of the formation of compact TiO2 layer. Then relatively steady state region 

follows, which is associated with the development of the nanotubes under the self-organizing 

conditions. The end point of the reaction is accompanied by a sharp increase of the current 

density. From the graph, it can be concluded that the longest anodic oxidation time was 

observed for the films deposited at 150 °C, although all the tested films had the same starting 

thickness of 1.5 μm. This trend is in good correlation with the dependency of the crystalline 

size on the substrate temperature. In other words, the shorter the anodization time, the larger 

the crystallite sizes and simultaneously the denser the film is and thus the higher anodization 

current is needed. A balance between these parameters leading to a high quality nanotubes 

with a high adhesion to the FTO substrate must be found. In the case of this study, the 

temperature of 150 °C was identified as the most convenient for the deposition of titanium 

films with the lowest crystalline size. These films also provided TiO2 nanotubes with the best 

degree of self-organization and the enhanced charge transfer at the semiconductor/electrolyte 

interface, which is confirmed by the cross-section SEM image of the nanotubes and 

impedance spectroscopy plots in Figure 6d and e, respectively. These properties were the 

reason for the best overall PEC performance among the tested layers showing the highest 

photocurrent density of 175 µA cm-2 at 0.5 V vs. Ag/AgCl  

 

6.3. Advanced impedance spectroscopy methods for the determination of the most active 

anatase/rutile heterojunction towards enhanced PEC performance [A4] 

Among the reasons that proved TiO2 nanotubes as a robust candidate for the use in PEC water 

splitting are the availability of high surface to volume ratio, facile synthesis process, and easy 

functionalization with other semiconducting materials. However, the PEC activity associated 

with TiO2 nanotubes significantly decreased because of limited light absorption and poorer 

charge transport properties. Hence, facilitating better charge transport is an important aspect 

to improve the PEC activity. In order to address the charge transport issues and in turn to 

decrease the intrinsic recombination process associated with TiO2 nanotubes, heterojunction 

formation with low bandgap semiconductors has been introduced. [29] Also, in recent past, 

the intrinsic heterojunction formed between the anatase and rutile phases during the annealing 

process proved to be effective in improving the PEC performance by suppressing the electron-
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hole recombination. However, the charge transfer mechanism between the anatase and rutile 

phases has not been fully understood.  

For this study, the conventional impedance spectroscopy (PEIS) and advanced techniques 

such as intensity modulated photoelectron spectroscopy (IMPS) and intensity modulated 

photovoltage spectroscopy (IMVS) were applied to probe the charge transfer/transport 

properties associated with TiO2 anatase-rutile mixed phase nanotubes. However, due to the 

high temperature annealing of the grown TiO2 nanotubes, we had to use the titanium foils (Ti 

foil, 0.125 nm thick) as the starting material substrate. The electrochemical conditions were 

similar to the ones described in the previous case. Briefly, the electrolyte contained 98 mL 

ethylene glycol, 2 mL DI water, and 0.25 wt% NH4F.HF. A DC voltage of 60 V was applied 

between the electrodes, which were the titanium foil and Pt sheet. Subsequently, the as-

prepared amorphous TiO2 samples were cleaned in DI water and annealed in air at different 

temperatures for 30 min, keeping constant heating and cooling rates of 1°C/min. The 

photocurrent and impedance data were collected using Gamry G 300 potentiostat in 1 M 

NaoH solution under the illumination of 100 mW/cm2 using three-electrode cell (Pt counter 

electrode, and Ag/AgCl reference electrode). The EIS measurements were performed in a 

frequency range of 0.1 Hz to 105 Hz. IMPS and IMVS measurements were carried out using a 

Zahner PP 211 CIMPS setup with a LED of wavelength 369 nm in a frequency range 0.1 to 

105 Hz. The TiO2 nanotubes were illuminated through the electrolyte side (1M NaOH) with 

the fixed intensity of 80 mW cm–2. A sinusoidal perturbation of ~10% of the steady state 

illumination was superimposed on the constant base light intensity. The IMVS measurements 

were carried out at open circuit potential with a varying power intensity of LED (369 nm). All 

measurements were performed against an Ag/AgCl reference electrode (3M KCl), using Pt 

wire as a counter electrode. 

Regarding the PEC activity associated with the prepared TiO2 nanotubes, there are generally 

two factors, which can influence the overall performance—intrinsic charge 

transport/recombination and charge transfer across the semiconductor/electrolyte interface. 

The overall transport/transfer characteristics influenced the phase content as well as internal 

defects. To analyze the effect of these factors, the XRD measurements were carried out. XRD 

data are shown in Figure 7a. The change in the phase ratio of anatase to rutile with respect to 

annealing temperature can be suggested. The optimum ratio of anatase to rutile was obtained 

for the sample annealed at 600 oC (79:21), which exhibited improved photocurrent density 
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(Figure 7b), compared with the single anatase (500 oC) and the highest rutile content sample 

(700 oC).  

To evaluate the charge transport phenomenon and the difference in the photocurrent density 

associated with TiO2 mixed phase nanotubes, the IMPS (Figure 7c), IMVS (Figure 7d), and 

impedance (Figure 7e) measurements were perfromed. IMPS and IMVS are the perturbation 

techniques used to extract charge transfer kinetics across the semiconductor-electrolyte 

interface. In Figure 7c, the ratio of low-frequency intercept to high-frequency intercept (LFI 

to HFI) corresponds to the charge transfer efficiency (ηct). The Nyquist plots obtained from 

the impedance data show smaller semicircular arch for the TiO2 nanotubes annealed at 600 
oC, compared with the single anatase (500 oC) and the highest rutile content sample (700 oC). 

This suggests lower charge transfer resistance thus facilitating better charge transfer to the 

electrolyte. To gain further insight into the associated impedance data, The Nyquist plots were 

fitted to an equivalent circuit shown in Figure 7f. The obtained double layer capacitance (CSE, 

trap) plotted against V is presented in Figure 7h. The change in CSE,trap for the sample annealed 

at 600 oC shows significantly higher capacitance at all the applied potentials. This reveals 

increasing accumulation of holes at the interface of TiO2 nanotubes and electrolyte, thus 

contributing to the higher photocurrent associated with optimum TiO2 nanotubes (600 oC). 

Further, the results obtained from IMPS and IMVS also suggested the improved hole transfer 

efficiency (Figure 7g), which was consistent with the impedance measurements. Hence, it was 

concluded that the enhanced PEC activity of TiO2 mixed phase nanotubes related to the 

improved hole transfer across the TiO2/electrolyte interface as well as to the decrease in the 

intrinsic recombination. 
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Figure 7. (a) XRD measurements (b) I-V curves obtained under illumination of 100 mW/cm
2
 using 1M 

NaOH solution (c) IMPS data collected at -0.5 V vs. Ag/AgCl (d) IMVS data measured under open 

circuit conditions (e) Nyquist plots obtained under illumination at -0.5 V vs. Ag/AgCl (f) equivalent 

circuit used to fit Nyquist plots (g) charge transfer efficiency obtained from IMPS plots (h) double 

layer capacitance extracted from fitting parameters of EIS data. Reprinted and modified from Ref. 
[A4]. 

 

 

6.4. Heterojunctions based on TiO2 nanorods and carbon based materials for enhanced PEC 

and photocatalytic performance [A5, A6] 

It is known that the recombination of photogenerated charges occurs within the time scale of 

10-9 s, while the time needed for the reaction of these charges with the absorbed particles is 

considerably longer (10-8 – 10-3 s). To diminish the rapid charge recombination and thus the 

solar conversion efficiency losses, the formation of heterojunction between two 

semiconductors (S-S), semiconductor–metal (S-M), semiconductor–carbon based materials 

(S-C), and semiconductor–organic molecules has been proven as a highly efficient strategy. In 

general, the charges can be effectively separated when they migrate from one semiconductor 

to the other one (or analogously to metal, 2D nanomaterial, molecules, etc.), which acts as 

either an electron or a hole acceptor. The movement of the charges is achieved through 

various mechanisms depending on the partners of the heterostructure, specifically (i) via the 

formation of internal electric field at the heterojunction interface (S-S type), (ii) a Schottky 

barrier leading to the electron flow from the material with the higher Fermi level to the lower 

level until the equilibrium Fermi level alignment (S-M type), (iii) the electron injection from 

the light absorbing semiconductor to highly conductive carbon based materials such as 

graphene, carbon nanotubes, etc. (S-C type). The mostly adopted type of heterojunction is 

realized as the S-S configuration.  

Two carbon-based materials such as Cu/Ni decorated graphitic carbon nitride (CuNi@gC3N4) 

and S, N, O-doped carbon nanosheets (SNOC) were chosen as suitable partners for 

constructing hybrid nanostructures with TiO2 nanorods (TNR). Particularly, g-C3N4 has 

recently drawn great attention as a highly promising metal-free visible-light active 

photocatalyst. It is a conjugated polymer, which shows very high chemical and photochemical 

stability, nontoxicity, and bears low cost for potential large-scale production. In addition, g-

C3N4 can be relatively easily decorated by other, usually metal, nanoparticles that can further 

boost its activity towards PEC and photocatalytic processes. In this work [A5], we 
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successfully incorporated Cu(OH)2 and Ni(OH)2 into the structure of g-C3N4 and then 

wrapped over the TNR. While ultra-small Cu(OH)2 nanoparticles work as the optical 

sensitizer, the ultra-thin Ni(OH)2 nanoflakes provides co-catalytic effect towards oxygen 

evolution reaction (OER) during the PEC-WS reaction. The synthetic pathway based on a 

one-pot hydrothermal reaction is depicted in Figure 8a. Figure 8b, c represent the high-angle 

annular dark-field (HAADF) image and the corresponding STEM-energy-dispersive X-ray 

spectroscopy (EDS) elemental mapping of the CuNi@gC3N4 sample. Since g-C3N4 as such is 

a photocatalytically active material and aiming to distinguish the contributions of individual 

components to the overall photocatalytic activity, we performed the photocatalytic 

degradation of an organic dye Rhodamine B (usually serves as a model contaminant) on 

pristine g-C3N4 based materials and bare TNR. Then these materials were combined with the 

spin-coating of the g-C3N4 based composites (Cu@g-C3N4, Ni@g-C3N4, CuNi@gC3N4) over 

the TNR and forming homogeneous nano-heterostructures (see SEM surface image of the 

CuNi@gC3N4/TNR nanostructure) and further photocatalytic tests as well as PEC 

experiments were performed. Several important conclusions were reached on the basis of the 

obtained results. First, the pristine CuNi@gC3N4 nanostructure provided 3-fold and 5-fold 

higher photocatalytic activity than bare g-C3N4 and TiO2 photocatalysts, respectively. Second, 

the combined CuNi@gC3N4/TNR provided also the best activity in the PEC experiments, as it 

is shown in Figure 8e. The excellent photoactivity was attributed to several synergistically 

acting features. Specifically, these are: (i) establishing an efficient heterojunction that 

enhances charge separation at the interface between these two materials because of the 

energetically suitable positions of their conduction and valence band edges, (ii) improved 

light absorption mainly via the Cu(OH)2 component and (iii) accelerated surface OER 

reaction by Ni(OH)2 component serving as an effective co-catalyst.  

In the following work, [A6] a S-, N- O-, tri-doped porous carbon sheets (SNOC) with 

graphitic crystalline nature were synthetized by using silica as a template non-reactive agent, 

which was mixed with other precursors (carrageenan, urea, tetraethyl orthosilicate–TEOS) 

and heated together. After its removal by immersing the product for 48 in NH4HF2, a highly 

porous carbon structure doped by the three elements and having remarkable high specific area 

of ~ 380 m2g-1 was obtained. This nanostructure was, similarly to the previous case, deposited 

by spin coating over the TNR. The TEM image of this nanocomposite together with the 

corresponding HAADF image and EDS elemental mapping are shown in Figure 8f, g, h, 

respectively. The homogeneous distribution of the dopants is apparent in Figure 8h. Similarly 
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to the previous case, the multi-doped carbon nanocomposite in combination with TiO2 

showed the highest PEC and photocatalytic activity of the Rhodamine B degradation, 

compared with bare TiO2 and nonporous SNOC (synthetized without silica agent). The results 

of the latter are summarized in Figure 8i. It was demonstrated in the paper that the superior 

photoefficiency was a result of the developed heterojunction between SNOC and TiO2, high 

electrical conductivity that improved the photocharges’ dynamics, and also the co-catalytic 

effect of the SNOC composite.  

 

Figure 8. Schematic illustration of the preparation routs of the g-C3N4 pristine and Cu-, Ni-, CuNi-

modified g-C3N4 photocatalysts (upper scheme) and TiO2 nanorods functionalized g-C3N4 

photoanodes (bottom scheme), (b) HAADF image and (c) corresponding Ni, O, Cu EDS elemental 

mapping, (d) SEM surface image of the CuNi@g-C3N4 deposited over the TiO2 nanorods, (e) PEC 

linear sweep voltammetry curves for NRs (black), TiO2/g-C3N4 (red), TiO2/Cu@g-C3N4 (magenta), 

TiO2/Ni@g-C3N4 (blue), and TiO2/CuNi@g-C3N4 (green). recorded under AM 1.5G illumination (100 

mW cm
-2

) in 1M NaOH electrolyte, (f) TEM image of an individual TiO2 nanorod conformaly 

overcoated by S-, N-, O- doped porous carbon sheets, (g) HAADF image and corresponding (h) EDS 

O, Ti, S summary element map of the TiO2/SNOC sample, (i) photocatalytic properties of TiO2 NRs, 

TiO2 P25, porous SNOC, and non-porous SNOC materials. Reprinted and modified from Ref. [A5, 

A6]. 

 

6.5. Plasmonic Au nanostars/TiO2 heterostructure nanorod arrays: Broadband UV-Vis-NIR 

enhancement in PEC water oxidation performance [A7] 
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Apparently, the most critical limitation for the broader application of TiO2 in the 

aforementioned PEC applications is its band gap energy, which allows absorption only in the 

UV range of solar spectrum. The solar light induced PEC performance of TiO2 systems can be 

greatly enhanced by anchoring the nanostructures of noble metals such as Au and Ag on TiO2, 

which is enabled by the unique localized surface plasmon resonance properties of these 

nanosystems. [30] The increase in the solar energy conversion efficiency of TiO2 systems 

upon incorporating the plasmonic nanostructures has been attributed to three factors involving 

effective light scattering, extension of light absorption to longer wavelengths, and direct 

charge injection from the metal to the semiconductor. In general, the enhancement of PEC 

performance with plasmonic nanoparticles is strongly dependent on their size and loading. 

[31, 32] However, the effect of the morphology of plasmonic particles on the enhancement of 

titania efficiency in PEC technologies has been addressed very rarely in literature. Indeed, 

almost all reports have focused on spherical or rod-like morphologies of plasmonic 

nanoparticles. In this work, it was shown for the first time that the use of plasmonic gold 

nanoparticles with a unique nanostar morphology resulted in the broadband enhancement of 

the photoactivity of TiO2 nanorods over the whole UV-Vis-NIR region.  

The unique Au nanostar morphology was achieved by a two-step synthetic procedure. First, 

Au nanoparticles (AuNPs) were prepared by mixing the precursor solution of HAuCl4 with 

trisodium citrate dihydrate solution under refluxing conditions. Second, the solution of 

AuNPs was used as a seed solution, which was under rigorous stirring subsequently mixed 

with auric chloride, silver nitrate, and ascorbic acid solutions. Finally, the product was 

centrifuged at 6000 rpm to obtain precipitated AuNSs, which were then redispersed in Mili-Q 

water. Prior to the deposition of AuNSs, the TiO2 nanorods were activated by their immersion 

in concentrated H2SO4 and 3-mercaptopropionic acid (MPA) to functionalize the nanorods’ 

surface with thiol groups. Then the TiO2 NRs substrate was immersed in the solution of 

AuNSs for 24 hours to conformally anchor the AuNSs. The final step was a thermal treatment 

of this hybrid nanostructure under mild conditions of 150 °C for 1 hour in order to remove 

residual MPA and to ensure an intimate contact between the AuNSa and TiO2 NRs.  

The TEM, HAADF images, and corresponding EDS elemental maps showing an individual 

TiO2 nanorod decorated by AuNSs are displayed in Figure 9a, b, respectively. The PEC 

performance was assessed on the basis of the linear sweep voltammetry and transient 

chronoamperometry measurements under the visible light illumination using a cut-off filter 

for the light wavelengths below 420 nm as well as under standard solar light AM 1.5 G (100 
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mW cm-2) illumination. Specifically, when compared with bare TiO2 nanorods, the gold 

nanostar decorated TiO2 exhibited ca. 20% and even 350% increase in the photocurrent 

density under simulated sunlight (see Figure 9c) and visible light irradiation, respectively. 

Furthermore, to distinguish the contribution of plasmonic effect to the overall PEC 

performance, the nanostructures were carefully investigated in terms of IPCE characteristics 

(Figure 9d). Importantly, the achieved IPCE enhancement over the Vis-NIR region was an 

order of magnitude greater than the values reported in the other literature. [33] Therefore, it 

was proved that the synergistic interaction of the spherical Au core with the wire-like 

nanoarms resulted in an extraordinary enhancement of IPCE across the Vis-NIR region. This 

was the first time such an enhancement had been achieved with a single phase Au 

nanostructure in the Vis-NIR region. This was largely attributed to the long-wavelength 

plasmon resonances of gold nanostars and their ability to promote SPR-mediated hot electron 

transfer. The possible mechanism of the charge transfer is schematically depicted in Figure 

9d. It is considered that upon the visible light irradiation the hot electrons are directly injected 

from AuNSs into the adjacent conduction band of TiO2 NRs via the Schottky barrier, while 

the remaining holes in the AuNSs are assumed to promote water oxidation reaction. 

 

 

Figure 9. (a) HRTEM image of the AuNSs anchored on the surface of the individual TiO2 NR, (b) 

HAADF-STEM image and corresponding EDS elemental mapping of the AuNSs on the TiO2 nanorod, 

(c) Transient chronoamperometry scan recorded at 1V vs. NHE and under visible light illumination (λ 
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> 420 nm), (d) IPCE plots of AuNSs/TiO2 NRs thermal treated under mild conditions at 150 °C. The 

PEC measurements were carried out in 1M NaOH electrolyte. Reprinted and modified from Ref. [A7]. 

 

6.6. Advanced plasma deposition of very-thin thermally stable TiO2 blocking layers with 

enhanced electron transfer ability for solar cells [A8] 

One of the crucial issues regarding PEC solar cells, which include well-known dye-sensitized 

solar cells (DSSCs) and more recent and also more important perovskite solar cells (PSCs), is 

the considerable efficiency loss due to the recombination of photogenerated charges. These 

charges have to diffuse through the materials of the solar cell as well having to pass several 

interfaces before they reach the charge collecting electrodes, which is typical for the FTO 

substrate. The photoexcited electrons tend to recombine easily also with the oxidized form of 

mediator (triiodide in the electrolyte) and/or with a hole transporter at both the TiO2 surface 

and uncovered surface of the FTO layer, which can shunt the device. It has been clearly 

verified that such recombination lower the charge collection efficiency and results in lowering 

the short circuit current (JSC) and the fill factor (FF) of the standardly recorded current–

voltage PSCs curve. In order to address this limitation, usually a very thin homogeneous and 

dense semiconductor layer is deposited between the transparent conductive FTO substrate and 

the light absorbing layer. It prevents both the recombination of the carriers and also a direct 

contact of the charges with the conductive electrode and it is termed the blocking layer (BL).  

The basic requirements for the BL involve homogenously covering the full area of the 

relatively rough FTO substrate, absence of any pinholes and other microstructural defects, and 

sufficient crystallinity to provide efficient charge transfer (electrons passing through to the 

FTO contact). The BL’s thickness is another key parameter; it should be thick enough to 

prevent charge tunneling from the FTO into the electrolyte but, at the same time, it should be 

as thin as possible to maintain the efficient charge transfer from the mesoporous TiO2 into the 

FTO. The ultrathin coatings of TiO2 are the most frequently used BLs. However, the thermal 

instability of TiO2 has still remained an unsolved issue. In other words, during the thermal 

annealing of the ultrathin TiO2 BLs, various cracks and other structural damages usually 

develop and then BLs loses their blocking functionality. On the other hand, the thermal 

calcination is usually one of the unavoidable steps during the construction of PSCs since they 

typically consist of mesoporous TiO2 layer whose preparation commonly requires the thermal 

annealing.  
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In this work, the thermal instability issue was successfully addressed by using advanced 

plasma deposition conditions for the deposition of ultrathin TiO2 films (~ 30 nm) over the 

FTO substrate, which enabled a careful control of very-high energy bombardment of the 

grown TiO2 film during the deposition. The method effectively combined the HiPIMS 

technique and reactive medium frequency (MF) pulsed magnetron sputtering. The 

combination of these plasma generation modes increased the heating flux towards the 

substrate and simultaneously the high ion flux (ion bombardment) on the substrate benefited 

from the HiPIMS pulse. This double mode of action substantially reduced the internal stress 

of the deposited films, which is the essential property governing the compactness of the films 

after the thermal annealing. This phenomenon was verified by a direct comparison of 

blocking properties of TiO2 BLs deposited by bare HiPIMS (BL1) and by HiMIS + MF (BL2) 

combined deposition plasma discharge. The deposited films were characterized and tested for 

the blocking ability before (as-deposited) and after their annealing at 450 °C for one hour in 

air. The crystalline structure of the TiO2 BLs was analysed by Raman spectroscopy, which 

revealed that the rutile phase was already achieved for the as-deposited films; however, it was 

further improved after the thermal annealing. The main part of the study was devoted to 

electrochemical experiments in order to test the blocking ability of the TiO2 films. Cyclic 

voltammetry (CV) is a suitable method to evaluate the blocking effect of the TiO2 films 

studied. The CV measurements were carried out in aqueous electrolyte containing [Fe(CN)6]
3-

/[Fe(CN)6]
4- redox couple as the model pH independent redox probe with a simple one-

electron transfer reaction. TiO2 behaves as an electrochemically inactive dielectric material 

against the [Fe(CN)6]
3-/[Fe(CN)6]

4- redox couple. Therefore, the defects in the BL such as 

cracks and/or pinholes are directly and sensitively observed as the presence of the anodic 

current, which is assigned to the ferrocyanide oxidation taking place solely at the uncovered 

(naked) parts of the FTO layer (see Figure 10a-d). On the basis of the complex 

characterization and (photo)electrochemical analysis of the deposited films, several major 

conclusions were reached. In summary: (i) It was demonstrated that although both types of the 

as-deposited TiO2 films (BL1, BL2) provided the required blocking ability, they suffered 

from a very poor photoelectrochemical activity. (ii) After the thermal calcination, the 

blocking functionality was preserved only for the BL2 type of the films. This property was 

attributed to the reduced internal stress of the film due to the high-energy bombardment 

applied on the films during the plasma deposition, which avoided development of any micro-

damages due to the annealing. This type of the BLs thus maintained their compactness and 

homogeneous coverage over the whole area of the FTO substrate. (iii) On the other hand, the 
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annealing of the BL2 films led to the better crystallinity, which then resulted in enhanced PEC 

activity, which was more than nine times higher than in the case of the BL1 type. Overall, the 

achieved results showed that very thin TiO2 layers prepared by the combination of HiPIMS + 

MF plasma deposition discharges may function as not only the blocking layers but also highly 

efficient electron transfer layers.     

 

Figure 10. Cyclic voltammograms (CVs) of the bare FTO substrate and FTO deposited by TiO2 BLs 

deposited under HiPIMS and HiPIMS+MF plasma discharges combination (a) as-deposited BLs 

without heat treatment and (b) after the annealing at 450 °C for 1 hour in air. The scan rate was 100 

mV s
1

 and the electrolyte solution was 0.5 mM K4[Fe(CN)6] + 0.5 mM K3[Fe(CN)6] in aqueous 0.5 M 

KCl, pH 2.5 (c) schematic illustration of the ideal CV curve veryfing full blocking ability of the 

coating and (d) CV of the BL containing damages such as cracks and/or pinholes (usually due to the 

thermal treatment at elevated temperatures). Linear sweep voltammograms of the HiPIMS and 

HiPIMS+MF TiO2 BLs of (e) as-deposited films and (f) after the annealing at 450 °C for 1 hour in air. 

The experiments were carried out under chopped light UV (360 nm) light irradiation. Reprinted and 
modified from Ref. [A8]. 
 

7. Photoelectrochemically active nanostructures based on α-Fe2O3 

Iron oxide (α-Fe2O3) in hematite crystalline structure has been extensively examined for the 

application to solar water splitting using photoelectrochemical cells owing to its high 

chemical stability in aqueous environment, nontoxicity, abundance, ability to absorb within 

the significant part of the solar spectra, and the low cost of production. However, as described 

in greater detail in Chapter 3, hematite also suffers from several key limitations that still 

hinder its practical use. In particular, because the conduction band edge of hematite is below 

that of the H+/H2 redox potential (1.23 eV), spontaneous water splitting is not possible, and a 
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potential bias must be applied for effective carriers separation. This problem has been 

typically overcome by using another photoactive material working as the photocatode or the 

required voltage could be provided by a PV cell, e.g. PSC in so-called PEC tandem cell 

configuration. Further drawbacks are poor absorptivity especially for longer wavelengths, 

very short diffusion length of minority carriers, and poor majority carrier conductivity. This 

creates a disaccord between the depth where charge carriers are photogenerated (in the bulk) 

and the distance they diffuse before recombining. Usually complex strategies including, for 

example, nanostructure arrangements, very thin films, and high doping levels to increase the 

ionized donor concentration and thus the conductivity have to be applied simultaneously to 

suppress these limitations. A serious obstacle hindering the PEC-WS application is the 

sluggish kinetics of the oxidation reactions of holes at the hematite surface. One of the 

possible solutions is the surface decoration by nanopartricles of catalytic materials such as 

cobalt phosphate (CoPi), IrO2, or FeOOH, etc. and/or by deposition of ultrathin films on the 

hematite surface to passivate its surface states that work as the recombination centers for 

holes. These serious handicaps were addressed by the author using several approaches that are 

described in the following chapters. Briefly, the main strategy was the deposition of very thin 

highly absorbing hematite layers with good crystallinity deploying the aforedescribed plasma 

deposition techniques. Another approach was based on passivation of surface states by the 

deposition of ultrathin isostructure films of alumina using an atomic layer deposition (ALD) 

techniques. Finally, application of controlled defect engineering in order to modify intrinsic 

properties of hematite films was carried out.  

 

7.1. Preparation of very-thin hematite films by means of high-energy plasma deposition 

methods [A9] 

Two low-pressure, low-temperature plasma methods were used for the deposition of hematite 

thin films. The first one was HiPIMS technique and the second one was hollow cathode 

plasma jets system (HC). [6, 8, 34] Both of these methods are based on the principal of ion 

sputtering of the cathode made from pure iron (99.95 %) in the presence of oxygen as the 

reactive gas. The HiPIMS method was described in detail in Chapter 5. The hollow cathode 

plasma jet (Figure 11a) uses water-cooled insulated cylindrical nozzles also made from iron. 

The cathodes are connected with phase locked RF and DC power sources. Controlled flow of 

the working gas mixture is fed into the nozzles and subsequently pumped down from the 

reactor chamber. Owing to the generation of intensive DC or RF hollow cathode discharges 
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inside the nozzles, extremely dense plasma is excited as a result of the so called hollow 

cathode effects. Plasma jets carry the sputtered iron species to the reactor where they further 

react with oxygen producing the film on the substrate. Both methods yielded hematite phase 

directly during the coating. The Raman mapping was performed for the most intense peak at 

225 cm-1. The aim was to evaluate the extent of the crystallization over a larger area of the 

samples. It was revealed that better crystallinity was achieved via the hollow cathode plasma 

jet. By means of AFM and SEM, the morphology of the films were visualized. From the 

captured images it was shown that the HiPIMS films were formed by very small particles 

extremely densely packed. By contrast, the HC films embodied much bigger grains with a 

nanopyramids morphology (Figure 11b). This apparently influenced the overall 

photoefficiency evaluated via the photoelectrochemical measurements.  

Since the films showed quite a high extent of crystallinity of the as-deposited samples, they 

were the subject of the initial PEC study. However, these films were almost inactive. A high 

extend of backward electron-hole pairs recombination of the as-deposited hematite films was 

probably the main reason for the poor photoactivity. This phenomenon was observed as the 

high and sharp photocurrent spikes under chopped light J-V characteristic (HC films), when 

the light was on, which immediately decreased to almost negligible photocurrent values These 

positive photocurrent spikes represent the accumulation of holes at the hematite–electrolyte 

interface because of the surface recombination. Thus, in the second step, the films were 

thermally treated at 650°C for 30 minutes. At this temperature, the tin diffusion from the FTO 

films was promoted and the crystallinity was also enhanced. The significant increase in the 

photoresponse was observed. A better activity was identified for the HiPIMS films. This was 

apparently due to the nanoscale nature of these films and probably better uniformity. 

Moreover, as stated previously, in the HiPIMS mode the sputtered particles gain a very high 

energy, and, thus, they bombard also the substrate with very high energy. It has been 

demonstrated previously that this effect enhances the interface transfer of the carriers between 

the film and charge collecting layer. The HiPIMS method is particularly convenient for very 

low deposition temperature of crystalline thin films. In order to demonstrate this, we 

conducted the deposition of hematite film onto a polycarbonate substrate with a melting 

temperature around 150 °C; a photograph with the deposited hematite proving that the 

substrate did not sustain any damage during the deposition is shown in Figure 11c. The 

Raman spectrum shows that the hematite crystalline structure was achieved without any post-
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deposition treatment (Figure 11d). This ability can be generally extended for preparation of 

the functional films onto lightweight and flexible supports.  

 

7.2. Approach to addressing the sluggish surface oxidation reaction kinetics via deposition of 

ultra-thin isostructural alumina films via atomic layer deposition (ALD) method [A10] 

Another serious problem the solution to which has attracted extensive attention is a large 

overpotential of about 0.4–0.6 V with respect to the flatband potential that is necessary to 

promote the water oxidation reaction at the surface of hematite. Certain portion of this 

required overpotential is due to the inappropriate energy position of the edge of the hematite 

conduction bands towards the water reduction reaction. The remaining overpotential 

requirement is generally attributed to two possible phenomena. The first one is the poor 

oxygen evolution reaction kinetics on hematite surfaces; the second one is believed to be 

caused by the presence of surface defects acting as traps. While the OER kinetics can be 

accelerated by decoration of hematite surface by various co-catalysts, the latter effect has 

been reduced by deposition of an Al2O3 or Ga2O3 ultra-thin films passivating the undesirable 

surface states [12, 13]. This work focused on the PEC process in terms of the reactions of the 

photogenerated holes. Particular attention was paid to addressing the problem of possible 

presence of surface states such as oxygen vacancies or crystalline disorders that decrease the 

overall PEC efficiency. Therefore, the effect of ultrathin (~ 2 nm) alumina coatings deposited 

by an atomic layer deposition method onto HiPIMS deposited very-thin (~ 25 nm) hematite 

films was thoroughly studied. This approach apparently suppresses the negative role of the 

short diffusion length of the photoholes owing to the very low thickness of hematite coating, 

decreasing the required overpotential for the photocurrent onset due to the effective 

passivation of the surface states, and increasing the overall current density value due to the 

elimination of the charge backward recombination. 

The depositions of Al2O3 overlayers were performed using Cambridge Nanotech—Fiji 

commercial ALD system. As the precursors, the trimethylaluminum and water were used. The 

temperature during the ALD coatings was around 150 °C. Coatings with 4 (~ 4 Å), 6 (~6 Å), 

10 (~10 Å), and 20 (~20 Å) ALD cycles were compared. The ALD process was monitored in 

situ by optical ellipsometry. The alumina films were deposited on the surface of HiPIMS thin 

films deposited under similar previously reported conditions. The as-deposited iron oxide 

films were annealed for this study at 650 °C or at 750 °C in air for 40 min. The annealing was 

applied in order to incite interdiffusion of Sn ions coming from the FTO substrate into the 
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hematite lattice leading to the Sn-doping. It increases the donor density in films and thus its 

electrical conductivity, which is another drawback to using hematite. Next, the 25 nm 

hematite films were homogeneously overlayered by Al2O3 ultra-thin films deposited by ALD. 

In Figure 11e, the comparison of PEC activity of the bare hematite (without Al2O3) and with 

the alumina overlayer films of various thicknesses is displayed. It is apparent from the graph 

that the bare hematite films encountered a typical problem, which is too anodic photocurrent 

onset potential at 1.09 V vs. RHE and thus relatively low water oxidation photocurrent 

density at 1.23 V (the thermodynamic potential for water splitting) vs. RHE of 0.08 mA cm−2. 

The beneficial effect of the Al2O3 is then evident. The presence of alumina passivating layers 

contributed to the enhanced activity in two ways: (i) the overpotential needed to initiate the 

PEC reaction was reduced since the cathodic shift of 0.1 V vs. RHE was achieved, and (ii) a 

higher photocurrents were reached. These findings verified the theory that the surface defects 

(oxygen vacancies, crystallinity disorders, etc.) behave as traps for the photogenerated carriers 

(see the illustration in Figure 11e). These surface states are listed among the two main reasons 

causing the problematic overpotential [35]. Moreover, for the first time it was demonstrated 

that one annealing step of the as-deposited Fe2O3/as-deposited Al2O3 was more effective due 

to relaxation of the hematite film stress reducing the generation of the surface defects than the 

sequential annealing steps. In this work, the effect of the alumina coating thickness and the 

temperature of the annealing was further discussed together with the estimation of real 

hydrogen gas amount evolved.  
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Figure 11. (a) Schematic drawing of a dual hollow cathode (HC) plasma jet systems applied for the 

deposition of hematite films along with the photograph of plasmatic discharge in one of the deposition 

nozzle made of pure iron. The whole system is placed in an ultra-high vacuum chamber (base pressure 

commonly of 10
-7

 mbar) and plasma deposition discharge is pulse modulated, (b) topography SEM 

image of the hematite film deposited by the HC method onto FTO substrate, (c) photograph picture of 

hematite thin film deposited onto a polycarbonate substrate with the melting point of 150 °C by 

HiPIMS method, (d) corresponding Raman spectrum of the film on the polycarbonate substrate 

verifying well-developed pure hematite crystalline phase, (e) photoelectrochemical water-splitting 

activity of bare and ALD Al2O3 overlaid hematite films thermally treated at different temperatures. 

The bare (without ALD Al2O3 coating) hematite film annealed at 650 °C was used as the reference. 

The HiPIMS Fe2O3/ALD Al2O3 films were then annealed at 450, 550, 650, and 750 °C always for 

40 min. The PEC characteristics were recorded under solar light AM 1.5 simulated conditions with 

the intensity of 100 mW cm
−2

, using 1 M NaOH solution as the electrolyte, and with the scan rate 

5 mV s
−1

. The figure also schematically illustrates the negative behaviour of surface states and how to 

address this issue by deposition of passivating overcoatings. Reprinted and modified from Ref. [A9, 

A10]. 

 

7.3. Introduction to the defect engineering in photoactive semiconductors with examples of 

unpublished results  
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The defect engineering (DE) has become an attractive research direction for improving the 

optical and electronic properties of these semiconductors towards highly efficient PEC 

processes. For example, the discovery of black TiO2 by Chen and Mao in 2011 [36] showing 

substantially enhanced solar absorption aroused worldwide interest in researching the reduced 

forms of TiO2. In addition to the remarkable enhancement in visible light absorption, black 

TiO2 has demonstrated unexpectedly high photocatalytic and PEC performance. The 

introduction of oxygen vacancies has also been shown as an effective approach to improving 

the activity of α-Fe2O3 PAs. [37, 38] On the other hand, the main limitation related to the 

current DE approaches is the fact that they are predominantly realized via a high-pressure, 

high-temperature gas reduction. However, this methodology severely reduces the possibility 

of influencing/controlling the DE process itself as well as modifying the final properties of the 

material in a very fine manner, which is undoubtedly the key to understanding precisely all 

the induced electronic changes and related phenomena. In the following chapter, it is 

demonstrated how this significant drawback can be effectively tackled by employing the 

novel deposition method based on modified high-impulse magnetron sputtering (HiPIMS) for 

the deposition of hematite films under the DE conditions. This specific plasma deposition 

mode offer the desired capability of high process controllability due to the unique deposition 

plasma properties. By adjusting the deposition conditions, the extent of the induced defects 

can be regulated, moreover, under a significantly lower operation temperature. Besides 

gaining understanding and description of the phenomena related to the DE, the aim was 

indeed to prepare materials with significantly enhanced PEC activity via proper DE of the α-

Fe2O3 based photoanodes. 

 

7.4. Defect engineering of hematite very thin films by HiPIMS technique: Controlling over the 

hematite crystalline texture towards the highs electrically conductive (110) orientation [A11] 

One of the examples of defect engineering is a possible variation of crystallite preferential 

orientation of hematite photoanodes induced by a different bombardment energy of the grown 

film during the plasma deposition.  

The poor electrical conductivity is one of the crucial limitations reducing the hematite’s 

efficiency in real experimental conditions. In spite of computing models suggesting that the 

electrical conductivity is extremely anisotropic, revealing up to four orders of magnitude 

higher electron transport with conduction along the (110) hematite crystal plane, synthetic 

approaches allowing the sole growth in that direction have not been reported yet. In this work, 
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a new strategy for controlling the crystal orientation of very thin hematite films during 

advanced pulsed reactive magnetron sputtering technique was presented. 

Similarly to the previous cases, the highly textured hematite films were deposited by DC 

pulsed magnetron sputtering under different pulsing regimes of generated deposition plasma: 

(i) HiPIMS mode with the pulsing frequency of 0.1 kHz in this particular case, (ii) pulsing 

sputtering mode (PS, 1 kHz), and (iii) medium frequency sputtering mode (MFS, 50 kHz). 

Different pulsing frequencies influenced the cathode pulse current, and thus the degree of the 

plasma ionization, plasma density, and energy of the bombardment of FTO substrate as well 

as the grown hematite film itself. Nevertheless, the average current, IAV, and, consequently, 

average current density, jAV, were kept constant for all the deposition at 600 mA and 32 

mA/cm2, respectively. The deposition time was adjusted to yield hematite films with the same 

thickness ~ 30 nm.  

Figure 12 shows results of chopped-light linear sweep voltammetry of the three types of 

tested hematite photoanodes. Although all the films had the same thickness of around 30 nm, 

the efficiency was very different, showing a certain trend. The HiPIMS films yielded the 

highest photocurrent density of 0.28 mA cm–2 at 1.23 V and 0.65 mA cm–2 at 1.55 V vs. RHE. 

Almost negligible photoactivity was measured for the PS hematite films (0.02 mA cm–2 at 

1.23 V vs. RHE). Finally, a moderate photoactivity of 0.14 mA cm–2 at 1.23 V and 0.38 mA 

cm–2 at 1.55 V vs. RHE was obtained for the polycrystalline hematite films deposited under 

MFS conditions. This phenomenon was unequivocally attributed to the texture effect and 

corresponding electrical conductivities. The surface topography images taken by AFM 

showed certain features indicating a different crystal growth with respect to the substrate. 

There was an indication of perpendicular arrangement of grains, which is characteristic for the 

desired (110) preferential orientation having the highest electrical conductivity unlike the 

parallel growth corresponding to the (104) plane, which is defined as having the worst 

conductivity. Therefore, these findings were in a perfect agreement with the theoretical 

predictions.  

The texture effect was confirmed by X-ray diffraction and by measuring iron Fe57 conversion 

electron Mössbauer spectroscopy (CEMS). X-ray diffractograms (Figure 12b) showed solely 

the peak corresponding to the plane (110) for the HiPIMS films, and, by contrast, the most 

intense peak belonging to (104) plane for the hematite film deposited under the pulsing 

frequency of 1 kHz. Rather polycrystalline structure was identified for the films deposited at 

50 kHz. This particular type of hematite photoanode had also the moderate PEC activity. The 
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graph in Figure 12c shows the photocurrent maxima plotted against the angle theta derivate 

from the CEMS analysis. By estimating this angle, the texture effect can also be determined 

(details are provided in [A11]) and the obtained data very nicely matched the previous 

findings. In agreement with the XRD and Raman spectroscopy, the texture along the (110) 

plane was obtained for the HiPIMS type and the texture along the (104) plane for the 1 kHz 

deposited type. 

The crystal growth is based on the surface diffusion of the sputtered particles, which strongly 

depends on the energy of ions bombarding the substrate during the plasma deposition. In situ 

measurement of the ion flux on the substrate during the depositions was based on the so-

called Sobolewski method. [39] Figure 12e verifies our assumptions and the theory that we 

offered to explain such different crystalline structures growth. As expected, it was found out 

that the HiPIMS discharge provided almost one order of magnitude higher ion flux density on 

the substrate, which, in agreement with the literature, was the reason for the isolated texture of 

grains. Furthermore, the measurements with the calorimetric probe at position of the substrate 

to investigate the thermal power density on the substrate were performed and it was revealed 

that the overall thermal load on the substrate was much lower for the HiPIMS mode than in 

the case of higher pulsing frequency. It means that this technique generally enables to deposit 

crystalline films on thermally very sensitive materials such as plastics and it provides 

explanation to the results shown in Figure 11c. The HiPIMS mode generates extremely high 

energy during very short duty cycles in the range of µs of the plasma deposition cycles. At the 

same time, a majority of the sputtered particles is thus ionized. These heavy ions can be 

accelerated towards the substrate providing the desired bombardment that has a tremendous 

impact on the crucial parameters of the films such as crystalline structure, grain size, texture, 

morphology, adhesion, interface with the substrate, etc. The bombardment can be further 

controlled and manipulated by applying bias voltage on the substrate or additional plasma 

generation during the off-time of the HiPIMS discharge cycle. On the other hand, the off-time 

periods are sufficiently long to cool down the substrate, which prevents overheating during 

the deposition and allows using a thermally sensitive substrate as well. 
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Figure 12. (a) Chopped-light liner sweep voltammetry of hematite photoanodes deposited under the 

different pulsing regimes and thus the heavy ion bombardment. The PEC measurements were 

performed under solar light AM 1.5 simulated conditions with an intensity of 100 mW cm
–2

, using 1 M 

KOH solution as the electrolyte, and with a scan rate of 1 mV s
–1

, (b) X-ray diffractograms of the 

hematite films deposited under identical conditions on the fused-silica susbtrate, (c) correlation 

between the texture effect expressed as the angle Θ and the PEC activity of the films expressed as the 
photocurrent value read at 1.5 V versus RHE, (d) models of the hematite crystal lattice with 

highlighted (104) and (110) preferentially oriented plane, (e) dependencies of the pulsed discharge 

current densities for various pulsing frequency modes on the total thermal flux (left y axis) and ion 

flux (right y axis) on the substrate during the deposition of hematite photoanodes. Reprinted and 
modified from Ref. [A11]. 
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9. Hierarchical photoanode nanostructures based on the combination of 

TiO2 and α-Fe2O3 [A12] 

The intrinsic drawbacks of both particularly presented materials can be addressed by their 

own combinations. In this work, the 3D α-Fe2O3/TiO2 hierarchical nanostructures with the 

carefully designed nanoarchitecture were prepared by sequential multi-hydrothermal steps 

synthetic procedure. First, the aligned TiO2 nanotubes were prepared on the FTO substrate 

using the ZnO nanorods as the sacrificial template (more detailed description is provided in 

Chapter 6.1). The TiO2 nanotubes were then modified with α-Fe2O3 nanostructures, whose 

morphologies was controlled as in the form of thin nanoflakes, up to surface agglomerates. 

The iron(iii) nitrate nonahydrate [Fe(NO3)3·9H2O] with different concentrations ranging 

between (0.01–0.05 M) was used as the precursor solution. It formed a homogenous 

perpendicular nanobranches over the TiO2 nanotubes. The nanobranches were initially formed 

by FeOOH, which had to be converted into the hematite crystalline structure by thermal 

annealing at 450 °C for two hours. The resulted nanostructure varied from thin nanoflakes, 

through nanorods, to surface agglomerates, depending on the concentration of Fe precursor. 

Schematically, the 3D hierarchical nanostructure is shown in Figure 13a. Figure 13b and 13c 

then show the SEM images of the bare TiO2 nanotubes and with the overcoated hematite 

nanobranches, respectively. The 0.02 M Fe precursor concentration was identified as the most 

ideal from the PEC characteristics point of view. This concentration provided the hematite 

nanobranches with the diameter of ~ 10 nm and the lengths varied between 30–140 nm. The 

XRD analysis revealed the preferential orientation of hematite braches along the (110) 

crystalline plane, which, as it can be learnt from the previous chapter, is the structure having 

the highest electrical conductivity. This feature is beneficial for facilitating the charge transfer 

from the substrate (TiO2) to the electrolyte, through α-Fe2O3, during the PEC reactions. The 

optical properties were evaluated on the basis of UV-Vis spectroscopy measurements. The 

optical absorption of the α-Fe2O3/TiO2 composite extended into the visible light wavelengths 

compared with the bare TiO2, which showed the usual absorption edge at around 400 nm. The 

shifted absorption was apparently due to the hematite branches, which typically shows the 

absorption edge around 600 nm. In this regard, the density functional theory (DFT) 

calculations were performed to gain further insight into these optical interactions, which were 

fully in line with the measured experimental data.  

The PEC investigations were carried out under standard experimental conditions (AM 1.5 G 

light illumination with the intensity of 100 mW cm-2, 1M KOH electrolyte). The PEC reaction 



Habilitation thesis  Štěpán Kment 

46 

 

mechanism is schematically depicted as the inset in Figure 13d. The TiO2 charge carriers were 

generated in TiO2 constituent due to the absorption of UV photons. The photoelectrons in the 

conduction band were transported along the tubes to the back-contact (FTO) through a 

preferential orthogonal pathway, while the holes travelled from the TiO2 valence band to that 

of α-Fe2O3 and then they promoted the water oxidation half reaction. The highest 

photocurrent density was achieved for relatively low load of the α-Fe2O3 on the TiO2 NTs. It 

is very important that the coated hematite branches did not completely cover the TiO2 NTs, as 

they did in the case of the 0.02 M hematite sample. Therefore, the partial coverage still left 

some parts of the TiO2 surface exposed to both the electrolyte and incident light. In contrast, 

the full coverage blocked TiO2 for the activation by the UV wavelengths along with leading to 

the recombination of photocharges and then, instead of the enhancement of the activity, a 

decrease was observed. This is reflected in the charge transfer characteristics recorded by the 

electrochemical impedance spectroscopy showing the best charge transfer for the low 

hematite loading and severe detoriation of the charge transfer ability for the high hematite 

loadings.   

 

Figure 13. (a) Illustrative sketch of the hybrid nanostructure based on TiO2 nanotubes 

combined with α-Fe2O3 nanobranches, (b) bare TiO2 nanotubes prepared by sequential 

hydrothermal procedure, (c) TiO2 nanotubes coated by α-Fe2O3 nanoflakes with the initial 

concentration of Fe precursor of 0.02 M, (d) Nyquist plots of electrochemical impedance 

measurements of TiO2 and α-Fe2O3/TiO2 NT layers; inset 1: equivalent circuit for the 

nanotube structures; inset 2: the anticipated chargé transfer mechanism. Reprinted and 
modified from Ref. [A12]. 
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In summary, although an increase in the PEC performance was clearly observed, it still 

remained relatively low (the maximum 0.20 mA cm-2 at 0 V vs. Ag/AgCl). It is speculated 

that band bending between these two semiconductors is not perfectly convenient. The author 

and his co-workers have begun to study other semiconductor partners based on TiO2 and 

Fe2O3 such as iron titane (Fe2TiO5) showing much more suitable bands energy positions.  
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9. Conclusions and outlooks  

Within the frame of this habilitation thesis, two metal oxide semiconductors such as TiO2 and 

α-Fe2O3 were described in terms of their application to photocatalytic and particularly 

photoelectrochemical processes. The latter was focused on PEC water splitting during which 

the semiconductors served as the light absorbing photoanodes. The main aim was to develop a 

new class of multicomponent hybrid systems composed of these central metal oxide 

semiconductors with controlled shape and dimensionality (e.g. 1D-nanotubes, 2D-ultrathin 

films). First, the materials were prepared and tested independently and then, in several cases, 

they were combined with various suitable partners in order to enhance their photocatalytic 

and/or PEC properties. Therefore, the nanostructured central semiconductors (TiO2 and α-

Fe2O3) were coupled to counterparts with specific functionalities (extended visible light 

absorption, remarkable efficiency in charge transfer, and enhanced carrier mobility) such that  

the single components significantly benefited from these interactions with respect to the PEC 

efficiency of the composite system. The key-approach was presented as the simultaneous and 

synergistic combination of strategies such as nanostructuring, defect engineering, co-catalyst 

deposition, and/or surface sensitization. These were specifically: (i) Preparation of high 

quality TiO2 and/or α-Fe2O3 materials in the form of 2D nanocrystalline films, using plasmatic 

methods, as well as in the form of 1D nanotubes, nanorods, or ananoflakes. Self-organizing 

electrochemical anodization was the most straightforward approach to the fabrication of TiO2 

1D-nanotubes. When this approach was applied, magnetron-sputtered Ti films were used as 

the starting materials. (ii) Accelerating of surface OER reactions by anchoring the Ni(OH)2 

co-catalysts on the surface of TiO2 and passivating the surface states of α-Fe2O3 by the 

deposition of alumina ultra-thin film. (iii) Extension of light absorption to the visible spectral 

range (λ > 400 nm) through the surface sensitization of TiO2 with plasmonic Au 

nanostructures. (iv) The optimization of photogenerated e–/h+ separation and improvement of 

the hole reaction dynamics, by the formation of heterojunctions of TiO2 and carbon based 

materials as well as by applying the approach of defect nano-engineering induced and 

controlled by HiPIMS plasma deposition technique in the case of α-Fe2O3.  

The defect engineering controlled by high-energy plasma deposition sources seem to be 

highly perspective in this field because it can address many drawbacks of the possibly suitable 

semiconductors and simultaneously keep the structure significantly simpler (thin films) than 

the morphologically very complicated multicomponent nanostructures, which are often used. 

The afore-described plasma deposition technique can also provide photocatalysts and 
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photoelectrodes with considerably higher mechanical stability than other chemical pathways. 

Last but not least, these techniques are also highly suitable for efficient scalability, thus 

offering a relatively easy large-scale industrial production. All these features will crucially 

reduce the production costs, which is an essential prerequisite for consequent building of real 

technological units. For these reasons, the current research activities of the author are 

dedicated to this topic.  

Figure 14 summarizes some of the author’s recent unpublished results related to the 

nonstoichiometric TiO2-x (Figure 14 a1-a5) and α-Fe2O3 (Figure 14 b1-b3) thin photoanodes 

deposited under highly defined reactive HiPIMS sputtering conditions with oxygen deficient 

atmosphere. Figure 14a3 shows photographs of HiPIMS sputtered TiO2-x films with different 

degree of oxygen deficiency obtained at 450 °C of the substrate. Figure 14a1 shows a core-

shell structure of nonstoichiometric TiO2-x film deposited over hydrothermally grown 

stoichiometric titania nanorods. Figure 14a2 represents corresponding PEC-WS performance 

denoting that the nonstoichiometric shell (~ 5 nm) provides the co-catalytic effect, which 

increases the activity almost two times. The co-catalytic effect is attributed to the presence of 

Ti3+ species. These species were confirmed by XPS (Figure 14a4) and, more interestingly, by 

the EPR technique under the in-operando (under illumination) conditions (Figure 14a5). This 

evidently proves the ability to control induced defect concentrations and their chemical 

state(s). Interesting features were observed for the HiPIMS reactive sputtering of hematite. 

The combination of oxygen deficient plasma conditions and a platinized substrate led to 

incredible structural changes in the grown hematite films. Figure 14b1, 2 show Mössbauer 

spectra of hematite films deposited onto the platinized and common FTO substrates, 

respectively, under identical conditions. From the obtained results, it can be observed that the 

non-stoichiometry features were more pronounced on the Pt substrate, which finally led to 

almost a record-breaking PEC activity for very-thin hematite photoanode (see Figure b3). 

This phenomenon can be attributed to the formation of a few monolayer of the distorted 

hematite film at the interface of the Pt substrate and bulk hematite film (evident from the 

Mössbauer spectra) as well as the increased electrical conductivity of the deposited hematite. 
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Figure 14. (a1) TEM and SEM (inset) images of the HiPIMS sputtered TiO2-x shell deposited over the 

TiO2 nanorods core(prepared by hydrothermal method), (b) PEC activity of bare TiO2 NRs (black) and 

with the TiO2-x shell, (a3) photographs of the TiO2-x films deposited directly on FTO substrate, (a4) 

corresponding XPS spectra showing the Ti
3+

 species working as efficient co-catalysts, (a5) in-

operando EPR map showing the evolution of the Ti
3+

 species under the illumination of UV light and in 

the water environment on reduced TiO2 powder, Mössbauer spectra of the distorted (b1) and regular 

(b2) hematite films deposited on Pt and FTO substrates, respectively, (b3) corresponding photocurrent 

curves recorded under AM 1.5 light illumination and in 1 M KOH electrolyte.  
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Photoanodes based on TiO2 and a-Fe2O3

for solar water splitting – superior role
of 1D nanoarchitectures and of combined
heterostructures

Stepan Kment,†*a Francesca Riboni,†ab Sarka Pausova,c Lei Wang,‡b Lingyun Wang,a

Hyungkyu Han,a Zdenek Hubicka,a Josef Krysa,c Patrik Schmuki *abd and

Radek Zboril *a

Solar driven photoelectrochemical water splitting (PEC-WS) using semiconductor photoelectrodes

represents a promising approach for a sustainable and environmentally friendly production of renewable

energy vectors and fuel sources, such as dihydrogen (H2). In this context, titanium dioxide (TiO2) and

iron oxide (hematite, a-Fe2O3) are among the most investigated candidates as photoanode materials,

mainly owing to their resistance to photocorrosion, non-toxicity, natural abundance, and low production

cost. Major drawbacks are, however, an inherently low electrical conductivity and a limited hole diffusion

length that significantly affect the performance of TiO2 and a-Fe2O3 in PEC devices. To this regard, one-

dimensional (1D) nanostructuring is typically applied as it provides several superior features such as a

significant enlargement of the material surface area, extended contact between the semiconductor and

the electrolyte and, most remarkably, preferential electrical transport that overall suppress charge carrier

recombination and improve TiO2 and a-Fe2O3 photoelectrocatalytic properties. The present review

describes various synthetic methods and modifying concepts of 1D-photoanodes (nanotubes, nanorods,

nanofibers, nanowires) based on titania, hematite, and on a-Fe2O3/TiO2 heterostructures, for PEC

applications. Various routes towards modification and enhancement of PEC activity of 1D photoanodes

are discussed including doping, decoration with co-catalysts and heterojunction engineering. Finally, the

challenges related to the optimization of charge transfer kinetics in both oxides are highlighted.

1. Introduction

The fulfilment of global energy demand still mainly relies on
supply and use of fossil fuels such as coal, crude oil, natural
gas, etc. The energy content of fossil fuels is typically released
upon their combustion, which in turn generates significant

emissions of CO2 into the atmosphere and ultimately promotes
global warming and climate change. In 2013 the global primary
energy consumption amounted to ca. 17 TW (90% of which was
generated from fossil fuel).

Taking into account the pace at which the world economy
grows, a consequent drastic increase of global energy consump-
tion is predicted to take place in the near future.1,2

Therefore, the urgency to find secure, sustainable, clean and
renewable energy sources appears of primary importance and
various alternatives to current sources have been introduced
with the attempt of limiting CO2 emissions.3,4

Dihydrogen (H2), in particular, is one of the most promising
energy carriers and fuel sources due to its high energy-per-mass
content, a wide range of available storage and transport approaches,
and reduced harmful emissions. Indeed, the energy stored into its
chemical bond can be used in fuel cells to produce clean electricity.
In addition, H2 represents the reactant for well-established industrial
processes, such as petroleum refinement, ammonia synthesis, etc.

Although industrial mass scale production of dihydrogen is
still based on fossil fuel combustion (i.e., the most common
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method for extracting H2 is still the steam-reforming of
methane),4 green alternatives that utilize only water (H2O) as
primary H2 source are currently under development.

One of the most promising solutions is represented by the
use of photoelectrochemical cells (PECs) for light-driven water
splitting. In these devices, semiconductor materials are used
as photoelectrodes that under illumination and an applied
electric bias can split H2O into H2 and O2. Ideally, the goal of
this technology is to convert sunlight into clean energy available
on demand.

1.1 Photoelectrolysis of water – background and basic

requirements

After the pioneering work in 1972 by Fujishima and Honda,5

the photoelectrochemical water splitting (PEC-WS) reaction
has been largely investigated as promising energy vector (H2)
supplying.

PEC-WS consists in the reduction of water into hydrogen
(cathodic reaction) accompanied by the anodic reaction of oxy-
gen generation.5–7 In a conventional PEC device, the reduction
and oxidation reactions occur at the surface of photoelectrodes
(i.e., the photocathode and the photoanode, respectively) that are
immersed in an aqueous electrolyte. The charge carriers that
correspondingly promote H2 and O2 evolution (i.e., electrons and
holes, respectively) are generated in the semiconductor(s) upon
absorption of photons of adequate energy (hn Z band-gap, Eg).

Different configurations apply to PEC devices: in a so-called
tandem cell configuration, both the electrodes are semiconduc-
tive materials, while in a Schottky type cell one of the two is a
metal electrode. Regardless of the configuration, n-type semicon-
ductors are used as photoanodes while p-type semiconductors as
photocathode – this is related to the electronic properties of these
materials and the type of majority carriers, i.e., electrons (e�) or
holes (h+) produced by photoexcitation.8
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The focus of the present review is on n-type photoanodes –
as the most important class of materials discussed in this
review, namely a-Fe2O3 and TiO2, are in their most abundant
forms intrinsically n-type materials.

Overall, the PEC-WS reaction consists of four main sequential
steps (Fig. 1(a)): (i) light absorption, (ii) separation of photo-
generated charge carriers, (iii) transport of charges (h+) towards
the electrode surface (electrons to the back contact), and (iv)
surface reactions (h+ transfer). In most cases of available n-type
semiconductors in contact with a common electrolyte, a space-
charge depletion layer is formed at the semiconductor/liquid
junction (SCLJ). Upon light illumination, electron–hole (e�/h+)
pairs are generated (1) and separated due to the space-charge
field promoted by band-bending (band-bending depends on the
intrinsic work-function (redox potential) differences between the
semiconductor and the electrolyte).9

As a consequence, holes in the valence band (VB) diffuse and
migrate towards the SCLJ where the oxygen evolution reaction
(OER) occurs (3). By contrast, electrons promoted into the
semiconductor conduction band (CB) are driven away from
the SCLJ, transported through the anode towards the back-
contact, and are conveyed through the external circuit to a
metallic cathode (e.g., platinum), where the H2O reduction to
H2 (hydrogen evolution reaction, HER – (2)) takes place. Hence,
the photoelectrolysis of water can be summarized as follows:

Semiconductor �!
hn

ecb
� þ hvb

þ (1)

e� þHþ !
1

2
H2 E0

Hþ=H2
¼ 0 V vs: RHE (2)

2hþ þH2O !
1

2
O2 þ 2Hþ E0

O2=H2O
¼ 1:23 V vs: RHE (3)

H2O ! H2 þ
1

2
O2 DE ¼ 1:23 V vs: RHE (4)

Fig. 1 (a) Principle of operation of a photoelectrochemical cell based on n-type semiconductor; the water splitting reaction steps (i–iv) are described in

the text (Section 1.1). (b) Band edge positions of semiconductors in contact with an aqueous electrolyte at pH = 0, relative to NHE and to the vacuum

level. For comparison HER and OER redox potentials are also reported.
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The overall reaction (4) is endoenergetic, with a Gibbs free
energy DrG

0 = 237.2 kJ mol�1 per mole of H2 produced (according
to the Nernst equation, DE = 1.23 V). Therefore, the semiconductor
used as photoelectrode must absorb light with photon energy
greater than 1.23 eV (that is, the semiconductor should exhibit an
absorption edge at l o ca. 1100 nm).

However, due to the intrinsic kinetic limitations of reactions
(2) and (3) and the resulting overpotential needed for oxygen
and hydrogen production, DG > B2.0 eV (corresponding to a
limiting absorption edge l of ca. 610 nm) is frequently reported
as the threshold energy required to achieve a water splitting
reaction at a reasonable rate.10,11

Basic requirements for a photoanode material include
low cost of production, high chemical stability, high carrier
mobility, long carrier lifetime, and rapid interfacial charge
transfer. Furthermore, it should feature a conduction band-edge
(Ecb) more negative than the redox potential E1 (H+/H2) and a
valence band-edge (Evb) more positive than the redox potential
E1 (O2/H2O), with the electronic nature of the band edges that also
provides photostability to thematerial itself. Additionally, it is also
desired that the semiconductor absorbs a large fraction of visible
light in order to enable sunlight-driven water splitting.

Band edges and band-gap energies of semiconductors
typically explored for photoelectrochemical H2O splitting are
reported in Fig. 1(b).

Despite large efforts and hundreds of semiconductors
explored, the thermodynamic and kinetic requirements for an
efficient PEC-WS reaction have not yet been satisfied by a single
semiconductor candidate. For instance, Si, Ge or III–V compounds
suffer from severe photocorrosion and instability in water solu-
tions, while transition metal oxides rarely meet the criteria of (i) a
band-gap width suitable for sunlight activation, or of (ii) adequate
band-edges to spontaneously promote OER and HER.

Nevertheless, metal oxides still represent one of the most
viable options for PEC water splitting application, particularly
owing to their low processing cost and high stability against
photocorrosion even in harsh environments.

The engineering of metal oxide semiconductor photo-
electrodes that exhibit long-term stability and a high photo-
efficiency could be realized using different strategies (applied
individually or in combination).

A first approach can be based on theoretical prediction and
synthesis of new materials that could intrinsically satisfy the
aforementioned criteria.12

A second approach, based on experimental attempts, relies
on bulk and/or surface modifications of already known/widely
investigated semiconductors (e.g., TiO2, a-Fe2O3, WO3, BiVO4,
etc.) in view of improving their properties and functionalities.
This translates into strategies such as: (i) doping, that is by
introducing other elements (metallic or non-metallic), into the
semiconductor lattice, to modify electronic properties such as
the donor density and thus the charge mobility, and/or to
narrow the band-gap of the material and enable visible light
photoresponse (this often applies to TiO2); (ii) anchoring a
co-catalyst onto the photoelectrode surface to promote charge
carrier separation and to facilitate hydrogen and oxygen evolution

kinetics; (iii) surface modification by organic dyes, plasmonic
materials or quantum dots to enhance visible light absorption;
(iv) passivation of surface states or protection of the electrode by
deposition of ultra-thin overlayers, to avoid surface charge
recombination and enhance charge transfer to the environment
(or to suppress photocorrosion).

Finally, another viable strategy is the nanostructuring of
photoelectrode material into nanoparticles, nanotubes, nano-
platelets, etc. This is an efficient approach in the context of
heterogeneous (i.e., solid–liquid and solid–gas) reactions since
it typically leads to large surface-to-volume ratio for the semi-
conductor (large surface area) that facilitates charge transfer
at the SCLJ. Also, e.g., for one-dimensional nanostructures
(discussed below), their geometry is crucial for achieving high
PEC-WS efficiency owing to the control over light absorption
and orthogonal charge separation, as well as for establishing
preferential percolation pathways.

1.2 Calculation of solar-to-hydrogen efficiency

To promote the advancement of PEC-WS technologies, the
discovery and development of new materials are of primary
importance. However, also the identification of protocols and
standard parameters to cross-compare the materials (in terms
of properties and efficiency) is highly necessary – reliable and
reproducible protocols may accelerate knowledge transfer and
process development.

Therefore, we discuss the most important parameters, that
is, we provide a description of the most useful figures of merit
(see below) typically reported to characterize the performance
of a photoelectrochemical device in terms of light to energy
conversion efficiency and indicate the limits within which each
of these benchmarks may be applied.

Photoconversion efficiency (Z) depends on many factors
such as the spectrum of the incident radiation, the band-gap
of the semiconductor, the reflection of light, and the transport
of e�/h+ through the semiconductor.

The comparison of photoconversion efficiencies obtained
for different semiconductor materials requires that these effi-
ciencies are presented for a standard solar spectrum, usually
the Air Mass AM 1.5 global solar spectrum at a given power
density (100 mW cm�2).

Mostmeasurements of photoconversion efficiency are performed
under illumination by artificial light sources. This is convenient
mainly because artificial sources are stationary and their intensity is
essentially constant with time (although the lamp spectrum varies in
intensity with the lamp lifetime), while spectrum and intensity of
solar radiation reaching the ground depend on the time of day and
on the atmospheric conditions. A most suitable artificial light for
this purpose is a Xe lamp which, adequately filtered and compared
to other artificial lights, best replicates the solar spectrum.

Several measures are commonly used to determine the
efficiency of materials for PEC-WS:

� solar-to-hydrogen conversion efficiency, STH
� applied bias photon-to-current efficiency, ABPE
� incident photon-to-current efficiency, IPCE
� absorbed photon-to-current efficiency, APCE.
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STH describes the overall efficiency of a PEC-WS device
exposed to a broadband solar AM 1.5G illumination, under zero
bias conditions.11 The working and the counter electrodes
(WE and CE, respectively) should be short-circuited, that is,
STH is measured in a 2-electrode system. In detail, STH repre-
sents the ratio of the chemical energy stored in the form of H2

molecules to the solar energy input, and is expressed by (5):

STH ¼
rH2

� DG

Pin � A

� �

AM 1:5G

(5)

where rH2
is the rate of hydrogen production (mmolH2

s�1)
measured with a gas chromatograph or mass spectrometer,
DG is the change in Gibbs free energy per mole of H2 produced
(237 kJ mol�1), Pin is the incident illumination power density
(mW cm�2) and A is the illuminated electrode area (cm2). STH
can also be calculated as a function of the short-circuit photo-
current density, jSC (6):13

STH ¼
jSC � 1:23 V� ZF

Pin

� �

AM 1:5G

(6)

where 1.23 V is the thermodynamic water splitting potential
and ZF the Faradaic efficiency for H2 generation. It should be
emphasized that (5) and (6) can be considered valid only if
experiments are performed under AM 1.5G illumination and in
the absence of competing redox couples and sacrificial mole-
cules in the electrolyte (that is, electron donors or acceptors).

A loss of faradaic efficiency for H2 or O2 evolution is observed
not only when a sacrificial agent such as methanol, ethanol, etc.,
is added to the electrolyte (this limits the O2 evolution), but also
when dissolved O2 (from air) is present in the cathodic side of the
PEC cell. That is, O2 reduction to O2

�� competes with the H2

evolution reaction. O2
�� radicals further react with water and

form H2O2 which is a typical by-product detected in the cathodic
compartment when the electrolyte is not purged with an inert gas
prior to PEC-WS experiment, or if the anode material/electrolyte
combination favors H2O2 production over O2 production.

Therefore, a reliable evaluation of STH should imply (i) standard
experimental conditions (such as purging the electrolyte to remove
O2, absence of sacrificial agents, checking for H2O2 in the cathodic
compartment), and (ii) a comparison between the STH determined
frommeasured jSC (6) and that calculated from the actual amount of
evolved gases (5) – this is crucial to avoid an overestimation of STH.

ABPE, IPCE and APCE are measured under applied bias in a
3-electrode PEC configuration.

Under electrical bias applied between working and counter
electrodes, the current extracted from the device is higher
compared to the bias-free condition of STH; therefore, it does
not accurately reflect a solar-to-hydrogen conversion process
but the so-called applied bias photon-to-current efficiency
(ABPE) is determined (7):

ABPE ¼
jph � 1:23 V� Vbj jð Þ

Pin

� �

AM 1:5G

(7)

where jph is the photocurrent density under bias Vb.
Noteworthy, Vb is applied across the working and counter

electrodes, that is, the two electrodes across which the photocurrent

jph flows. The product ( jph � Vb) represents the electrical power loss
that has to be subtracted in calculating the efficiency of the cell. By
contrast, using the potential applied between working and reference
electrodes (VW–R) in place of Vb typically leads to an overestimation
of the cell efficiency (because VW–R o Vb).

11

One of the most adopted tools for the estimation of PEC
properties of a semiconducting material is represented by
IPCE. IPCE provides a measure of the efficiency of conversion
of incident monochromatic photons to photocurrent flowing
between WE and CE.

IPCE takes into account all the three fundamental steps of a
light-driven process: (i) photon absorption (the absorption of
one photon generates an e�/h+ pair); (ii) efficiency of h+ transport
to the solid–liquid interface and collection of e� at the back
contact; (iii) efficiency of h+ transfer at the semiconductor–
electrolyte interface. It is expressed as:

IPCE ¼
jphðlÞ

eIðlÞ
(8)

where jph(l) is the photocurrent measured at the specific wave-
length l, I(l) is the incident photon flux, and e is the electronic
charge. Due to photon losses associated with the reflection of light
or imperfect absorption, and due to the recombination of photo-
generated e�/h+ pairs, typical IPCE values are below 100%,11 except
for rare cases where e.g. current doubling occurs.14

Compared to STH, the main advantage of IPCE is that it is
measured as a function of the irradiation wavelength and normal-
ized vs. the irradiation intensity (8), and it can be measured under
irradiation of a commonXe lamp combined with amonochromator.
A most reliable estimation of the semiconductor PEC efficiency
can then be obtained simply by integrating the IPCE spectrum
(measured at the cell bias voltage of maximum efficiency) over
the AM 1.5 global solar spectrum (9):

Z ¼ e 1:23 V� Vbð Þ

ð1

0

IPCEðlÞIlðlÞdl=ES (9)

where ES is the incident irradiance that describes the spectrum
of a light source.

Murphy et al. showed that his approach leads to efficiency
results that are well in line with those measured under direct solar
light irradiation, thus avoiding an under- or overestimation ascribed
to spectral variations between different artificial sources.11

Finally, to understand the intrinsic PEC performance of a
material, APCE is particularly useful to describe the collected
current per incident photon absorbed. APCE takes into account
also losses caused by reflection and/or transmission of photons
and can be obtained by combining (8) with the number of
charge pairs generated per incident photon Ze�/h+ (10). Assuming
that Ze�/h+ is equal to the number of photons absorbed (that is,
no photon losses occur), then:

Ze�=hþ ¼
I0 � I

I0
¼ 1�

I

I0
(10)

Eqn (10) can be combined with the Lambert–Beer’s law
(A = �log(I/I0)):

Ze�/h+ = 1–10�A (11)
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Since APCE describes the collected current as a function of
absorbed photons, that is:

APCE = IPCE/Ze�/h+ (12)

Then (12) combined with (8) and (11) leads to:

APCE ¼
jphðlÞ

eIðlÞ � 1� 10�Að Þ
(13)

However, regardless of the figure used to express the PEC
efficiency of a certain device, an additional problem often
encountered when cross-comparing the performances of dif-
ferent photoelectrodes is that PEC devices may also be operated
under different electrochemical conditions such as applied
potential, electrolyte composition, and reference electrode.

The lack of uniformity of electrochemical parameters can, in
principle, be addressed by referring the applied bias to the Rever-
sible Hydrogen Electrode (RHE) according to the Nernst equation:

ERHE = Eref + E0ref + 0.059 pH (14)

where Eref is the measured potential referred to the used
reference electrode (e.g., Ag/AgCl, Saturated Calomel Electrode
SCE, Hg/HgO, etc.), E0ref is the potential of Eref with respect to
the Standard Hydrogen Electrode (SHE) at 25 1C, and the pH is
that of the electrolyte solution.

This approach, when comparing different pHs, however
implies that no significant changes in the water splitting
mechanism occur with pH. Additionally, the Nernst equation
assumes the linear dependence of ERHE on the electrolyte pH.
However, these assumptions are not always valid and, there-
fore, many material specific data are truly comparable only
when different materials are tested in view of their PEC
performance in the same electrolyte and at the same pH.

1.3 a-Fe2O3 and TiO2 based photoanodes

Among all the investigated metal oxide semiconductors,
a-Fe2O3 and TiO2 have stimulated an immense research inter-
est due to their natural abundance, chemical stability in liquid
solutions, non-toxicity, high resistance to photocorrosion, and
low production costs.5,8,15–17

TiO2 has suitable conduction and valence band energies to
drive water reduction (to H2) and oxidation (to O2) – ECB(TiO2) =
ca. �0.2 V vs. RHE and EVB(TiO2) = ca. 3.0 V vs. RHE.8 However,
a severe limitation of TiO2 is represented by its optical band-gap
(i.e., 3.2 and 3.0 for anatase and rutile polymorphs, respectively).
This means that only UV light (l o ca. 380–410 nm) is absorbed
and thus only ca. 4% of the solar spectrum can promote charge
carrier generation in the material, and the consequent photo-
electrochemical reactions.

By contrast, a-Fe2O3 absorbs light in the visible range up to
lB 600 nm owing to its optical band-gap (Eg = 2.0–2.2 eV). This
corresponds to a light absorption of ca. 40% of the solar
spectrum.18 Nevertheless, while the valence band of hematite
matches the thermodynamic requirements for oxygen evolution
from water (ECB(a-Fe2O3) = ca. 2.4 vs. RHE, that is, the VB lies at
more positive potential than E1(O2/H2O)),

8 an external electrical

bias (and thus a PEC configuration) is needed to drive hydrogen
generation due to the more positive conduction band position
with respect to the HER potential (ECB(a-Fe2O3) = ca. 0.4 vs.

RHE) – in other words, H2 evolution does not occur on a-Fe2O3

under open circuit conditions.8

Furthermore, both TiO2 and a-Fe2O3 suffer from inherently
low electrical conductivity, owing to bulk electron–hole recom-
bination. In addition, TiO2 and a-Fe2O3 feature limited excited
state lifetime (less than 10 ns and 10 ps, respectively) and a
short hole diffusion distance (less than 20 nm and 5 nm,
respectively), which significantly reduces the efficiency of hole
transfer and collection at the SCLJ.9,17 All these aspects are
typically reported to be primary reasons for a limited PEC
performance in H2O splitting.18,19

While bulk materials have been extensively investigated
(and reviewed) in classical photoelectrode configurations
(deposited film layers, compacted particle layers or single
crystals) – see e.g. ref. 5, 15, 17 and 19–23, a main focus of this
review is to highlight the use of nanostructuring techniques to
fabricate efficient photoanodes. Particularly, we will provide an
overview of recent breakthroughs relative to synthesis and
use of one-dimensional (1D) TiO2 and a-Fe2O3 photoanodes.
The most explored strategies for doping, surface sensitization
and the coupling of Ti and Fe oxides with narrow band-gap
semiconductors will also be illustrated.

Moreover, we describe most recent results relative to
a-Fe2O3–TiO2 heterojunction-based materials or combination
compounds (e.g., Fe2TiO5) that were shown to outreach the
PEC-WS performance of the single counterparts. For thesematerials,
modification and exploitation of the (as such detrimental) conduc-
tion band offset between a-Fe2O3 and TiO2 has led to various new
designs that combine (i) the efficient charge carrier separation,
provided by TiO2 that suppresses electron back injection in
hematite, with (ii) the strong visible light absorption promoted
by an a-Fe2O3 thin layer. A comprehensive description of this
approach will be presented in the final section, along with
studies on charge carrier dynamic observed for these composites
and useful tools for the rational design of potentially new platforms
for efficient solar-driven water splitting.

2. Nanostructuring and nanostructures
for PEC water splitting

Why micro- and nanostructuring? One of the reasons is that
the properties of materials can be significantly different from
the quantum-, to nano- and to bulk scale. Another reason is
that defined structuring of electrode/electrolyte systems allows
a much better control over light guiding, reactant diffusion,
and electron pathways.

In regard to the first reason, nanostructured materials (NMs)
can provide significantly modified physical, chemical, and bio-
logical properties and thus can exhibit unique functionalities.24–27

NMs are low dimensional materials, i.e., in the nanoscopic
size range, composed of assemblies of building units that have at
least one dimension confined to the submicron- or nano-scale.28
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According to this definition, zero- (0D), one- (1D), two- (2D), and
three-dimensional (3D) NMs can be distinguished (examples are
sketched in Fig. 2).29–34

Typical features of NMs that are beneficial for PEC applications
are: (i) the possibility of decoupling the direction of light absorption
and charge-carrier collection; that is, instead of a diffusion through
the bulk material, orthogonal separation of photogenerated charges
occurs and the probability of charge recombination is reduced; (ii)
improved photogenerated charge pair separation, promoted by the
internal electric field (e.g., the upward band bending in the walls
of TiO2 nanotubes facilitate h+ transfer to the electrolyte and e�

collection in the center of the material); (iii) the possibility of
controlling crystal faceting that, in turn, influences the material
band-bending, flat band potential, surface states, etc.

Moreover, compared to bulk materials, NMs exhibit remark-
able size effects owing to high surface-to-volume ratio. In
particular, a larger specific surface area represents a great
advantage when a material is intended for catalytic applica-
tions: a higher number of active surface sites facilitates the
adsorption of reactants, offers extended contact with solutions,
etc., and typically leads to higher reaction rates.

Size effects imply that the nanomaterial dimensions (o100 nm)
are comparable to the critical length scale of physical phenomena,
e.g., charge transport distances and light absorption depth, the
mean free path of electrons and phonons, or (typically for particles
o10 nm) the Bohr exciton radius.

On the one hand, this can be exploited for a more efficient
charge carrier separation in the lattice of a nanomaterial in
order to improve its PEC-WS performance. In other words,
charge (e.g., h+) diffusion towards the environment occurs over
minimized distances since the size of the semiconductor is
within the length scale of solid state charge diffusion.

On the other hand, quantum size electronic effects, such as
ballistic electron transport or optical gap widening, can occur
due to quantum confinement. This was experimentally demon-
strated, e.g. in the case of TiO2, for nanoparticle suspensions,

35,36

and for ALD layers.37 These works showed that a clear onset of
quantum confinement for TiO2 nanomaterials can be expected
only if size-scales are o5 nm. This can be observed for hydro-
thermal TiO2 nanotubes,

38,39 which exhibit a measured band-gap
of B3.84 eV compared to Eg E 3.2 or 3.0 eV commonly reported
for larger anatase or rutile TiO2 crystals.40 This difference is
ascribed to the structure of hydrothermal tubes that is based on
atomic sheets originating in quantum confinement effects.

Such size effects were already widely described in the 1960s,41

but the first classification attempts in materials science dates
back to 2000,42 and only more recent reports consider also
more complex architectures and mesoscale assemblies such
as nanocones, nanohorns, nanoegg-yolk, and nanoflowers
(lilies, roses, tulips, etc.).28

In the following sections we will provide a description
of the different nanostructures (0D to 3D) and hierarchical

Fig. 2 Classification of nanostructures based on nanoscale dimensions – their structural and functional features are discussed in Section 3. 1D

nanostructures (upper panel) include e.g. (i) carbon nanofibers fabricated by the spin-electrodeposition (reproduced from ref. 29 with permission from

Elsevier), (ii) TiO2 nanotubes by self-organizing electrochemical anodization (adapted with permission from J. Phys. Chem. C, 2014, 118, 16562–16566.

Copyright 2014 American Chemical Society) and (iii) TiO2 nanorods grown on FTO substrate by a hydrothermal procedure (adapted with permission from

ACS Appl. Mater. Interfaces, 2014, 6, 4883–4890. Copyright 2014 American Chemical). The lower panel of the picture reports SEM and TEM images of

(i) 0D nanoparticles (TiO2 and Au nanoparticles, respectively – unpublished results); (ii) 2D sheaths of TiO2 grown perpendicularly on FTO substrate, and

of (iii) 3D nanostructures – left: inverse opal TiO2 (reproduced from ref. 32 with permission from the National Academy of Science); right: TiO2 nanorods

branched with a-Fe2O3 nanosheets (reproduced from ref. 33 with permission from the Royal Society of Chemistry).
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assemblies, in particular with respect to their application for
the photoelectrochemical water splitting reaction.

2.1 From 0D to 3D

Zero-dimensional nanostructures feature all the three dimen-
sions in the nanoscale regime (i.e., no dimension is larger than
100 nm). Typical examples are nanoparticles (NPs), such as
nanospheres, quantum dots (QDs), core–shell structures, hollow
spheres, etc. An attractive feature is that 0D-NMs typically
smaller than 5–10 nm (the Bohr exciton radius) show tunable
band-gap. The smaller the size of a crystal the more affected its
electronic structure: when a crystal is composed of a limited
number of atoms, bulk electronic bands are discretized to
distinct energy levels with a widening of the gap for smaller
dot sizes. Subtraction or addition of just a few atoms alters the
energy level distribution and thus leads to band-gap shift in
the QDs.43

Clearly, photoelectrochemical water splitting using a water
dispersion of 0D nanoparticles is not possible, that is NPs
should first be immobilized on an electrically conductive
substrate (e.g., ITO, FTO, etc.) to form various nanoparticulate
assemblies or thin films that serve as electrodes in a photo-
electrochemical cell arrangement.44

Therefore, despite some fundamental early works on the
electrochemical and photoelectrochemical investigation of
TiO2 colloidal solutions that led to a detailed mechanism of
redox reactions occurring on hydroxylated titania surfaces,45,46

electrochemical studies of TiO2 solutions remained scarce in

comparison to investigations of solid TiO2 as electrode
material.

However, films composed of stacked NPs often suffer
from carrier recombination at grain boundaries (owing to the
presence of trapping states) and long carrier diffusion paths
(random walk) through the NP network (Fig. 3(a)). In this
regard, replacing a nanoparticulate electrode with a one dimen-
sional (1D) nanostructured electrode offers several advantages.

In terms of charge collection and transfer efficiencies,
one-dimensional (1D) nanostructures exhibit superior perfor-
mances in a wide range of applications (e.g., nanoelectronics,
nanodevices, energy-related fields) with respect to the other
nanoarchitecture arrangements. In many cases, the size effects
of a 0D material can be maintained but harvesting of charge
carriers is facilitated.17,47–51

Charge collection efficiency depends on both the recombi-
nation lifetime of photogenerated charge carriers and on their
collection lifetime, that is, the time needed by the e� (h+) to
reach the semiconductor–electric contact (semiconductor/elec-
trolyte interface).52 1D nanostructures such as nanotubes (NTs),
nanorods (NRs), and nanofibers (NFs) provide a preferential
percolation pathway for charge carriers (Fig. 3(a)) that signifi-
cantly enhances electron collection at the back-contact (typically,
a metal foil or a conductive glass such as FTO and ITO). This
leads to a remarkable improvement in the PEC efficiency.48

Also, compared to 0D nanoparticles, the recombination time of
e�/h+ pairs is longer in 1D-NMs (e.g., in TiO2 nanotubes recombi-
nation times are 10 times higher than in a TiO2 nanoparticle
layer) and this leads to larger charge collection efficiency.53–58

Fig. 3 (a) Schematic illustrating three typical photoelectrodes and their corresponding charge separation/transport behaviors. (b) Cross-sectional (left)

and top (right) scanning electron microscopy (SEM) images of a-Fe2O3 nanoflake array, grown by thermal oxidation of Fe foil. (c) Cross-sectional (left)

and top view (right) SEM images of single crystalline rutile TiO2 nanoplatelet arrays, grown by chemical bath deposition on FTO glass. Fig. (a) is

reproduced from ref. 69 with permission from the royal Society of Chemistry. Fig. (b) is reproduced from ref. 66 with permission from John Wiley & Sons.

Fig. (c) is reproduced from ref. 62 with permission from the Royal Society of Chemistry.
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We illustrate in detail one-dimensional nanoarchitectures
and their application in PEC water splitting in Section 3.

Two-dimensional nanostructures have only one dimension
in the nanoscale. Typical examples of 2D-NMs are nanoflakes,
nanoplatelets, etc. (Fig. 3(b)), but also thin films (i.e., with a
thicknesso100 nm). 2D-NMs exhibit relatively large lateral size
and a ultrathin thickness confined to the atomic scale regime
that collectively lead to surface areas typically larger than
those of 1D-NMs. Moreover, the ultrathin thickness of two-
dimensional nanomaterials grants a high mechanical flexibility
and optical transparency. These characteristics make 2D-NMs
promising candidates particularly for high-performance flex-
ible electronic and optoelectronic devices.59,60

However, 2D-nanostructures are also advantageous when
used in PEC devices particularly when perpendicularly oriented
to the electrode (Fig. 3(b)).61–64 This arrangement simulta-
neously offers (i) enhanced charge transport properties, owing
to a directional transport of charges to the back-contact, (ii) a
facilitated access for electrolyte impregnation into the struc-
ture, owing to the high surface area, and (iii) a limited diffusion
distance of photogenerated holes to the electrode/electrolyte
interface that reduces the charge recombination rate.

Typical methods for the fabrication of 2D-NMs are e.g., sputter-
ing techniques,65 hydrothermal and chemical bath deposition
methods,61,62 thermal oxidation,66 and spray pyrolysis
techniques.67

According to the definition of NMs, 3D-nanostructures
should be more appropriately considered bulk materials as
none of their dimensions is confined to the nanoscale. How-
ever, 3D-NMs feature properties that are locally confined to
the nanoscale, when composed of nanosized crystals. These
3D-nanomaterials may include layers of e.g. nanoparticles,
nanowires, and nanoplatelets where the 0D-, 1D- and
2D-nanostructured elements are in close contact.59,68,69

A combination of their mesoporous matrix along with their
nanoscopic structure (formed e.g. of nanoparticle aggregates)
provides an ideal morphology for PEC-WS as the permeability
of the scaffold is maximized and charge diffusion towards the
environment has to occur over minimized distances (within
each single nanoparticle). Moreover, 3D NMs have higher surface
area and supply enough absorption sites for all involved
molecules in a small space. In more details these structures
are discussed in the following section and Section 4.

2.2 3D Hierarchical nanostructures

Hierarchical nanostructures (HNs) are 3D-NMs that, owing
to their intrinsic properties and morphology, are attracting
increasingly wider attention as scaffolds suitable for PEC-WS
devices.

In general, a hierarchical nanostructure is composed
of a distinct backbone (typically with a 1D-arrangement) onto
which nanodimensional building blocks are grown – these
usually include nanoparticles (0D), nanowires/rods/tubes (1D)
and nanosheets (2D).

Therefore, HNs often resemble nanotrees that simultaneously
combine the properties of the one-dimensional backbone

(e.g., enhanced carrier separation and directional charge
transport) with a significantly increased surface area and a
much higher amount of active sites, owing to the highly porous
arrangement provided by the branches.59,68,69

In most cases, hierarchical structures can be produced by
combining or modifying conventional processes for nanostruc-
ture synthesis: e.g., hydrothermal growth, solution-phase
chemical synthesis, chemical vapor deposition techniques or
branch formation by in situ catalyst generation.70–72

Regardless of the synthetic procedure, hierarchical nanostruc-
tures can either be composed of a single material (Fig. 4(a and b))
or be a combination of two or more (Fig. 4(c–e)).60

In the first case, a hierarchical arrangement is mainly
exploited in view of its significantly higher surface area and a
major application is often as photoanode in a dye-sensitized
solar cell (Fig. 4(a and b)). Higher dye loading, enhanced light
harvesting, as well as a reduced charge recombination owing to
preferential electron transport along the branches to the backbone,
increase the power conversion efficiency of a TiO2-HN photoanode
compared to a more conventional 1D-TiO2 arrangement.72 Such
nanostructures can be for instance fabricated through a pulsed
chemical vapor deposition (CVD) process, using an anodic
aluminum oxide membrane as template. Upon template removal
by etching under mild conditions, a nicely 3D spatially arranged
TiO2 nanorod network is observed.73

Hierarchical nanostructures composed of two or more materials
exhibit an additional advantage, that is, the possibility of combining
materials with different (complementary) properties and band
structures. This in turns can either be exploited to enhance electron
collection from the branched-material to the back-bone nanostruc-
ture (i.e., host–guest approach) and/or to extend the light absorption
(and, hence, its conversion) over a broader wavelength range.

The so-called ‘‘host–guest approach’’ typically provides a
support material (the ‘‘host’’) for majority carrier conduction,
into which a photoactive ‘‘guest’’ material can inject photo-
generated electrons while, at the same time, providing proximity
to the semiconductor/liquid junction (Fig. 4(c and d)). Therefore,
the performance of such host–guest assemblies strictly depends
on the availability of (i) a host material with good electronic
transport properties, (ii) a guest material with optimized light
absorption, and (iii) a suitable band alignment between the two
counterparts that enable e� injection from the branches to
the backbone, with holes accumulating at the (branched)
semiconductor/electrolyte junction.74 Examples of efficient host–
guest HNs have been for instance reported for (n-)Si–TiO2,

75,76

WO3–a-Fe2O3,
77 SnO2–TiO2,

78 and SnO2–a-Fe2O3 combi-
nations.74,79 In particular, the conducting properties of tin
oxide as host-scaffold can be further improved by F- or
Sb-doping as a consequence of growing (and annealing) SnO2

1D nanostructures on a FTO glass.74,80

In the framework of this review, HNs composed of
a-Fe2O3–TiO2 assemblies are worth mentioning.33,81,82 Regardless
of the architectural composition of the hierarchical assemblies
(i.e., titania branched on hematite81 or the opposite
configuration33,82) a photocurrent enhancement is typically
achieved compared to the single oxide (a-Fe2O3 or TiO2) cases.
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In particular, a ‘‘Z-like scheme’’ resembling that of natural
photosynthesis has been proposed to support the results
observed with TiO2 NRs branched on a-Fe2O3 NR arrays:81 both
oxides are excited under AM 1.5G solar illumination and
produce photoexcited e�/h+ pairs. Holes in the VB of TiO2

migrate towards the electrolyte and electrons in the CB of
a-Fe2O3 are collected at the layer back-contact (FTO glass).
Simultaneously, photogenerated e� (TiO2) recombine with h+

(a-Fe2O3) at the two oxide interface. This largely increases the
separation between charge carriers and reduces the probability
of their recombination, ultimately resulting in the enhanced
PEC performance of TiO2-on-a-Fe2O3 HNs.

An enhanced separation of photogenerated carriers has
been reported also for the observed enhanced PEC-WS ability
of a-Fe2O3-on-TiO2 HNs:33 in this case, e� photogenerated in
TiO2 are collected at FTO, while h+ are transferred to the

a-Fe2O3 nanobranches that serve as charge mediators to the
electrolyte. In particular, for an improved PEC structure, a
combination of critical factors that should be achieved has
been identified, such as (i) TiO2 light absorption and photo-
activation vs. a-Fe2O3-induced shadowing effect and (ii) the
availability of free TiO2 surface vs. a-Fe2O3-coated surface.

Recently, also more advanced hierarchical systems composed
of n- and p-type semiconductors have been shown to provide
improved solar-driven PEC-WS ability. In this context, an assembly
composed of Si nanowires branched with TiO2

83 (or N-doped
TiO2)

84 nanowires has been reported. Here, the different intrinsic
electronic properties of the two semiconductors allow for the
production of O2 and H2 at the two separate sites (n-type (TiO2)
and p-type (Si) semiconductors, respectively): the photogenerated
minority carriers (i.e., h+ in TiO2 and e� in Si) promote the
corresponding oxidation/reduction half reactions, while the

Fig. 4 (a) SEM images of 3D hierarchically branched TiO2 NWs: (a1) tilted view, (a2) top view. The insets show high-magnification images of an individual

hierarchically branched array. (b) Tilted view SEM picture of ZnO NW nanoforest. (c) Cross-sectional view SEM image of WO3-a-Fe2O3 host–guest film.

The broken white line indicates the FTO/WO3 interface. (d) FESEM image of SnO2 nanowire covered with TiO2 nano needle leaf-like structures via TiCl4
treatment. (e) SEM image of a nanotree heterostructure; (e2) magnified SEM image showing the large surface area of the TiO2 segment used for water

oxidation – scale bars are 1 mm. Structural schematics of the nanotree heterostructure: small diameter TiO2 nanowires (blue) and Si nanowires (gray). The

two insets report the separation of photoexcited electron–hole pairs. Energy band diagram of the nanotree heterostructure for solar-driven water

splitting. Fig. (a1 and a2) are reproduced from ref. 72 with permission from the Royal Society of Chemistry. Fig. (b) is adapted with permission from Nano

Lett., 2011, 11, 666–671. Copyright 2011 American Chemical. Fig. (c) is adapted with permission from Chem. Mater., 2009, 21, 2862–2867. Copyright

2009 American Chemical. Fig. (d) is reproduced from ref. 78 with permission from Elsevier. Fig. (e1–e4) are adapted with permission from Nano Lett.,

2013, 13, 2989–2992. Copyright 2013 American Chemical.
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majority carriers (i.e., e� in TiO2 and h+ in Si) recombine at the
ohmic contact. PEC J–V curves showed that the system can
promote solar water splitting under open circuit conditions,
in contrast with the state-of-the-art materials typically used for
photoelectrochemical applications.

p-Si NWs coated with a thin SnO2 layer and a dense a-Fe2O3

nanocrystal shell has been finally reported as photocathode for
enhanced and stable (2.5 hours) solar water splitting.85 This
p-Si/SnO2/a-Fe2O3 hierarchical assembly exhibited considerably
higher photocurrent and lower onset potential compared to
both simple p-Si and p-Si/SnO2 NW arrays, revealing the
potential of thin (SnO2) and/or nanostructured (a-Fe2O3) metal
oxide layers in overcoming the poor stability and the HER
kinetic limitation intrinsic of p-Si photocathodes.

3. a-Fe2O3 and TiO2 nanostructures
for PEC water splitting

In the following sections we will deal with the different one-
dimensional arrangements of TiO2 and a-Fe2O3 typically used
for photoelectrochemical water splitting experiments.

We will mainly report on 1D-nanostructures such as nano-
rods (NRs), nanowires (NWs), and nanotubes (NTs).

In particular, we will show how the use of 1D-morphology is
strategic to realize efficient electron transport and charge
carrier separation and to overcome the short diffusion length
of holes in both TiO2 and a-Fe2O3.

We will mainly focus on 1D-nanotubes, fabricated by various
techniques such as hydrothermal methods and self-organizing
electrochemical anodization.

Emphasis will be then on a number of modification strategies
that (coupled to 1D-nanostructuring) have been adopted to address
other critical aspects of hematite- and titania-based photoelec-
trodes, e.g., the sluggish kinetic of hole injection into the
electrolyte (that mainly affect a-Fe2O3) and a limited use of solar
light irradiation for promoting the PEC-WS reaction (for TiO2).

3.1 Typical synthesis approaches

Solution-based growth techniques offer several major advantages
including low-cost, simple processing, and good scalability. Many
advanced nanomaterials that are currently commercially available
are made via solution-based approaches, including colloidal NPs
and QDs.86

Despite the large number of morphologies that can be
grown via solution-based methods (nanoparticles of different
size and shapes, nanorods, nanowires, nanoflowers, nanotubes,
etc.), in recent years other techniques, such as template-assisted
synthesis and self-organizing anodization, have also been devel-
oped. These techniques allow a higher degree of control on
morphology and physical properties, both crucial aspects when
considering 1D nanostructured materials.

1D nanostructure arrays can be typically fabricated by either
bottom-up or top-down approaches. Bottom-up methods are
solution- and vapor-based methods but, despite the several
advantages offered by these approaches (see above), optimization

and control over morphology and physical properties sometimes
(still) represent a challenging aspect for practical applications.

On the other hand, top-down strategies (e.g., (photo)litho-
graphy and focused-ion beam methods), in spite of a better
control on the nanostructure morphology, are typically complex
and expensive.

Here, we will give larger attention to the most versatile
methods (in our view), i.e., hydrothermal synthesis and self-
organizing electrochemical anodization.

A remarkable aspect is the possibility of combining, e.g.

hydrothermal and self-organizing anodization methods to other
synthesis procedures (such as solution-based and/or sputtering
techniques) to grow hierarchical composite nanomaterials.

3.1.1 Sol-methods for nanoparticles. Sol–gel methods
certainly represent the most widely used approach for the
synthesis of nanoparticles. It is based on the slow hydrolysis
and polymerization reaction of a colloidal suspension of the
metal oxide precursor (i.e., alkoxide, halide, nitrate salt, etc.)
that, at controlled rate and under specific conditions, evolves
toward the formation of a solid gel phase.87–89

Typical precursors for TiO2 nanoparticles include titanium(IV)
iso-propoxide (TTIP) or butoxide, and TiCl4.

86 Crucial for the
nucleation of nanoparticles is the formation of Ti–O–Ti chains
that is favored with a low content of water (that is, low Ti/H2O
ratio), low hydrolysis rate (that is, relatively low temperature),
and in the presence of excess titanium alkoxide in the reaction
mixture. As-synthesized nanoparticles are amorphous and
annealing (typically, B400–700 1C in air) is required to attain
a crystalline solid.

Inorganic precursors, such as iron nitrate, are commonly
used for a-Fe2O3 nanoparticles. In a typical synthesis procedure,
Fe(NO3)3 is dispersed in an aqueous solution also containing
EDTA as capping agent. Upon the formation of a solid gel, the
evaporation of the liquid phase leads to iron oxide/oxy-hydroxide
nanopowders. Annealing at 450–900 1C is typically reported to
crystallize the amorphous powders into single phase hematite
nanoparticles.87,89,90

Despite simple processing and large versatility (e.g., doping
can be achieved by simply adding the dopant source into the
colloidal solution), sol–gel methods lack of a precise control on
nanoparticle size and shape distribution. Therefore, alternative
approaches have been developed that include micelle and
inverse micelle, hydrothermal, and solvothermal methods.88

In particular, hydrothermal methods for TiO2 lead to small
particles (B5–25 nm), the size of which can be controlled by
adjusting the concentration of Ti precursor and the solvent
composition91 – e.g., the presence of additives such as peptizers
largely influenced the nanoparticle morphology.86 Typical pre-
cursors are Ti alkoxide (e.g., TTIP and Ti butoxide) colloidal
solutions that, under acidic conditions, mainly form TiO2

anatase NPs, with no secondary phase formation.86,91

Colloidal synthesis of a-Fe2O3 nanoparticles through hydro-
thermal route has been first introduced in the early 1980s.92

Nano-sphere, -disk, and -plate morphologies were reported
depending on the precursor concentration,92 and follow-up
works demonstrated that 60–100 nm a-Fe2O3 NPs synthesized
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through similar methods are ideal catalysts for the photo-
catalytic generation of hydrogen from water solutions, contain-
ing sacrificial agents (e.g., methanol) or electron donors
(e.g., methyl viologen).93–95

More recently, TiO2 and a-Fe2O3 nanoparticles and hollow
spheres have been reported by solvothermal method,96,97 that
is, a procedure almost identical to the hydrothermal method
except for the use of non-aqueous solvents – this enables the
use of higher temperature, due to a large number of organic
solvents with a high boiling point.88

However, as mentioned before, the use of nanoparticle water
dispersion is not possible in view of photoelectrochemical
applications, and immobilization of NPs on a conductive sub-
strate in the form of assemblies or thin films has several
drawbacks (e.g., long (random) carrier diffusion pathways,
enhanced carrier recombination at grain boundaries, lower
surface area compared to NP suspensions, etc.).

Thus, a most elegant approach is one-dimensional nano-
structuring of photoanode materials.

3.1.2 Hydrothermal methods. Hydrothermal synthesis
certainly belongs to the most commonly used methods for
the synthesis of nanorods/wires/tubes of various metal oxides.

As for sol–gel methods, titanium isopropoxide,98 tetrabutyl
titanate,99 or titanium isobutoxide are typically used as TiO2

precursors,100–102 while iron(III) chloride is mostly used as
a-Fe2O3 precursor.

103–107

Hydrothermal synthesis is carried out in a pressure vessel
under controlled temperature and/or pressure, in aqueous or
organic based-solutions (as anticipated, in the latter case, the
term solvothermal is more appropriate) and, in some cases, in
the presence of surfactant agents.88 Temperature, solution
volume and nature of capping agent (e.g., F� vs. SO4

2�) largely
influence the internal pressure and, hence, the aspect ratio (i.e.,
the diameter/length ratio) of NRs, NWs and NTs.49

a-Fe2O3 hydrothermal nanotubes are mostly prepared from
a FeCl3 solution in the presence of NH4H2PO4 at 220 1C for
several (2–3) days.108–110

Under these conditions, the formation of a-Fe2O3 hydrother-
mal nanotubes has been reported to occur via a coordination-
assisted dissolution process.108 In particular, it was demonstrated
that crucial factor to induce the formation of a tubular structure is
the presence of phosphate ions (from NH4H2PO4) that adsorb on
the surface of hematite aggregates and coordinate with ferric
ions.108–110 In detail, nanotube formation proceeds through con-
trolled ‘‘dissolution’’ along the long axis of the spindle-like
precursors formed at the early stage of the reaction; this generates
rod-like nanocrystals and semi-nanotubes, and for sufficiently
long times hollow tubes – remarkably, the inner part of tubes is
only partially dissolved, and a non-uniform dissolution from
spindle to spindle has also been reported.

More recently also alternative reactants have been proposed
(e.g., [Fe(CN)6]

4� precursor in H2O2 based solution) that signifi-
cantly lowered both the temperature and the reaction time
needed (160 1C for o2 h).111

Regardless of the used precursors (and hence conditions),
a-Fe2O3 tubes are single-crystalline (i.e., hematite is the only

crystalline phase) and are typically 200 nm–1 mm long, with
a diameter in the 100–150 nm range and a wall thickness
of 25–30 nm.108–111

Hydrothermal TiO2 NTs were first reported by Kasuga
et al.,38 by alkaline treatment of anatase TiO2 powders in a
NaOH solution at 20–110 1C. Approximately 100 nm thick
nanotubes with a B8 nm diameter were obtained upon acidic
washing of the reaction suspension. Several follow-up works
demonstrated that amorphous and crystalline (that is, also
rutile and commercial powders) TiO2 as well as metallic Ti
are suitable precursors,39,112 and that NaOH can be replaced by
KOH – under these conditions, the reaction temperature can be
increased and TiO2 NWs can also be formed.113 In general,
large NaOH concentrations and high operating temperatures
facilitate the formation of tubes – and in particular the higher
the T, the longer the tubes.

Most interesting feature of TiO2 hydrothermal tubes is
their multi-walled morphology, featuring inter-wall distance
of B0.7 nm114 and (in contrast to a-Fe2O3 tubes) a wall
thickness in the range of atomic sheets.38 That is, only TiO2

hydrothermal tubes should be considered ‘‘real’’ nanotubes,
with quantum confinement effects such as band-gap widening
being practically observable (only) in the walls of tubes prepared
through such a procedure.

Another remarkable aspect of hydrothermal methods is the
possibility of growing 1D-nanostructures such as NRs and NWs
anchored on a conductive substrate (usually a FTO layer immersed
in the reaction vessel), for a direct use as photoelectrode – this, in
contrast to nanotubes that grow in bundles/agglomerates,
dispersed in a reaction media.48

Normally, the F-SnO2 side of FTO layers has to face the
bottom of the reactor, so to enable the growth of NRs/NWs on
the conductive substrate, while the metal oxo-species (e.g., TiOx

and FeOOH), which form on the glass side due to gravimetric
precipitation from the precursor solution, can be easily washed
away.115

Growing thin films directly from a substrate not only does
considerably improve the adherence and mechanical stability
of the film compared to standard deposition techniques (such
as spin coating, dip coating, screen printing, or doctor blading),
but also grants better charge transfer and collection to the
back-contact with no extra binder layers to be tunneled.33,103

Under these conditions, the formation mechanism relies
on the constant supply of H2O molecules at the hydrophilic
surface of FTO (i.e., the F-SnO2 side) through hydrolysis of
the metal oxide precursor. Nuclei will appear on the entire
substrate and if their formation rate is controlled and limited
by the precipitation conditions, epitaxial crystal growth will
take place (from the nuclei). If the concentration of precursors is
high, a condensed phase of vertically aligned arrays perpendi-
cular to the substrate will be generated.103

Concerning TiO2, it is known that acidic media set the
conditions for rutile TiO2 NR formation; key aspect to such a
growth is the presence of Cl� ions in solution, i.e., Cl� ions
preferentially adsorb on the rutile(110) plane and, by retarding
the growth along this direction, promote NR formation.116
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Accordingly, TiO2 NRs were not formed when HCl was replaced
by HNO3 or H2SO4.

Nevertheless, a major limitation of Cl� ions is their blocking
effect towards the TiO2 surface sites that are active for the water
splitting reaction,116 and annealing at T > 200–250 1C represents
a most common approach to remove the Cl� termination.117

By contrast, alkaline media and an excess of OH� ions favor
the crystallization of anatase TiO2

118 – however, an alternative
way to anatase is also the presence of an anatase-based seed
layer on FTO.119 Moreover, it is reported that the reaction
temperature (not time) has a critical effect on rod/wire morpho-
logy and crystal structure.120

Inorganic iron salts such as FeCl3
103,104,121 and FeSO4

105,107

are most typical precursors for the hydrothermal synthesis of
hematite rods/wires (B100 nm–1 mm long and with aB5–10 nm
diameter, reaction temperature varies within 100–120 1C and
reaction time up to 24 h).

In particular, FeCl3 is usually dissolved in a NaNO3

based solution, also containing HCl to establish an acidic
environment.103,104,121 On the other hand, FeSO4 is used under
milder conditions and in the presence of CH3COONa.

105

Common aspect to all these procedures is that, contrary to
the TiO2 case, the formation of hematite rods/wires proceeds
through the initial nucleation and aggregation of b-FeOOH 1D
nanoarrays and hence annealing at T > 400 1C103 is required to
convert the Fe oxide–hydroxide into hematite.

3.1.3 Template-assisted techniques. We mentioned that
hydrothermal approaches for nanotube fabrication results in
single tubes or loose agglomerates of tubes dispersed in a
solution and that non-homogeneous tube lengths are typically
obtained.

Most critical aspect to a use of these structures in electrically
contacted devices (e.g., photoelectrochemical cell) is that tubes
need to be compacted to layers (similar to powders) on an
electrode surface. This leads to an arbitrary orientation of the
nanotubes on the electrode and, in turn, eliminates many
advantages of their one-dimensional nature (e.g., providing a
1D direct electron path to the electrode).48

However, using aligned templates (or self-organizing electro-
chemical anodization, see below) not only leads to an array
of oxide nanotubes oriented perpendicular to the substrate
surface, but also tubes in the template can relatively easily be
contacted by metal deposition (before removal of the template
by selective dissolution).

Numerous different nanotube morphologies can be obtained
by simply tuning the morphology of templates.40,122–124

Most classic template for TiO2NTs is porous anodic aluminum
oxide (AAO),125–127 which can be produced with a hexagonal
pattern of nanopores in a virtually perfect (long-range) order,
and with interpore distances between 10 and 500 nm.128

Historically, the first attempt to produce TiO2 NTs through a
template-assisted method was seemingly that reported by
Hoyer125 who electrodeposited titanium oxide from a TiCl3
solution. The oxide first is in the form of polymer-like hydrous
titania, and after annealing crystallizes into anatase TiO2

(Fig. 5(a)). More recently, also other filling approaches have
been developed that include sol–gel techniques122,129,130 and
atomic layer deposition (ALD).131–133

As already discussed for the synthesis of NPs (Section 3.1.1),
sol–gel methods are based on the hydrolysis reaction of
Ti-alkoxide, TiCl4, and TiF4, followed by condensation into a
solid gel phase.87 After appropriate heat treatment, the alumina

Fig. 5 (a) Schematic view of the replication process and SEM image of the corresponding TiO2 NTs. (b) Schematic representation of TiO2 (or a-Fe2O3)

nanotube formation process: first a ZnO seed layer is deposited on FTO, and ZnO nanorods are grown through a hydrothermal method; afterwards, TiO2

(or a-Fe2O3) nanotubes are grown and the ZnO sacrificial template is simultaneously dissolved. Fig. (a) adapted with permission from Langmuir, 1996, 12,

1411–1413. Copyright 1996 American Chemical Society. Fig. (b) reproduced from ref. 33 with permission from the Royal Society of Chemistry.
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template can be easily dissolved. ALD techniques offer an even
larger control on tube morphology as conformal coating of the
template with one atomic layer after the other can be achieved,
also by alternating different titania precursors.131,132

Another effective approach is the use of a ZnO nanorod array
as sacrificial template (Fig. 5(b)).33,134,135 A thin ZnO seed layer
is first deposited (e.g., sputtered) on a FTO glass; hydrothermal
growth of ZnO nanorods follows. As-synthesized ZnO NRs on
FTO are then immersed into the Ti (or Fe) precursor solutions
that also contain boric acid (H3BO3). Hydrolysis reaction of the
metal oxide precursor to TiOx (or FeOOH) on the individual
ZnO nanorods results in the formation of TiO2 (or a-Fe2O3)
based nanotubes with the simultaneous dissolution of the ZnO
template in the acidic environment.33 Remarkably, in a one-
step ‘‘NT growth/template dissolution’’ synthetic approach, no
extra reactions are needed that may damage the NT array.

3.1.4 Self-ordering anodization. Electrochemical anodiza-
tion is often considered a most straightforward synthesis path
to fabricate one-dimensional vertically oriented layers for
photoelectrochemical applications since it is scalable (it allows
one to coat virtually any shape of various metal surfaces), offers
an extended control over nanoscale geometry, produces directly
back-contacted photoanodes, and is a versatile approach as it
can be used to grow nanostructures of various metal oxides
(Fig. 6(a)).47,48,136

Classically, electrochemical anodization is carried out in a
2-electrode electrochemical arrangement where a metal sub-
strate (M) is immersed in a suitable electrolyte (most commonly
H2SO4) and subjected to a positive electrical bias (U).

In this configuration, with M as working electrode (anode)
and platinum or carbon as counter electrode (cathode), oxida-
tion of the metal substrate occurs and leads to the formation
of a metal oxide (MOz/2). Oxide growth is sustained by field-
assisted ion-migration. Briefly, as long as high field conditions
hold, metal cations are subjected to outward migration
from the metal substrate towards the electrolyte, while at the
same time O2� ions migrate (from water) towards the anode
(Fig. 6(b)).

This process is self-limited since the formed oxide is stable
in the anodizing electrolyte: with increasing the oxide thickness
(d), the electric field (i.e., DE = DU/d) gradually drops and so
does the inward/outward ion migration. This results in the
formation of an oxide layer with a finite thickness. Such an
oxide film is compact or, more generally, does not exhibit
specific morphological features.

However, when using a suitable electrolyte and under
specific electrochemical conditions (that largely depend on the
metal of interest), a steady-state equilibrium can be established
between the electrochemical oxide formation and its dissolution
(Fig. 6(b)).

In particular, electrochemical parameters can be adjusted
to establish controlled oxide growth and etching to form porous
oxide layers or, even more, to enable the growth of one-
dimensional self-organized metal oxide structures. Typically,
the use of electrolytes containing ClO4

�, NO3
� or F� ions under

self-organizing electrochemical conditions is key for the anodic
growth of Ti and Fe oxide layers in the form of arrays of
nanopores or nanotubes.47,48,137,138

Key advantage of anodization is that the self-ordering degree
of the formed one-dimensional nanostructures, their morphology
and physicochemical properties can be adjusted by simple tuning
of electrochemical parameters (electrolyte composition and
temperature, applied voltage, anodization time, etc.).

As the effects of such parameters on the growth of a-Fe2O3

tubes are qualitatively comparable to what is observed for anodic
TiO2 NTs, general guidelines can be summarized as follows:

– electrolyte composition: tube growth in H2O-based electro-
lytes is limited to a maximum length of B2–3 mm. For TiO2,
significantly thicker NT layers (up to some hundreds nano-
meters) can be grown in organic-based electrolytes (ethylene
glycol, glycerol, etc.). Also the fluoride concentration and the
H2O content play a crucial role, that is, the growth of thicker
layers requires higher F� concentration137,139 while limited
H2O contents lead to highly ordered tubes.140,141

– electrolyte temperature: the higher the temperature, the
faster the tube growth.142,143 Rapid tube growth can also be

Fig. 6 (a) Typical 2-electrode electrochemical anodization set-up and possible anodic morphologies for different metal oxides: TiO2 (upper row), and

Al2O3, WO3, Ta2O5, and a-Fe2O3 (lower row). (b) High field oxide (TiO2) formation in the presence of fluoride ions: a steady-state is established between

the oxide formation at the inner interface and its dissolution at the outer interface (due to dissolution/complexation of Ti4+ as TiF6
2�). Rapid fluoride

migration leads to the formation of a fluoride-rich layer at the Ti/TiO2 interface. Reproduced from ref. 136 with permission from the Royal Society of

Chemistry.
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achieved in the presence of complexing agents (lactic acid) in
the electrolyte.144

– anodization voltage: the larger the anodization voltage, the
longer and wider the tubes. Long tubes are also grown by
extended anodization time.141

A final aspect common to both a-Fe2O3 and TiO2 is that
as-formed tubes are amorphous and adequate thermal anneal-
ing (mostly in air at T B 400–700 1C) is required to convert the
non-crystalline arrays into hematite and anatase (or rutile, or
anatase/rutile mixed phases), respectively.48,138

3.1.5 Other methods. A range of other approaches to form
a-Fe2O3 and TiO2 nanotubes/nanofibers have been reported.44,48

Among these, for instance, electrospinning represents a simple
and versatile method for generating ultrathin fibers made of
various materials (i.e., functional polymeric materials such as
hierarchical nanofibers, inorganic-doped hybrid nanofibers,
core–shell nanofibers, etc.).

Moreover, if combined to other techniques, in particular
sol–gel methods and annealing, electrospinning can be used to
fabricate a large number of inorganic nanomaterials with
controlled morphologies and properties.145

In this process, a strong electric field is used to pull a thin
jet out of a drop of polymer solution or melt through a nozzle.

The jet then is deposited in the form of a nanofiber. Ti and/or
Fe precursors can be used to coat the fibers (most elegant
is a simultaneous coating of the fibers while spinning,
through a coaxial two-capillary spinneret nozzle system)
and generate single hollow-nanofibers (nanotubes) that
are well separated and can be uniformly distributed over
a several centimeters range. Finally, annealing is carried
out to induce thermal degradation of the organic fiber tem-
plate and crystallize the amorphous metal oxide nanotubes
(Fig. 7(a and b)).146

Typically, NTs by electrospinning exhibit extremely high
aspect ratios and a diameter that ranges from a few tens of
nanometers to a few tens of micrometers.

TiO2 nanotubes are fabricated, for example, by using titanate
as well as Ti-alkoxide (Ti(IV) iso-propoxide) precursors,146–148

while iron inorganic salts (e.g., iron nitrate) or organic precursors
(e.g., Fe(III) acetylacetonate) are used for a-Fe2O3

149,150 – examples
of such nanotubes are shown in Fig. 7(c).

Key to the fabrication of these hollow nanostructures is a use
of two immiscible liquids, that is, the solvent to dissolve the Ti or
Fe precursor (e.g., an ethanol-based solution) and the polymer to
fabricate the nanofibrous array (e.g., a heavy mineral oil) –
Fig. 7(c).146

Fig. 7 (a) Schematic illustration of the setup for electrospinning nanofibers. Spinneret is fabricated by means of a two-capillary coaxial jet, through which

heavy mineral oil and an ethanol solution of Ti precursor are simultaneously ejected. (b) SEM image of a uniaxially aligned array of anatase hollow-

nanofibers. (c) FESEM images of a-Fe2O3 hollow fibers by electrospinning an iron acetylacetonate (Fe(acac)3) and polyvinylpyrrolidone (PVP) solution.

(d) SEM image of porous fibers obtained via electrospinning of a polymer solution in dichloromethane. Fig. (a and b) adapted with permission from

Nano Lett., 2004, 4, 933–938. Copyright 2004 American Chemical Society. Fig. (c) reproduced from ref. 149 with permission from the Royal Society of

Chemistry. Fig. (d) reproduced from ref. 151 with permission from John Wiley & Sons.
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In addition, it is possible to use this method to obtain
nanofibers/nanotubes, with specific surface topologies. Since
electrospinning to a first approximation involves fast evapora-
tion of the solvent, the use of a solvent that evaporates rapidly
(e.g., dichloromethane) induces rapid phase separation. The
following rapid solidification generates fibers as those reported
in Fig. 7(d), with pores of regular shape and narrow size
distribution (diameter B100–200 nm).151

3.2 Typical modification approaches

Experimental conditions and parameters for the modification
of a-Fe2O3 and TiO2 may be significantly different. However, for
both oxides two main strategies can be distinguished, namely
methods that modify the intrinsic electronic properties of the
oxide (charge mobility, donor density, band-gap, etc.), and
methods that provide a co-catalytic effect for chemical reactions
(e.g., deposition of a co-catalyst to improve the kinetics of water
oxidation). In addition, also other methods are reported that
enable for instance visible light PEC-WS and/or generate
suitable surface states for enhanced charge transport/transfer
properties (e.g., surface decoration with plasmonic metals and
quantum dots, or the formation of a heterojunction).

3.2.1 Doping. Semiconductors for practical applications
are often modified (doped) by introducing a secondary active
species into the lattice. In particular, doping is carried out to
(i) improve the material electronic properties, by adjusting a
desired conductivity (typically, at low dopant concentrations),
or to (ii) adjust (that is, in the case of TiO2, to narrow) its band-
gap and extend the light absorption properties (usually at high
dopant concentrations).

The incorporation of dopants into TiO2 and a-Fe2O3 can be
achieved through a range of different methods, e.g., hydrothermal
procedures, thermal diffusion of ions from the substrate (FTO),
drop casting, wet chemical treatments, thermal treatments under
controlled atmospheres (containing the dopant), high-energy ion
implantation.44,48,49,51

For TiO2, band-gap narrowing is necessary in view of enhancing
its visible-light absorption and promoting photoelectrochemical
and photocatalytic reactions under solar irradiation.

Since the report by Asahi on N-doped TiO2 and the photo-
catalytic degradation of methylene blue and acetaldehyde
under visible light,152 there have been (and still there are) a
large number of attempts to produce differently doped TiO2.
This is typically achieved by introducing a non-metal element
into its lattice, such as C, N, S, P, etc.153–159

The presence of non-metallic dopants forms electronic intra-
gap states and this influences the oxide light absorption
characteristics by leading to a redshift in the light absorption
threshold.

However, more recently, some studies underlined the difficulty
in unequivocally ascribing a photoresponse under visible light to
the influence of anion dopants. In some cases, the anion dopant
may be confined to the surface and promote the formation of
surface trap states that typically lead to detrimental charge
recombination, which in turn limits the photoactivity of the
material.160

Also some metal dopants such as Cr, V and Fe were reported
to be successful in activating a TiO2 response under visible
light.161 However, the photocurrents for, e.g., Fe- or Cr-doped
TiO2 are typically low, and a use of cation doping to improve the
visible light absorption of wide band-gap semiconductors is
only partially considered in photoelectrochemistry.44

Finally, an aspect that is often overlooked in the literature is
that to an extended light absorption to visible light wavelengths
(that is, determined by reflectivity measurements) does not
always correspond the generation of mobile charge carriers.
This was deeply investigated by Murphy, who pointed out that
the effects on vis light induced PEC activity of e.g. TiO2 should
be anyway considered valid only if IPCE spectra that demon-
strate this ability are also measured. Even more, a most reliable
estimation of photoresponse is provided if photocurrent spectra
are associated to photocurrent transients measured under
monochromatic l.11,162

Another promising way to enhance the photoelectrochemical
response of TiO2 is to improve its charge transport abilities,
therefore reducing charge carrier recombination. This can be
achieved, e.g., by introducing a metal dopant (electron donor) such
as Ru, Nb or Ta into TiO2 lattice.

163–165 The amount of dopants is
usually limited to 1–2 at% that corresponds to a carrier concen-
tration of B1021 cm�3. Higher concentrations are not likely to be
effective, and may even lead to segregation of the dopant phase.

Finally, it is well established that, regardless of their
non-metallic/metallic nature, some dopants such as F and Nb
also inhibit the transition from anatase to rutile when anneal-
ing TiO2 at relatively high temperature (>400 1C) – rutile is
detrimental in photoelectrochemical applications due to its
poor electronic properties compared with anatase.166–168 The
presence of such dopants retards the seeding of the rutile phase
and, therefore, allows annealing at relatively high temperature.
This in turn increases the crystallinity degree of TiO2 and
enhances the charge transport properties as electron transport
becomes considerably faster.169,170

On the other hand, a-Fe2O3 exhibits absorption properties
that already fit to a solar spectrum. That is, light absorption of
hematite extends up to l B 600 nm and any doping attempt is
clearly performed with the only aim of increasing its intrinsically
limited conduction properties that are inadequate for PEC
applications.17

This is commonly achieved by substitutional doping using
elements with oxidation states +4 to +6, such as Ti4+, Sn4+, Zr4+,
Nb5+.171,172 By substituting at sufficient levels, high carrier
conductivities can be attained.

In general, titanium is less effective compared to other +4
ions as it may form Tisurf sites that may also act as electron–
hole recombination centers. However, it has also been recently
reported that Ti4+ surface species might effectively capture and
store photogenerated holes and facilitate their transfer to the
electrolyte for O2 evolution by water oxidation.173

Zr4+ doped into a-Fe2O3 single crystals led to one order of
magnitude higher donor densities (in the order of 1019 cm�3),
and increased conductivity and electron mobility compared to
undoped hematite.174
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Also for hematite, optimum impurity concentrations are
ca. 1 at% or less and, while introducing inter-band gap energy
states that are beneficial for a-Fe2O3 conductivity, doping does
not significantly alter the oxide band-gap or its absorption
properties.17

3.2.2 Heterojunction engineering. The recombination of
photopromoted charge carriers in solid-state semiconductors
typically takes place within ms, while the time for electrons and
holes to react with acceptor and donor species, respectively, is
in the ns–ms.

The time scale for charge transfer to a donor or acceptor
molecule largely depends on its specific nature, in particular,
on its red-ox potential and chemical adsorption to the surface.
It is, therefore, apparent that charge recombination and charge
transfer to the electrolyte are competing processes.50,175–178

One of the most common strategies to tackle the rapid
charge recombination and thus to increase solar conversion
efficiencies is increasing the charge spatial separation by creation
of a heterojunction.

Heterojunctions are typically designed to combine the func-
tionality of the two (or more) constituent phases, with the aim
of addressing (at least one of) the primary requirements for an
efficient PEC-WS using solar energy: visible light activity,
chemical stability, appropriate band-edge characteristics, and
potential for low-cost fabrication.179

Heterojunctions may be formed by combining, e.g. (i) two
semiconductors (S–S), or (ii) a semiconductor and a metal (S–M).

Enhancement of charge separation can be achieved through
various mechanisms that mainly depend on the electronic
properties of the partner materials:

(i) via the formation of an internal electric field at the
heterojunction interface, in S–S type heterostructure. Upon
favorable band bending, e� will tend to move from the higher
to the lower lying CB, while h+ will follow the opposite direction
(i.e., from the lower to the higher lying VB).

(ii) driven by the Schottky barrier that typically forms when
interfacing a semiconductor with a metal (in S–M type hetero-
junction). This promotes electron flow from the material with
the higher Fermi level to that with a lower Fermi level, until
steady-state equilibrium is reached.

Different configurations may apply to the S–S type hetero-
junction: both semiconductors are photoactive, that is, they
generate e�/h+ pairs (e.g., a-Fe2O3–WO3, TiO2–WO3, TiO2–BiVO4,
a-Fe2O3–SrTiO3, TiO2–ZnO, TiO2–SrTiO3 etc.)

77,180–188 or only one
component absorbs light and generates energetic charge carriers
(e.g., metal oxide/QDs, metal oxide/OEC). It is also remarkable
that narrow band-gap semiconductors can be combined to a
larger band-gap semiconductor and complementary light
absorption properties can be exploited (e.g., NiO/TiO2 systems).
Therefore, an additional advantage is the photosensitization of
the large band-gap material, as observed for instance in metal
oxide/QDs configurations (see below).

A detailed description of heterojunction formation and
working principles is out of the scope of this review and
additional information can be found elsewhere.1,189,190 In the
following sections we will provide examples and describe

strategies that apply to a-Fe2O3 and/or TiO2 for photoelectro-
chemical applications.

3.2.3 Decoration with a co-catalyst. A widely investigated
strategy towards higher PEC ability is the surface decoration of
photoanodes with an oxygen evolution catalyst (OEC) and/or
the decoration of cathodes with a hydrogen evolution catalyst
(HER, such as MoS2 and WS2

191,192).
As discussed in Section 1.1, the oxygen evolution reaction

(OER) kinetics is sluggish: this reaction requires a four-electron
oxidation of two water molecules (that is, the concerted transfer
of four holes from the photoanode surface to the electrolyte)
coupled to the removal of four protons to form a relatively weak
oxygen–oxygen bond.

If O2 evolution from water splitting represents only a minor
challenge for TiO2-based photoelectrode (some examples of co-
catalyst decoration for the EOR have been anyway reported in
the literature and are shown in Section 3.4.3), the poor match
between the orbitals of hematite valence band (that partially
exhibits Fe 3d character) and those of H2O (that is, O 2p states –
see Section 3.3 for discussion) significantly limits the efficiency
of hematite in water photooxidation.

To overcome the limitation of poor OER kinetics, various
catalysts have been coupled to hematite photoanodes to assist
hole transport from the hematite surface to the electrolyte.

Typical OECs are noble metals such as IrO2 and RuO2.
Though efficient and stable under working conditions, Ir and
Ru based catalysts are however preferentially replaced with
cheap and earth-abundant elements for a significant reduction
of the costs.

In this context, Co oxide-based catalysts193 and the more
recent amorphous cobalt-phosphate (Co-Pi)194 catalyst represent
valuable candidates. While the mechanism behind the improve-
ment obtained with Co-Pi is still not completely understood, the
electrocatalytic activity of cobalt oxides/hydroxides for water
oxidation is well established and involves the CoII/CoIII and
CoIII/CoIV couples and the formation of high-valent Co(IV)–O
intermediates that can ‘‘store’’ up to four holes from the valence
band of hematite. Holes injection into the electrolyte for the
generation of O2 then regenerates again CoII centers.193

Finally, recently also more complex structures (e.g., NiFe
double-layered hydroxide (LDH) and NiFe oxide)195,196 have
been introduced. NiFe based co-catalysts have been shown to
possess excellent electrocatalytic activity and durability for OER
catalysis; even more, although the active site of NiFe still
remains unclear, its transparency towards visible light irradia-
tion (that can therefore be absorbed by hematite) represents an
intrinsic advantage, particularly with respect to more common
cobalt-based co-catalysts.195,196

3.2.4 Other strategies. Aside from doping and surface-
decoration with a co-catalyst, a number of various other approaches
have been developed to improve the photoelectrochemical response
of a-Fe2O3 and TiO2. Some of thesemethods are here described, but
a more complete overview can be found in Section 3.3.3 and in
Section 3.4.3 for hematite and titania, respectively.

In view of the ‘‘too’’ large optical band-gap of TiO2 for
efficient sunlight absorption, the recent finding of ‘‘black’’
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TiO2 by Chen and Mao197 is often mentioned as a promising
approach to (partially) address this issue.100,198–200

Black TiO2 is typically obtained by exposing TiO2 to a
reduction treatment (e.g., high pressure/high temperature treat-
ment in H2, vacuum annealing, electrochemical reduction,
Ar/H2 annealing under atmospheric conditions) that produces
the typical dark coloration ascribed to the formation of oxygen
vacancies or Ti3+ defect states.201 This in turn generates a
strong light absorption in the visible range.

In particular, Chen and Mao reported that compared
to conventional ‘‘white’’ TiO2, black TiO2 loaded with a Pt
co-catalyst could reach a significantly higher open-circuit
water-splitting activity, with the photoactivity enhancement
ascribed to a thin amorphous TiO2 hydrogenated layer encap-
sulating the TiO2 anatase core.

However, the findings of Mao and many of the follow-up
studies seem to limit the outstanding properties of black TiO2

to its visible-light extended photoabsorption.
Only more recently, a unique co-catalytic effect towards

efficient water splitting could be observed for ‘‘black’’ TiO2

anatase nanoparticles and nanotubes treated with H2 under
high pressure202,203 or high-energy proton implantation.204

Such a co-catalyst effect enabled strongly enhanced photocata-
lytic activity for hydrogen production in the absence of any
noble metal co-catalyst. A combination of different character-
ization techniques pointed out that hydrogenation generates
voids in the anatase nanoparticles202,203 and nanotubes
(an additional discretization of walls on the length scale of
around 10–20 nm was observed for the implanted tubes)204 that
are responsible for the observed outstanding photoactivity.

Therefore, ‘‘black’’ titania not only should be regarded as a
tool to extend the absorption properties of TiO2 into the visible
light region, but hydrogenation should also be considered a
powerful tool for the engineering of suitable structural defects
that can activate TiO2 for noble metal-free photocatalytic water
splitting.

Thermal reducing treatments have also been explored for
hematite. However, the reduction of a-Fe2O3 crystals is typically
reported to generate a Fe3O4 surface layer which typically acts
as a recombination center.205 For instance, the exposure of
a-Fe2O3 pellets to an inert He-atmosphere produced conductive
pellets that are also visibly darker than untreated hematite, but
a photocurrent drop due to the enhanced surface recombina-
tion promoted by Fe3O4 is observed.

More recent studies suggested that a low amount of oxygen
vacancies in a-Fe2O3 may be beneficial for solar water splitting,
as long as no lattice distortions are formed and no incorpora-
tion of Fe3O4 inclusions occurs.206

Another popular approach for the adjustment of a-Fe2O3

and TiO2 optical properties, namely for enhancing their light
absorption, is the incorporation of a plasmonic metal nano-
structure (e.g., nanoparticles, nanorods, nanopillars, nanohole
arrays) on the semiconductor surface.207–215

Briefly, a plasmonic metal (such as Ag, Au and Cu) can
harvest visible light due to localized surface plasmon resonance
(LSPR), i.e., the oscillation of free electrons with the incident

radiation that promotes either electron injection (hot e�) or
energy transfer (PRET) into the adjacent semiconductor.

A most efficient method for capturing hot electrons is the
formation a Schottky barrier (jSB) with an appropriate semi-
conductor (see Section 3.2.2), that is, proper alignment of the
Fermi level of the plasmonic nanostructure with the bands of
the semiconductor is crucial. Therefore, important factors to
consider are (i) the band-gap of the semiconductor, which
affects the height of the Schottky barrier and (ii) the density-
of-states (DOS) available in the CB, which affects the efficiency
of the hot electron injection process.214,216 PRET is based on
the generation of an intense electric field at the surface of the
plasmonic nanostructure that is able to increase the efficiency of
electron–hole pair generation in the nearby semiconductor. The
basic principle that regulates PRET is that the LSPR wavelength
should be resonant with the band-gap energy of the semi-
conductor (or excite some intra-band gap transition).207,217

In other words, regardless of the mechanism, a plasmonic
metal can be thought as an antenna that absorbs light, and
the semiconductor as the reaction center that promotes the
photoreaction.

Since the resonance frequency of plasmonic metals depends
(primarily) on the nature of the metal and can be tuned from
visible to near infra-red wavelengths by adjusting the nano-
structure shape and size, LSPR can be envisaged as a versatile
strategy for the sensitization of semiconductors below their band-
gap and/or to increase the range of solar light absorption.213–215,218

For solar water splitting applications, studies have been
mainly limited to Ag and Au (LSPR at l = 400–450 nm and
530–560 nm, respectively). This is due to the relatively large
optical cross sections of the two metals and, in particular
for Au, due to its stability under the harsh conditions
(pH, potential) that are needed for water splitting.211

Early studies on water splitting with plasmonic-metal/
semiconductor photoelectrodes report Au/TiO2 and Ag/TiO2

nanocomposites, synthesized by immersion of mesoporous
TiO2 films in solutions containing nanoparticles of either
Au or Ag.219,220

Photocurrent and photovoltage action spectra of Au/TiO2

and Ag/TiO2 showed an increased photoresponse compared to
a pure TiO2 photoelectrode, that also matched the LSPR of
the metal nanoparticles (i.e., l = 450 and 550 nm for Ag and
Au, respectively). Although the increase in the absolute value
of IPCE was modest (B1–2%), these works paved the way for
follow-up studies.

In particular, more recently, plasmonic-metal/semiconductor
arrangements other than the more conventional ‘‘plasmonic-
nanostructure on metal oxide-array’’ have been developed, e.g.,
by using a thin Ag mirror underneath a a-Fe2O3 film, the
photocurrent of hematite could be significantly enhanced due
to the metallic film promoting photon re-trapping schemes that
increase resonant light trapping into the oxide layer.221

Further improvements in terms of water splitting efficiency
have also been reported for a plasmonic/semiconductor/mirror
photoanode arrangement, with TiO2 ‘‘sandwiched’’ between an
Au/Cr-based metallic mirror and plasmonic gold nanodisks.222
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The optimized architecture exhibited multiple resonance peaks
due to hybridized LSPR in the nanodisks and multiple internal
photoemission between the mirror and the plasmonic nano-
structures that enabled an 8–10 time photocurrent enhance-
ment under resonant conditions.

Besides sensitization by plasmonic resonance, also quantum
dots of semiconductors such as CdS, CdSe, PbS, PbSe, InAs, MoS2,
etc. can be used as light harvesting functionalities and combined to
a semiconductor photoelectrode for solar water splitting.

Quantum dots (QDs) are semiconductor nanoparticles
(with d B 5–10 nm) subjected to quantum-confinement effect,
i.e., their dimension is smaller than the exciton Bohr radius.
Above mentioned semiconductor QDs can absorb visible light
(Eg B 2.2–2.4 eV) and generate photoexcited states (electron–
hole pairs) that once separated can be used to enable redox
processes with suitable acceptor and donor species.

In our context, the electron acceptor is the conduction band
of a (large) band-gap semiconductor (e.g., TiO2) – clearly, for an
efficient charge injection, a suitable alignment of the CB of the
QD semiconductor with that of e.g. TiO2 is a prerequisite.

223–225

Moreover, charge recombination in some QDs (e.g., PbSe
and CdS–CdSe dual QDs) leads to the emission of photons that
are then absorbed by the semiconductor and generate reactive
e�/h+ pairs.226,227

Numerous studies of QDs show that their light absorption/
emission features can be controlled adjusting their particle
size.43

However, in spite of the large number of reports on
QD-sensitized semiconductor scaffolds for light conversion
reactions and of the significant IPCE enhancement (e.g., for
CdS/TiO2 an IPCE as high as 20% has been determined at
l B 450 nm),224,228 two main limitations still remain to be
addressed: (i) the slower interfacial hole transfer rate (to a
donor species, e.g. in the electrolyte) compared to electron
injection into the semiconductor; that is, for the efficient
II–VI materials, QDs typically suffer of photochemical instability
due to hole-induced corrosion; (ii) a low internal quantum
efficiency in the visible region, ascribed to a slow hole transfer
kinetics compared to the rate of surface-mediated electron–hole
recombination.

Recently, carbon quantum dots (CDs) have been introduced
and regarded as promising materials due to their lower toxicity
and eco-friendly properties compared with traditional metal
sulphide and selenide QDs.229

Among the superior and unique features of carbon-based
QDs are their broad and strong absorption across a major
portion of the solar spectrum, and their efficiency in generating
and separating photopromoted charges. In view of PEC-WS
applications, electrons in the excited energetic level of CDs can
be efficiently injected into the conduction band of e.g. TiO2 and
a-Fe2O3, while the holes left in the ground state have a redox
potential to oxidize a suitable donor species in the environ-
ment. Thus, a co-catalytic effect towards the oxygen evolution
reaction can also be exploited.

In addition, two other characteristics of CDs are beneficial
for enhancing solar energy conversion efficiency: first, a

so-called up-conversion photoluminescence (PL) effect, asso-
ciated with the radiative recombination of electrons and holes,
where the emitted l is lower (more energetic) than absorbed
l.230 Charge recombination in the CDs leads to photon emis-
sion that can be absorbed by the adjacent semiconductor,
provided that the emitted l is in resonance with the band-gap
energy of the semiconductor; this then generates reactive e�/h+

pairs in the semiconductor.
Also, the relatively weak intensity of fluorescence from

‘‘naked’’ carbon nanoparticles can be easily addressed by
surface passivation with organic molecules or polymeric
species – in this case, a main concern remains however the
photostability of the surface ligands.231,232

3.3 a-Fe2O3 for photoelectrochemical applications

In its fully oxidized form, Fe2O3 exists as crystalline as well as
amorphous material. In particular, crystalline Fe2O3 may
assume one of the four a, b, g, e possible forms.

a-Fe2O3 (hematite) is the most thermodynamically stable
polymorph of iron oxide under ambient conditions. It crystal-
lizes in a rhombohedral lattice system, with lattice parameters
a = 5.0356 Å and c = 13.7489 Å, and exhibits the same crystal
structure as corundum (Al2O3). That is, O

2� atoms arrange in a
hexagonally close-packed lattice along the [001] direction and
Fe3+ atoms occupy octahedral interstices in the (001) basal
planes.233

A combination of hexagonally packed oxygen atoms with
interstitially positioned iron atoms results in a highly dense
structure (d = 5.26 g cm�3), with high polarizability and, hence,
high refractive index. This in turn may lead to complex behavior
while interacting with photons and electrons.

In particular, the electronic nature of the band-gap in
hematite is of great interest to understand its performance
as a material for solar energy conversion, and Tauc analysis
of the band-gap absorption onset has shown an indirect
(phonon-assisted) band-gap nature of the material.234 Ab initio

calculations by the Hartree–Fock approach235 and density
functional theory approximation,236 also supported by soft
X-ray absorption and emission spectroscopies at the O K-edge,237

showed that the valence band of a-Fe2O3 primarily exhibits a O 2p
character, with a significant contribution from the Fe 3d orbitals
(much higher compared to other metal oxide semiconductor
such as TiO2).

238

Photon absorption of hematite starts in the visible-near
infrared region at l > 650 nm (with low absorption coefficient
a B 103 cm�1), that is well below its optical band-gap (i.e.,
Eg B 2.1 eV that corresponds to l B 550–580 nm). This is most
likely due to spin-forbidden d–d transitions associated to

Fe3+ ions Fe3þ þ Fe3þ �!
hn

Fe4þ hþð Þ þ Fe2þðe�Þ
� �

.239 However,

although increasing its conductivity, photoexcitation of hematite
at these wavelengths does not produce any significant photo-
current in PEC systems and confirms that, in view of a measur-
able photocurrent, efficient e�/h+ pairs are associated to a charge

transfer process of the type O2� þ Fe3þ !
hn

O� hþð Þ þ Fe2þ e�ð Þ,
that is, an O(2p)–Fe(3d) indirect transition.17,44
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The first report on the use of a-Fe2O3 as a photoanode
material for splitting water dates back to 40 years ago, when
Hardee and Bard produced hematite thin films on Ti or Pt foils
by chemical vapor deposition and observed a photocurrent
from l = 550 nm, under 0.8 V vs. SCE in a KCl-based
electrolyte.15

Later works explored crystal faceting of a-Fe2O3,
240 and

n-type doping with elements from the IVa (i.e., Si, Ge, Sn, and
Pb)241–243 and IVb (e.g., Ti and Zr)244 groups as a mean to
ameliorate the performance of hematite by tackling its intrinsic
low carrier mobility. In particular, the introduction of an extra
e� in the conduction band of a-Fe2O3 by substitutional doping
leads to higher photocurrent (under anodic bias).243

Particularly relevant is the work by Sanchez et al. who
reported on Nb-doped (1.5 mol%) a-Fe2O3 single crystals with
a quantum efficiency for water splitting as high as ca. 40% at
370 nm at +0.5 V vs. SCE.245,246

This value was only recently outperformed by Pt-doping
single-crystalline a-Fe2O3 nanostructures. In particular, IPCE
as high as 60–80% in the 300–400 nm range was reported upon
decoration of the Pt/a-Fe2O3 surface with a Co-Pi layer.247

Common to all these early studies is the conclusion that
hematite exhibits a flat-band potential that cannot sponta-
neously reduce water to H2 and, therefore, an external bias is
needed to complete the water splitting reaction. Not only this,
but also a few other critical points have to be addressed when
considering a-Fe2O3 as photoanode material for PEC-WS appli-
cations, namely low water oxidation (OER) kinetics, low light
absorption coefficient, and short diffusion length of holes.

Poor OER kinetics, which translates into a relatively high
overpotential for the anodic reaction, is related to two different
factors:17,44 (i) the presence of oxygen vacancies and crystalline
disorder on the surface of hematite that, by trapping and
accumulating h+ at the interface, may lead to Fermi level
pinning, and (ii) the partial Fe3+ character of the valence
band that results in the energy mismatch between d orbitals
(where the hole moves) and the p orbitals of e.g. the hydroxide
donor species in solution (i.e., the acceptor) resulting in a slow
charge transfer.

One of the most commonly adopted strategies to overcome
surface crystalline disorder is the decoration of a-Fe2O3 with
thin surface passivation layers that reduce (h+ trapping) surface
defects and limit hole back injection (see below).248–252

In addition, the use of a co-catalyst (e.g., Co-Pi and IrO2, see
below) is known to (i) increase the kinetics of hole transfer to
the electrolyte, limiting their accumulation at the interface and
therefore leading to an overall higher photocurrent, (ii) reduce
the photocurrent-onset overpotential and enhance the overall
energy conversion efficiency, and (iii) extend the long-term
stability of the photoanode under operating conditions.

More recent efforts have been devoted to optimizing the
hematite-based electrode morphology by nanostructuring to
address the intrinsic low absorption coefficient and short hole
diffusion length of a-Fe2O3. However, as described in the
next paragraphs, a combination of all mentioned strategies
(i.e., doping, surface decoration and nanostructuring) is key to

an ideal hematite photoanode that features an optimal material
composition/structural configuration and therefore a maxi-
mized PEC ability.

In the next sections we will primarily focus on one-
dimensional hematite-based nanostructures for improved
PEC performance, along with examples of the most promising
and rationally designed architectures obtained by a tailored
combination of above mentioned strategies. Table 1 provides
some examples of different synthetic/modification approaches
to 1D a-Fe2O3 nanostructures and their PEC performances.

3.3.1 Doping to enhance a-Fe2O3 conductivity. As briefly
outlined in previous sections, a-Fe2O3 suffers from very low elec-
trical conductivity (B10�14 ohm�1), low carrier density (1018 cm�3),
and limited electron mobility (10�2 cm2 V�1 s�1).253,254 All these
aspects result from a Fe3+/Fe2+ valence alternation on spatially
localized 3d orbitals.

Concerning conductivity, empirical data well match the
theoretical predictions of a conduction mechanism based on
small polarons’ hopping for both electron and hole transport.255

In particular, the extremely low mobility of electrons leads to
severe energy loss due to electron–hole recombination.

Doping hematite with a metallic element, either n-type
doping (i.e., with ions with a net charge higher then 3+) or
p-type doping (i.e., with elements in their I or II oxidation state),
is a practical solution to these limitations.255–258 DFT calcula-
tions showed that transition metals (TMs, e.g., Ti, Cr, Mn, Ni,
etc.) can provide a dual functionality, namely not only TMs
enhance the electron conductivity, but they can also influence
other parameters, such as morphology, stoichiometry, crystal-
linity, lattice symmetry, grain size, etc.259

For instance, addition of titanium carbonitride (TiCN) as Ti
precursor during the hydrothermal growth of a-Fe2O3 changes
the morphology from porous a-Fe2O3 to Ti-doped 1D urchin-like
nanostructures and leads to a photocurrent density of 1.9 mA cm�2

(measured at 1.23 V vs. RHE under AM 1.5G and in 1 M NaOH).260

Combining Ti-doping with the formation of oxygen vacancies
introduced in hematite by controlling the oxygen pressure
during a-Fe2O3 nanorod growth has been reported to lead to
Ti-doped a-Fe2O3 with a coral-like morphology that exhibits a
significantly larger surface area with respect to the undoped
a-Fe2O3 case. The high PEC performance obtained (2.25 mA cm�2

and 4.56 mA cm�2 at 1.23 V and 1.6 V vs. RHE, respectively) was
attributed to the synergistic effect of the high specific area of the
nanorod/nanocoral morphology and the increased donor density,
due to oxygen vacancies and Ti doping (Fig. 8(a and b)).261

However, the effect induced on hematite by Ti-doping has
been reported to largely depend on the synthesis procedure.262–264

This in turn makes very challenging to identify a model that could
be generally valid to describe the impact of Ti doping on a-Fe2O3

photoelectrochemical activity.262 Recent studies report that keys are
the homogeneity263 and distribution of Ti centers (that is, shallow
doping vs. bulk doping)264 in the hematite nanostructures.

In particular, Wang et al. showed that hematite layers with a
larger concentration of Ti4+ accumulated in the bulk exhibited
a 100% higher photocurrent than that of samples with Ti4+

segregated on the surface.264
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Also the distribution of a nonmetallic dopant (e.g., P) has
been recently reported to be crucial for achieving an enhance-
ment in a-Fe2O3 PEC activity.258,265 Although doping hematite
is a means to promote charge conductivity, doped a-Fe2O3 still
suffers of a high charge recombination rate in the bulk.

Gradient phosphorous doping, obtained by short-time anneal-
ing (10 min at 750 1C) of hematite nanobundle arrays after
immersion in a Na3PO4 aqueous solution, widens the band
bending region at the electrode/electrolyte interface and hence
improves the separation of charge carriers. A photocurrent

Table 1 Selected examples of 1D a-Fe2O3 based photoanodes and their PEC performance

Structure Preparation SEM Electrolyte j/mA cm�2 Ref.

a-Fe2O3 NTs Anodization (H2 annealing) 1 M KOH 1.4 at 1.5 VRHE 450

Ni-doped a-Fe2O3 NTs
Anodization and
electrochemical deposition 1 M KOH B3.3 at 1.45 VRHE 451

a-Fe2O3 NRs Hydrothermal synthesis 1 M NaOH 3 at 1.6 VRHE 452

a-Fe2O3 NRs Template synthesis 1 M NaOH 8 at 1.6 VRHE 311

Sn-doped a-Fe2O3 NWs Hydrothermal synthesis 1 M NaOH 1.2 at 1.23 VRHE 121

Pt-doped a-Fe2O3 NRs,
with Co-Pi co-catalysts

Solution-based methods
and two-step annealing 1 M NaOH 4.3 at 1.23 VRHE 247

In all cases solar light AM 1.5G (100 mW cm�2) was used for irradiation. SEM images (from top to bottom): adapted with permission from Chem.
Mater., 2009, 21, 3048–3055. Copyright 2009 American Chemical Society; adapted with permission from J. Phys. Chem. C, 2012, 116, 24060–24067.
Copyright 2012 American Chemical Society; reproduced from ref. 452 with permission from Elsevier; reproduced from ref. 311 with permission
from the Royal Society of Chemistry; adapted with permission from Nano Lett., 2011, 11, 2119–2125. Copyright 2011 American Chemical Society;
reproduced from ref. 247 with permission from Springer Nature.
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density of 1.5 mA cm�2 was measured at 1.23 V vs. RHE under
AM 1.5G illumination, that is a 50% enhancement compared to
uniformly P-doped a-Fe2O3 nanobundles.

265

Clearly, one of the most critical aspects to take into account
when introducing a dopant element into a ‘‘host’’ structure is
the identification of the optimal dopant amount, in order to
achieve the desired effects (e.g., increased donor density and
charge conductivity), with a minimum of side effects.

For a-Fe2O3, for instance, an excess amount of Ta has been
reported to negatively affect nanorod growth along the [110]
direction, with a consequent drop of the material overall PEC
performance266 – remarkably, the (110) plane of hematite with
its surface termination dominated by Fe(III) ions features high
conductivity.193

A similar effect was also observed for an excess amount of
Nb dopant, as reported in Fig. 8(c).267

A significant lattice cell reduction, which in turn promotes
larger probability for localized charge carrier (polaron) hopping
and thus increases the conductivity, has been calculated for
Mn-doped a-Fe2O3 (Fig. 8(d)).

268,269 Mn-Doped hematite nanorods
(with a dopant content in the 5–7mol% range) has been fabricated
through hydrothermal methods and photocurrent density as high
as 1.6 mA cm�2 at 1.23 V vs. RHE has been reported. Remarkably,
5%Mn-doped hematite NRs have been recently reported to enable
unassisted (bias-free) light-induced water splitting, when com-
bined to CH3NH3PbI3 perovskite in a tandem solar cell, with a
solar-to-hydrogen conversion efficiency of 2.4%.270

Also Pt and Ru have been considered as TM dopants for
a-Fe2O3. Guo et al. recently developed a synthetic procedure to

dope ultrathin a-Fe2O3 nanorods with Ru cations.271 a-FeOOH
nanorods coated with a ruthenium(III) acetylacetonate-based
layer were deposited on FTO substrate via doctor blading
technique; annealing in air at 700 1C converted the amorphous
nanorods into crystalline hematite NRs and produced Ru
nanoparticles with different valence states (+4 and +3).
Such photoanodes showed a photocurrent density as high as
5.7 mA cm�2 that was attributed to (i) an enhanced carrier
transport promoted by tetra- and lower-valent Ru cations, and
to (ii) the absence of intra-gap trapping states in a-Fe2O3.

A most straightforward strategy for doping a-Fe2O3 nano-
structures grown on FTO glass is the thermally-induced diffu-
sion of Sn from the substrate, while annealing at temperatures
above 750 1C.16,121,272,273

Among the first reports on ‘‘unintentional’’ Sn-doping
of hematite layer on FTO is the study of Sivula et al.16 The
significant enhancement of photocurrent observed upon
annealing at 800 1C was attributed to a two-fold enhancement
of the optical absorption coefficient, due to the structural
distortion of the hematite lattice induced by tin-doping.

A similar strategy was applied by Ling et al.121 who reported
a photocurrent density of 1.24 mA cm�2 at 1.23 V vs. RHE and
attributed the enhanced PEC performance to an increased
donor density (i.e., from 1.89 � 1019 cm�3 and 5.38 � 1019 cm�3

for undoped and Sn-doped hematite, respectively) and hence
higher carrier conductivity.

From these early studies it is apparent that to achieve a
desired functionality associated to Sn-doping, high tempera-
ture annealing is required; however, annealing FTO at 800 1C

Fig. 8 (a) Linear sweep voltammetry scans of reduced and Ti-doped a-Fe2O3 nanoarrays, showing the synergistic effect induced by Ti and oxygen

vacancies on the photoanode PEC performance (measurements were performed under simulated solar light AM 1.5G irradiation, 100 mW cm�2). (b) SEM

images and TEM elemental mapping of Ti-doped a-Fe2O3 nanorods. (c) Effects on a-Fe2O3 morphology and properties induced by low (left) and high

(right) Nb doping amounts. (d) Calculated volumes of defective a-Fe2O3 supercells containing 3d TM substitutions. (e) Schematic representation of

thermally induced Sn-doping of a-Fe2O3 nanorod arrays and dependence of photoanode performance, extent of Sn diffusion and FTO resistivity on the

annealing time. (f) Schematic representation of the destabilizing effect induced in the a-Fe2O3 lattice by Sn4+ dopants, and the recovery of a more

ordered structure promoted by Be2+ dopants. Fig. (a and b) reproduced from ref. 261 with permission from the Royal Society of Chemistry. Fig. (c)

reproduced from ref. 267 with permission from the Royal Society of Chemistry. Fig. (d) reproduced from ref. 259 with permission from the American

Institute of Physics. Fig. (e) adapted with permission from J. Phys. Chem. C, 2015, 119, 3810–3817. Copyright 2015 American Chemical Society. Fig. (f)

reproduced from ref. 278 with permission from Nature Publishing Group.
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also leads to a significant change in the material stoichiometry,
already after 20 min, and typically doubles tin oxide resistivity –
a 10 min annealing was reported to be optimal to establish a
trade-off between a desired increase in conductivity and the
drawbacks related with treatment at high T (Fig. 8(e)).272 More-
over, another side effect associated with high T treatment is the
collapse of a-Fe2O3 nanostructure morphology. Clearly, both
effects have a negative impact on the photoanode overall PEC
performance.

Therefore, different techniques including e.g. solution-based
approaches, microwave hybrid annealing or chemical encapsu-
lation have also been reported that overcome the requirement of
a high temperature annealing (see also Section 3.3.3).121,274,275

For instance, efficient Sn doping of hematite was achieved
starting from hydrated tin(IV) chloride as metal precursor.
As for Ti-doped a-Fe2O3,

260 a morphology change from nano-
wires for undoped hematite to nanocoral-like structures for
Sn-hematite was observed, together with a surface area increase
and an improved electrical conductivity that were identified as
dominant factors leading to a higher photoactivity.

In situ doping of a-Fe2O3 nanotube layers was investigated by
Lee et al. and Chitrada et al.276,277 Self-organizing anodization
on Fe–Si alloys with various Si content (1, 2, and 5 at%) led to
the simultaneous formation of iron oxide-based NT arrays and
to the incorporation of Si. The introduction of Si decreased the
layer growth rate and led to a more pronounced nanotubular
morphology.

In particular, hematite layer with 5 at% Si exhibited a 5-fold
increase in the photocurrent, along with a negative shift of the
onset potential compared to the undoped sample.276

Iron oxide based nanoporous layers were also synthesized by
electrochemical anodization of Fe14Nd2B permanent magnet.
Highly regular structure with a pore diameter ranging from
30 to 60 nm and a thickness of about 0.5 mm were produced,
while incorporation of Nd3+ and B3+ resulted in a direct band-
gap of 2.05 eV for doped iron oxide, and shifted the flatband
potentials to �0.8 V vs. Ag/AgCl.277

Despite the abovementioned beneficial effects observed
upon doping a-Fe2O3, the introduction of a single dopant into
the oxide lattice may induce also some undesired side effects,
such as narrowing of the space charge layer and generation
of impurity states within the oxide band-gap that act as
recombination centers. A rational combination of two (or more)
dopants can then be crucial for overcoming such drawbacks.

This has been e.g., reported in the case of Sn4+ and Be2+

co-doped a-Fe2O3 nanorods (Fig. 8(f)).
Sn4+ alone, despite providing an enhanced charge conduc-

tivity, (i) introduces shallow n-type defect states beneath the
conduction band minimum of hematite, thus leading to an
undesired band edge shift, and (ii) increases micro-strain in the
a-Fe2O3 lattice, decreasing the Fe–O bond ordering.

Nevertheless, the co-presence of Be2+ ions attenuates these
negative effects, by recovering a-Fe2O3 CBM and reducing
lattice distortion in hematite – remarkably, the sequence in
which the co-doping is carried out was also found to be very
crucial. For the optimized Sn(4%)–Be(6%) containing a-Fe2O3

NR array, a maximum photocurrent density of 1.7 mA cm�2 at
1.23 V vs. RHE has been reported.278

Similar effects have been demonstrated also for other
co-dopant couples, including e.g. Ti–Sn,279 In–Sn280 and
Ti–Si,281 while DFT calculations showed that metal/non-metal
dopant combinations, such as Ti–N and Zr–N can effectively
reduce the band-gap of hematite and increase its absorption
properties in the visible region. Moreover, the charge distribu-
tion of the CBM and the VBM becomes spatially separated after
co-doping, which is beneficial for extending the charge carrier
lifetime.282

Worth mentioning are also Zn-doped (i.e., p-type doping)
a-Fe2O3 NTs fabricated by means of electrodeposition.283 A
precursor ZnO nanorod array simultaneously served as sacrificial
template and Zn source, while a FeCl2 aqueous solution was
used as the electrolyte for iron deposition. Under optimized
conditions (1 VSCE anodic potential and 5–15 min reaction time),
Fe2+ to Fe3+ oxidation occurs in the electrolyte, and trivalent-Fe
ions precipitate and form an amorphous g-FeOOH layer on the
surface of ZnO nanorods. During this oxidation/precipitation
process, ZnO is gradually dissolved due to the acidic environ-
ment and the applied anodic potential, and some of the Zn2+

ions are eventually incorporated as p-type doping species into
the g-FeOOH layer. A positive flat band potential of 1.82 V vs.

RHE and an acceptor density of 4.19 � 1018 cm�3 were deter-
mined for the optimally Zn doped a-Fe2O3 NTs array, together
with a cathodic photocurrent of 40.4 mA cm�2 measured at
0.5 V vs. RHE.

3.3.2 Co-catalyst decoration. A most effective approach
to accelerate the oxygen evolution reaction (OER) kinetics in
a-Fe2O3 by increasing h+ transfer rate to the electrolyte is the
modification of hematite with an oxygen evolution catalyst (OEC).

Tilley et al. demonstrated that IrO2 nanoparticles (ca. 2 nm
diameter) on hematite nanostructure photoanodes lead to a
200 mV cathodic shift in the onset potential and increase
the photocurrent from 3.45 to 3.75 mA cm�2,284 while non-
stoichiometric IrOx nanoparticles (with x = ca. 2.1) on a-Fe2O3

were reported to decrease the overpotential for the water
oxidation reaction to an even larger extent.285 However, despite
the fact that iridium oxide (IrOx) co-catalysts typically exhibit
the highest performance in terms of OER activity,284 only a few
reports deal with IrOx-decorated hematite for PEC applications,
the main limitation being the high cost of Ir.

Other reported efficient co-catalyst materials for a-Fe2O3

photoelectrode include cobalt-phosphate (Co-Pi), Ni–Fe and Zn–Co
based layered double hydroxides (LDH), FeOOH, NiOOH, etc.

In particular, Co-Pi on 1D a-Fe2O3 nanostructures improves
the overall photoanode current density and shifts the current
onset potential to more cathodic values, due to the bridging
effect of phosphate ions that facilitate hole injection from
a-Fe2O3 to Co ions.248,249,286

Several methods are reported to deposit Co-Pi on hematite
nanostructure surface, such as chemical immersion deposition,
electrodeposition and photoassisted electrodeposition.248,250

In particular, photoassisted electrodeposition of Co-Pi catalyst
enables the formation of an optimized junction between hematite
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and the catalyst for a maximized interfacial charge transfer, with
the amount of co-catalyst that can be easily controlled by deposi-
tion time and current density. For these reasons, such technique
provides Co-Pi/a-Fe2O3 layers with superior photoelectrochemical
water oxidation ability compared to both Co-Pi electrodeposition
and Co2+ wet impregnation methods.287,288

More recently, NiOOH, FeOOH, and Ni–Fe LDH, NiFeOx and
Zn–Co LDH layers have shown remarkable performance used
in combination with a-Fe2O3 for photoelectrocatalytic water
oxidation.251,252,289,290 Several methods are known for the
deposition of oxy-hydroxide and LDH layers onto hematite
nanostructures, the most common being e.g. solvothermal
techniques, electrodeposition or photoelectrodeposition and
pulsed laser deposition (PLD).291–294 For all these co-catalyst/
a-Fe2O3 combinations, a remarkable increase in photocurrent
and decrease in water oxidation overpotential has been
reported compared to naked hematite layers. In particular, a
NiFeOx-decorated hematite layer prepared by a photochemical
deposition technique exhibited a significant cathodic shift of
the water oxidation overpotential, primarily due to improve-
ment in the interface energetics. Moreover, used as photoanode
in combination with a TiO2/Pt-modified Si photocathode,
NiFeOx-decorated a-Fe2O3 provided one of the first examples
of a tandem solar cell made of earth-abundant elements that
could enable unassisted light-induced water splitting.290

Although the co-catalysts studied for PEC water splitting
reactions are typically inorganic materials, also organic based
ones have been recently explored. Among these, Ru-based
molecular water oxidation catalysts, also conveniently functio-
nalized (e.g., with a strong 2,6-pyridine-dicarboxylic acid
anchoring group), are worth mentioning.295,296 In spite of
improving the PEC performance of hematite-based photo-
anodes, a major challenge for the use of such materials still
remains their poor photostability.

3.3.3 Other strategies. As previously mentioned (Section 3.2.4),
strategies that can be used to improve the PEC performance of
1D hematite photoanodes include e.g. surface passivation, the
formation of heterostructures, sensitization by quantum dots
and plasmonic metal nanoparticles, the use of graphene deriva-
tives for enhancing the photogenerated charge dynamics, etc.

Modification of a-Fe2O3 nanostructures by solution methods
(e.g., impregnation) has been explored to protect/modify the
oxide surface and enable higher PEC efficiency and longer
stability under operating conditions.

Kim et al. reported that upon impregnation in a phosphate-
based solution, the isoelectric point (IEP) of hematite is shifted to
a considerably lower value (i.e., from pH 8.3 for the bare oxide, to
pH 4.8 for the PO3

4�-modified oxide). For photocurrent measure-
ments performed in a potassium phosphate buffered electrolyte
(pH 7), the negatively charged PO3

4� ions attached to the a-Fe2O3

surface promoted hole extraction and injection from the photo-
anode into the electrolyte, thus increasing the electron–hole pair
separation in hematite and leading to a three-time higher photo-
current density than that measured with the bare oxide.297

Improved efficiency of charge separation and enhanced photo-
current have been also observed upon acetic acid treatment of

hematite nanowires doped with Sn from FTO glass (see
Section 3.3.1). Transient absorption and transient photocurrent
spectroscopies provided evidence that this effect may be ascribed
to a minimization of surface electron–hole recombination due to
the passivation of surface electron trap states by acetic acid.298

A popular approach to enhance the intrinsically low visible
light absorption coefficient of hematite is to integrate a plasmonic
nanostructure (e.g., Au and Ag) with the semiconductor.299 In
contrast with e.g. Au on TiO2 (see Section 3.4.2), the intense local
field enhancement of gold at the LSPR wavelength overlaps with
the absorption band edge of hematite and can thus enhance solar
energy collection at energies below the band edge of a-Fe2O3

through a plasmon-induced energy transfer effect.66,212,300

In particular, plasmonic nanostructures can be designed to
concentrate LSPR effects into small regions and, if the absorbed
photon flux is simultaneously confined within a ultrathin film
of e.g. a-Fe2O3, this clearly shortens the diffusion distance of
photogenerated holes to the electrolyte, thus reducing the
charge recombination rate and leading to an overall increase
in PEC performance.301–303

Gao et al. showed a B30% enhancement in the photo-
current of a a-Fe2O3 thin-film photoanode coated on arrays
of Au nanopillars (B0.4 mA cm�2 at 1.5 VRHE under AM
1.5G illumination), compared to a a-Fe2O3/Au flat electrode
(B0.3 mA cm�2), and attributed the effect to an increased
LSPR-induced optical absorption and to a photonic light trapping
mode in the nanostructured film.301

Similar light and plasmonic effect confinements were
reported also for more complex semiconductor–plasmonic-metal–
metal-oxide core–multishell (CMS) nanowire arrays, composed of a
Si core (40 nm diameter) – Si is known to reduce the overpotential
of hematite for OER, and of Al (50 nm) and a a-Fe2O3 ultrathin film
(o50 nm) as inner and outer shells, respectively (Fig. 9(a)).
Under ideal conditions, a maximum photocurrent density
of B12 mA cm�2 was achieved that corresponds to a STH
efficiency of 14.5%,302 i.e., about 93% of the theoretical max-
imum efficiency reported for bulk hematite.17 This outlined
that nanostructuring (of both the metal oxide and the plasmonic
metal) is key to manipulate and concentrate the incident light in
small regions where photogenerated charges can reach the
reaction site (i.e., the semiconductor/electrolyte interface) with
minimal recombination.

Moreover, Si–Al–a-Fe2O3 CMS NWs were also shown to out-
perform Si–Au–a-Fe2O3 arrays (Fig. 9(a)) and indicate that Al
may be an excellent alternative plasmonic material compared to
more precious and conventional metals, such as Ag and Au.302

Charge injection (i.e., hot electron transfer) from a plasmonic
metal to hematite has been demonstrated for Ag NPs on a-Fe2O3

nanosheets (NSs) with exposed active (001) facets; for this
assembly, the introduction of Ag NPs led to significantly
improved light harvest in a broad wavelength region, from UV
to the NIR.304 The possibility of charge injection from Ag to
a-Fe2O3 is enabled by the higher energy position of the metal
Fermi level with respect to that of hematite. This led to a
photocurrent increase from 1.5 mA cm�2 at 1.23 VRHE for
pristine hematite NS photoanode to 3.2 mA cm�2 at 1.23 VRHE
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for the Ag/a-Fe2O3 layer. Moreover, by further decoration of the
Ag/a-Fe2O3 photoanode with Co-Pi, a remarkable photocurrent
density of 4.68 mA cm�2 at 1.23 VRHE was achieved that could
be attributed to the solely co-catalytic effect of Co-Pi for the
OER, as no significant change in the light absorption properties
of the layer was correspondingly observed.

In the context of C-based co-catalytic materials, a multi-
heterojunction assembly consisting of a-Fe2O3 (core)/reduced
graphene oxide (rGO, interlayer)/BiV1�xMoxO4 (shell) has been
investigated by Hou et al. as photoanode material for PEC water
splitting.305 According to the authors, the system provides
multiple beneficial functionalities: the BiV1�xMoxO4 shell
enhances light harvesting properties, while the rGO interlayer
bridges the photoactive shell with the hematite core and enables
shuttling of photogenerated electrons from BiV1�xMoxO4 to
a-Fe2O3, significantly reducing charge recombination due
to enhanced e�/h+ separation. For such a system, a negative
shift of the onset potential has been observed, along with an
increased photocurrent density of 1.97 mA cm�2 measured at
1.6 V vs. RHE.

A synergistic co-catalytic effect has been also described for
carbon nanodots (CDots) and a Co3O4 layer, both deposited on
a-Fe2O3.

306 In particular, the interaction between CDots and
Co3O4 co-catalyst improves the PEC efficiency of pure a-Fe2O3

by accelerating the two-step-two-electron O2 evolution from
H2O. That is, the kinetically slow process of water oxidation
molecule to H2O2 that takes place at Co3O4 sites is significantly
accelerated by the fast oxidation reaction of H2O2 to O2,
catalyzed by CDots.

Other efficient heterojunction partners for a-Fe2O3 include
n-Si,303,307 ZnFe2O4,

308 MgFe2O4
309 and AgxFe2�xO3.

310

A heterojunction based on Co-doped a-Fe2O3 nanorod array
branched with a MgFe2O4 ultrathin layer has been reported
by Hou et al.309 A Co-doped a-Fe2O3 nanorod photoanode

prepared by hydrothermal method is decorated with an
MgFe2O4 film using a wet impregnation method, in combi-
nation with thermal annealing. Due to the suitable band
alignment between the two components, electrons photo-
promoted in the MgFe2O4 overlayer migrate to the conduction
band of Co-a-Fe2O3 and, along the nanorods, to the back
contact. At the same time, holes from the valence band of
Co-a-Fe2O3 are transferred to that of MgFe2O4 where they react
with water to form O2.

A significant enhancement in PEC performance has also
been reported for an inverse heterostructure consisting of ZnO
nanowires (core)/ultrathin a-Fe2O3 (B5 nm, shell). This n/n
heterojunction generates a negative shift in the flat-band
potential and increases surface band bending, thus promoting
charge carrier separation. Both these features resulted in a
2-fold enhancement of the PEC activity compared to that of a
bare ZnO photoanode.188

Mao et al. reported on a template-assisted method for use of
noble metals (such as Pt and Au) as conducting support to
enhance charge conductivity in a-Fe2O3.

311 At first, Au nano-
rods are grown in an aluminum oxide template (AAO). After-
wards, Fe ions are electrodeposited onto the Au nanorods,
followed by annealing in oxygen atmosphere. Upon removal
of the AAO template, a photocurrent density of 8 mA cm�2 was
measured, with 10 mm long NRs. Following a similar procedure,
Pt-supported a-Fe2O3 nanorods were also prepared that exhibited
a photocurrent density of 10 mA cm�2 at 1.5 V vs. RHE.

Clearly, for both Au- and Pt-supported heterostructures, a
crucial contribution to such a high PEC performance is given by
the high conductivity of the noble metals, although also their
contribution towards an increased light absorption cannot be
excluded.

The use of 1D (or 3D) transparent conductive oxides (TCOs),
namely ITO (In:SnO2),

312 FTO (F:SnO2),
313 ATO (Sb:SnO2),

74,314–316

Fig. 9 (a) Schematic and band-structure of a Si–Al–a-Fe2O3 CMS NW photoelectrode (upper panel). Integrated absorbed photon flux and ideal

photocurrent density of various CSM NW arrays – the gray dashed line indicates the theoretical maximum absorption in bulk hematite (lower panel). (b)

Schematic representation of the main electron–hole recombination pathways in hematite NRs photoanodes for solar water splitting, and of the three-

step approach to reduce bulk, interface, and surface recombination. SEM image of the Ti/flame hematite NRs after sequential oxalic acid etching and

FeOOH decoration. J–V curves measured at 0.8 VRHE of Ti/flame hematite NRs, also modified according to different surface treatments: (i) oxalic acid

(OA) etching, (ii) FeOOH deposition, and (iii) combined OA etching and FeOOH deposition. (a) Adapted with permission from Nano Lett., 2014, 14,

4517–4522. Copyright 2014 American Chemical Society. (b) Reproduced from ref. 326 with permission from John Wiley & Sons.
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NTO (Nb:SnO2),
79 as electron collecting scaffolds has been inves-

tigated as a means to hinder the intrinsically low conductivity of
hematite. Such host–guest architectures (i.e., TCO-a-Fe2O3) have
been shown to meet both the electronic and the optical require-
ments to achieve high PEC performance with a hematite-based
photoelectrode.

Supported by first-principle full-field electromagnetic simu-
lations, Wang et al. demonstrated that an ITO nanocone array
decorated with a 20 nm a-Fe2O3 light absorbing layer can in
principle exhibit a nearly total above band-gap solar absorp-
tion, which corresponds to a maximum theoretical photo-
current density of 12.5 mA cm�2.317

Zhang et al. showed that ITO (core)/a-Fe2O3 (shell) nano-
structures, also decorated with a reduced graphene oxide (rGO)
layer, exhibit a photocurrent as high as 5.38 mA cm�2 at 0.6 V
vs. SCE – that is, a 3.5-fold enhancement compared to
ITO/a-Fe2O3 photoelectrodes.

In this configuration, not only the TCO/hematite assembly is
crucial for optimizing electron transport/collection, but also the
rGO layer forms an ohmic contact with hematite that facilitates
the transfer of photogenerated holes to the electrolyte and,
hence, accelerates the oxygen evolution reaction kinetics.312

Similar to the more commonly reported black TiO2, also
reduced a-Fe2O3 has been prepared by hydrogen plasma treat-
ment of an a-Fe2O3 layer.318 ‘‘Black-like’’ hematite consists of
mixed Fe3O4 and a-Fe2O3 phases, where the mixed Fe:O stoi-
chiometry (due to the valence switching between Fe3+ and Fe2+)
is crucial to increase hematite donor density and hence
improve its conductivity.319 This aspect, in combination with
a reduced band-gap, led to a considerable increase of photo-
current density and a most significant cathodic shift in the
photocurrent onset potential (from 1.68 to 1.28 V vs. RHE upon
hydrogen plasma treatment), most likely due to the appearance
of new surface-states.206,320,321

Oxygen vacancies engineering in a-Fe2O3 can also be
achieved upon annealing under various other (reducing) atmo-
spheres. Highly conductive Fe2O3�x nanowire arrays were for
instance reported for a thermal decomposition of b-FeOOH
akaganeite at 550 1C in N2–air mixture (with an oxygen content
as low as 0.43%).

Remarkably, the relatively low temperature did not damage
the film wire morphology. A significant increase of the donor
density from B3.3 � 1019 cm�3 (for a hematite NW layer
annealed at 550 1C in air) to B3.7 � 1020 cm�3 (for the N2–air
annealed sample) was attributed to Fe2+ shallow donors and a
photocurrent of 3.37mA cm�2 at 1.5 V vs. RHE was reported.322 A
comparable effect has been more recently reported upon multi-
step annealing of as-deposited b-FeOOH films at even lower
temperatures (i.e., 1 hour annealing at 350 1C in pure N2,
followed by 30 min annealing in air at the same T).323

As shown by Moir et al., oxygen vacancies can also be
generated by annealing crystalline a-Fe2O3 thin-films (produced
from amorphous layer by thermal treatment at 450 1C in air for 2 h)
in an Ar/H2(5%) atmosphere at 450 1C for 2 h.321

Aside from thermal treatments in oxygen-poor atmosphere
at T B 450–550 1C, annealing hematite at higher temperatures

(e.g. in the 650–800 1C range) in air is also often explored
as a means to increase its PEC performance; however, under
such conditions, sintering and collapse of the ordered one-
dimensional arrays often occur.

Brillet et al. and Morrish et al. observed that the energy
barrier for hematite activation is higher than that for morphology
evolution. Therefore, decoupling the two events can enable (i) the
growth of highly ordered 1D nanostructures, upon annealing
performed at lower T and (ii) hematite activation to higher PEC
performance (e.g., owing to Sn-doping from FTO glass), upon
annealing at higher T (>600 1C).274,324

In particular, if the nanostructured a-Fe2O3 layer (that is, the
layer obtained after the first annealing step) is protected
through conformal coating with a rigid SiO2 layer, the desired
film morphology can be preserved up to 800 1C – however,
anodic shift of the onset potential is observed, and the desired
hematite PEC features can be restored only upon removal of the
SiO2 coating.

274

Remarkably, also decorating FTO glass with Sb-doped SnO2

(ATO) NPs enables the growth of sintering-resistant a-Fe2O3

nanorods. Wang et al. reported that the high lattice energy
of the ATO–FTO interface can control hematite morphology
evolution during annealing at high temperature (800 1C), and
a photocurrent density of 2.12 mA cm�2 was measured at
1.23 V vs. RHE under AM 1.5G solar illumination – for such
an heterostructure, a contribution similar to that mentioned
for TCO–hematite host–guest composites (see above) should
not be anyway excluded.325

Finally, an example of a sequential-multifold approach
applied to a-Fe2O3 nanorods for (i) reducing electron–hole
recombination in the bulk oxide, (ii) promoting electron trans-
port to the back-contact, while simultaneously enabling fast
hole injection into the electrolyte has been provided by Cho
et al. (Fig. 9(b)).326

A flame-treatment in the presence of a Ti precursor can
be used to produce Ti-doped a-Fe2O3 nanorods, with reduced
bulk and surface charge recombination, without affecting the
morphology of the hematite NRs. The addition of a dense-layer
between the hematite array and the fluorine-doped SnO2

substrate effectively reduced the interfacial recombination by
suppressing electron back-injection. The deposition of a
FeOOH on the surface of Ti-doped a-Fe2O3 nanorods passivated
hematite surface states and provided a highly active interface
for hole injection into the electrolyte. These sequential treat-
ments led to an overall significant decrease of the photocurrent
onset potential (ca. 400 mV).

3.4 TiO2 for photoelectrochemical applications

Titanium dioxide crystallizes in three major different poly-
morphs, namely anatase (A), brookite (B), and rutile (R). In
particular, anatase and rutile TiO2 represent the crystalline
forms more widely investigated for photoelectrochemical and
photocatalytic applications.201 It is commonly reported that,
for bulk TiO2, anatase into rutile transition occurs at annealing
T > 600 1C, under ambient atmospheric conditions.327
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While holding for TiO2 nanopowders, this observation is
however not always valid: as we will discuss in the following
section, amorphous TiO2 may even crystallize directly in the
form of rutile, or the anatase-into-rutile transformation may
occur at lower temperature. These are the cases of e.g. hydro-
thermal TiO2 nanorods that, fabricated at high pressure
(B15–20 atm) and at T B 150–200 1C, typically nucleate with
a rutile crystal structure, or of anodic TiO2 nanotubes on Ti
metal foil.328,329

Both anatase and rutile TiO2 exhibit a tetragonal structure
with lattice cell parameters a = b = 3.782 Å and c = 9.502 Å for
anatase, and a = b = 4.594 Å and c = 2.953 Å, respectively.201

In both structures, crystalline units consist of TiO6 octahedra
(i.e., each Ti4+ atom is surrounded by six O2� atoms), with a
more or less pronounced distorted configuration: two long
bonds between the (central) Ti atom and the O atoms at the
apices and four shorter Ti–O equatorial bonds (i.e., 1.966 Å vs.

1.937 Å in anatase, and 1.983 Å vs. 1.946 Å in rutile).330 Despite
having the same chemical composition, differences in the coordi-
nation environments and chemical bonding of anatase and rutile
TiO2 strongly affect the electronic properties of the material.

Early studies by Earle in 1942 demonstrated that TiO2 is an
n-type semiconductor, with a valence band that exhibits a
strong O 2p character and a conduction band mainly composed
of Ti 3d orbitals.331

In its amorphous form, TiO2 has a mobility gap of 3.2–3.5 eV
and a very low electron mobility. Upon crystallization to anatase
or rutile an indirect optical band-gap of 3.2 eV and 3.0 eV is
obtained, respectively, with both polymorphs showing a higher
mobility than amorphous TiO2.

332 In particular, a crystal-
lization into anatase is often reported to be crucial to obtain
a high electron mobility.333

Not only the crystal structure, but also oxygen vacancies and
Ti3+ states in the lattice largely influence the electronic and
optical properties of TiO2. Electrons may be trapped in Ti3+

states (or holes in the oxygen vacancies) and injected in the
nearby conduction (or valence) band by thermal excitation.
Electron conductivity of TiO2 is therefore dominated by Ti3+

trap states and, in the polycrystalline materials, also by the
grain size.334,335

Spectro-/photo-/electrochemical characterization336,337 per-
formed on anatase and rutile crystals showed that both poly-
morphs exhibit positive holes with adequate oxidative power to
promote H2O oxidation to O2 and mainly differ for the position
of their conduction band edges; in particular, while the con-
duction band of rutile is slightly more positive than E1(H+/H2),
the flat-band potential of anatase is 0.2 V more negative than
rutile. Therefore, splitting of water into H2 and O2 is in
principle thermodynamically possible (that is, spontaneous)
without external bias on anatase only. However, due to the
slow kinetics of the cathodic HER, also a TiO2 anatase-based
photoanode is often assisted by an applied voltage that by
inducing favorable band bending increases charge separation.

The first study on the use of TiO2 as electrode material in a
photoelectrochemical arrangement dates back to 1968;338 rutile
(single crystal) reduced in H2 atmosphere was shown to evolve O2

from a phosphate buffered aqueous solution, under chopped UV
illumination from a mercury arc lamp and 0–50 V vs. SCE applied
bias. Only the anodic reaction was considered and tunneling of
electrons from occupied levels at the surface directly into the
empty conduction band was suggested to produce upward band
bending near the surface, at the TiO2 electrode.

However, only after the ground-breaking work of Fujishima
and Honda in 1972 on the ‘‘complete’’ photoelectrochemical
water splitting reaction (i.e., into H2 and O2), TiO2 has been
regarded as the key semiconductor material for photoelectro-
chemical and photocatalytic applications.

This not only because of its intrinsic electronic and optical
properties, but also because it is abundant, cheap, non-toxic and
stable against (photo)corrosion – all relevant aspects when targeting
the production of e.g. large-scale devices for energy conversion.

A large number of studies have been promoted to address
one of the (still) biggest limitations of TiO2, that is, its relatively
wide band-gap (as mentioned, 3.0–3.2 eV) that rules out any
possible use of l > 400 nm for light-promoted reactions.

After various early findings339,340 and, in particular, since
the report by Asahi on the visible light activity of nitrogen-
doped titania,152 doping has been (one of) the leitmotivs for the
fabrication of visible light active materials.

As discussed in the previous Section (3.2.1), doping of TiO2

is achieved by replacing metal (titanium) or nonmetal (oxygen)
atoms with a nonmetal or a transition metal cation (i.e.,
substitutional doping), or by filling in interstitial lattice spaces
(i.e., interstitial doping). Typical nonmetal dopants for TiO2

nanomaterials are B, C, N, F, P, S, Cl, and Br;88,152,159,160,341 on
the other hand, Cr, V, W, Ta and Nb are commonly used as
metal dopants.342–346

Along with the development of strategies for its sensitiza-
tion, nanostructuring (in particular one-dimensional nano-
structuring) of TiO2 has also attracted tremendous interest
in view of improving charge separation and collection in
TiO2-based (photo)electrodes.

In the following sections we will deal with one-dimensional
TiO2-based nanostructures, that exhibit improved PEC-WS
ability and that were obtained by a rational design of comple-
mentary strategies (doping, co-catalytic effects, and other
(more recent) strategies) to tackle the specific (mentioned)
limitations of the material – Table 2 reports some examples
of different synthetic/modification approaches to 1D TiO2

nanostructures and their PEC performances.
3.4.1 TiO2 one-dimensional arrays. The beneficial charac-

teristics of one-dimensional nanoarrays (e.g., enhanced charge
carrier separation, improved e� transport, large carrier collec-
tion efficiency, etc. – see Section 2.1) combined with the
intrinsic electronic and optical properties of TiO2 (see above)
contributed to the development of 1D-TiO2 based nanostruc-
tures for a large variety of (but not limited to) light-related
applications: for photoelectrochemistry and photocatalysis, in
Grätzel-type solar cells, for photovoltaic and electrochromic
devices, etc.47–49,347,348

In many of these applications, the efficiency depends to a
large extent on the available surface area, that is, on the surface
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area of the electrode that is accessible to both the electrolyte
and the incident irradiation.

However, it has been observed that for nanoparticle and
nanotube layers with the same thickness, although the effective
surface area of the particles is higher than that of the

nanotubes, the quantum efficiency for nanotubes is higher
(Fig. 10(a)).349 Therefore, also other factors should be considered
that play an important role in the photoelectrochemical charac-
teristics of 1D-TiO2 based nanostructures, e.g., the lower number
of surface states in nanotubes and the upward band bending.

Table 2 Selected examples of 1D TiO2 based photoanodes and their PEC performance

Structure Preparation SEM Electrolyte j/mA cm�2 Ref.

TiO2 NTs Anodization 1 M KOH 0.90 at 1.23
VRHE

453

Ru-doped TiO2 NTs Anodization 1 M KOH 1.8 at 1.23
VRHE

364

TiO2 NWs Hydrothermal 1 M NaOH 2.6 at 1.23
VRHE

454

Fe-doped TiO2 NRs Hydrothermal method 1 M KOH 3.0 at 1.23
VRHE

344

CdS–Au–TiO2 NRs
Hydrothermal method and chemical
bath deposition

0.25 M Na2S and
0.35 M Na2SO3

4.1 at
0.0 VAg/AgCl

455

TiO2/ln2S3/AgInS2 core–shell
branched NRs

Two-step hydrothermal method and
SILAR 1 M KOH 22.1 at 0.56

VAg/AgCl
428

In all cases solar light AM 1.5G (100 mW cm�2) was used for irradiation. SEM images (from top to bottom): reproduced from ref. 453 with
permission from Elsevier; adapted with permission from J. Am. Chem. Soc., 2011, 133, 5629–5631. Copyright 2011 American Chemical Society;
reproduced from ref. 454 with permission from the Royal Society of Chemistry; reproduced from ref. 344 with permission from the Royal Society of
Chemistry; adapted with permission from J. Am. Chem. Soc., 2014, 136, 8438–8449. Copyright 2014 American Chemical Society; reproduced from
ref. 428 with permission from John Wiley & Sons.
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Moreover, the photoelectrochemical performance of one-
dimensional nanostructures is largely influenced by the geo-
metrical aspect of the arrays, that is, it varies with the thickness
and/or diameter of the nanostructures; overall, the different
carrier mobility (in different structures and morphologies)
seems to dominate the efficiency.

For TiO2 nanotube arrays, the work of Lynch et al. outlined
how the morphology of nanotubes affects their photoelectro-
chemical properties also in comparison to other TiO2 nano-
structures.349 In particular, the IPCE efficiency of tubes was shown
to increase with increasing the layer thickness up to a critical
maximum length (i.e., d = ca. 5–6 mm for ethylene glycol-based
nanotubes – Fig. 10(b)). When an e�/h+ pair is generated in the
tube walls, holes are promptly transferred to the electrolyte – this
as long as depletion conditions are established in the tube
walls,350,351 while electrons must be transported to the substrate
(e.g., metallic back-contact, FTO, ITO). The longer the tube, the
larger is the contribution of charge recombination.

Other morphological features were also shown to be crucial
to enhance the PEC-WS ability of TiO2 NTs, such as the

smoothness of the tube walls,349 and the geometry of the tube
top.352 In particular, tubes grown in organic electrolyte exhibit
superior performance compared to tubes grown in aqueous
electrolyte (i.e., ripple-walled NTs); a possible reason could be
the increased wall smoothness and the greater order of the
formers that also lead to a significant increase in the charge
carrier diffusion length compared to ripple-walled tubes.349 On
the other hand, the presence of ‘‘grass’’ on the tube tops was
shown to be highly detrimental for photoelectrochemical solar
light water splitting, more likely due to a trap filling mechanism
predominant in the ‘‘grass’’ part of the tubes.352

Compared to classic TiO2 thin films (with no specific 1D
morphology), also TiO2 NW arrays exhibit significantly higher
PEC ability.353 In particular, also for nanowires on conductive
ITO substrate photocurrent measurements showed that the
layer thickness plays a significant role and a maximum photo-
current can be achieved for B5 mm thick layers,354 confirming
that under specific conditions a critical thickness exists to enable
efficient transport and collection of electrons in TiO2-based one-
dimensional arrays.98,349,354

Fig. 10 (a) Photocurrent and IPCE vs. applied potential measured for flat compact oxide (60 nm thick), 2.4 mm thick nanoparticle, and 2.4 mm thick

nanotube TiO2 layers under incident l = 350 nm. (b) IPCE vs. wavelength spectra measured for different thicknesses of nanotube layers anodized in an

ethylene glycol-based electrolyte. (c) SEM images of TiO2 NRs and branched TiO2 NRs (B-NRs). (d) TEM images of a branched nanorod. (e) Photocurrent

vs. applied potential measured for TiO2 NRs and B-NRs. Fig. (a and b) reprinted with permission from J. Electrochem. Soc., 2010, 157(3), G76. Copyright

2010, The Electrochemical Society. Fig. (c and d) adapted with permission from Nano Lett., 2011, 11, 4978–4984. Copyright 2011 American Chemical

Society.
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Moreover, for TiO2 in particular a crystallization into anatase
is crucial for photoelectrochemical applications.333,355

However, for titania nanotubes, a common problem of
annealing tubes on Ti metal substrate is that such a thermal
treatment also induces the formation of undesired rutile phase
at the metal/oxide interface, due to the thermal oxidation of
metallic Ti, and typically catalyzes the anatase to rutile transi-
tion in the NT walls.328 Therefore, large efforts are dedicated to
the identification of strategies for overcoming this detrimental
crystal phase transition: e.g., optimized annealing rate profile,356

doping the TiO2 NTs with low amount of Nb,357 detachment of
tubes from the metallic substrate,329 etc.

Nevertheless, also TiO2-based nanomaterials with a rutile
crystal structure are reported for efficient photoelectrochemical
water splitting.

This is particularly relevant for single-crystalline TiO2 NRs
grown on FTO glass by hydrothermal methods. Such nanorods
exhibit a rutile crystal structure due to the significantly low lattice
mismatch (B2%)358 between tetragonal FTO (a = b = 0.4687 nm)359

and rutile TiO2 (a = b = 0.4594 nm),201 and typically grow vertically
oriented from the FTO substrate, along the (110) crystal plane with
a preferred (001) orientation.120,358,360,361 The single-crystalline
nature of these NRs plays a critical role for the observed PEC
efficiency. Clearly, the absence of grain boundaries, which con-
tribute to poor electron mobility in conventional polycrystalline
TiO2 films, suppresses charge carrier losses due to recombination
and leads to relatively high performance (B0.5–1.0 mA cm�2

under AM 1.5G illumination).116,360,361

More recently, also the synthesis of branched single crystal
rutile TiO2 nanorods has been reported for PEC hydrogen
production.362 Due to their branched structure (Fig. 10(c–e)),
these NRs exhibit larger surface area and excellent light-
trapping characteristics due to enhanced light scattering phenomena
that collectively contribute to the ca. four-fold enhancement in
photocurrent density compared to more conventional NRs.

Although, in view of single crystal materials, rutile crystals
are much easier to synthesize, produce defined surfaces, and
are much better characterized on an atomic level, also the
fabrication of single crystal anatase TiO2 1D nanostructures
has been recently developed for light-induced applications.
In this case, the use of an alkaline reaction media and, particu-
larly, the presence of a seed layer on the FTO substrate are
essential prerequisites (see Section 3.1). Due to the higher electron
mobility that characterizes anatase with respect to rutile
TiO2,

333,355 single crystal anatase TiO2 nanorods/wires mostly find
applications as photoanode for dye-sensitized solar cells.118,119

3.4.2 Doping and defect engineering. When considering
TiO2 for solar PEC water splitting, strategies for a rational
design are needed that address its intrinsic limitations, namely
(i) a band-gap too large for an efficient use of solar light and (ii)
a conduction band minimum (more appropriately, a Fermi
level EF) only slightly negative on an electrochemical potential
scale to the hydrogen evolution potential (see Section
3.2.1).160,363 Typically, (i) is overcome by nonmetal doping of
TiO2, while (ii) is addressed with the introduction of a metal
dopant into the oxide lattice.

For instance, the highest PEC-WS current density reported
for anodic TiO2 tubes, under most optimized conditions, is
0.25–0.3 mA cm�2 measured in 1 M KOH under AM 1.5G
illumination.364 This is ascribed to the slow transport of
electrons along the nanotube length, i.e., in the order of
seconds,349 which cannot be overcome by simply adjusting the
tube morphology. Nevertheless, clearly better results are
obtained when the tubular morphology is combined to the
modification of the TiO2 physicochemical properties (see below).

In general, since the valence band minimum of TiO2 is
much lower than the H2O/O2 redox potential, band-gap
reduction should be approached by shifting the VBM upwards,
i.e., without affecting the more ‘‘critical’’ position of the con-
duction band. This is typically accomplished by introducing a
high density of states (or a band) above the original valence
band of TiO2, that is, by incorporating into the TiO2 lattice
anions with p orbitals that are more energetic than those
of O 2p. To this regard, most appropriate dopants are substitu-
tional nitrogen and carbon that, beside introducing suitable
acceptor levels, also exhibit ionic radii similar to that of oxygen;
hence, their incorporation causes minimal distortion in the
oxide lattice.160

Clearly, depending on the synthetic approach to
1D-nanostructured TiO2 materials and also on the dopant
element, different doping strategies are available.

For instance, nitrogen-doping and visible light driven PEC
water splitting have been reported upon annealing single-
crystal rutile TiO2 NWs in NH3 atmosphere under optimized
conditions (i.e., annealing temperature, time, and NH3 pressure).

98

The low-energy threshold of IPCE spectra for N-doped TiO2 was
red-shifted to l B 520 nm (Fig. 11(a)). A more significant shift of
photocurrent threshold to l B 570 nm was also reported upon
nitridation (in NH3 atmosphere) and hydrogenation (in H2/Ar
atmosphere) of a TiO2 NW array. The interaction between sub-
stitutional N- and the Ti3+-centers induced by hydrogenation (i.e.,
between midgap levels close to the valence and conduction bands,
respectively – Fig. 11(b and c)) has been proposed as key for
spectrum extension and visible light photoactivity.199

However, the effects induced by substitutional N and by
midgap state formation on the N-TiO2 PEC activity are strongly
debated. Despite several reports showing an improved PEC
performance for N-doped TiO2 nanostructures,98,199,365 other
studies demonstrated that to a promoted vis-light activity of
N-TiO2 also corresponds an increase of carrier recombination
rate under UV irradiation, particularly when the N amount
exceeds the optimum concentration.153

It should be noted that, with respect to various methods
used to achieve nitrogen doping, different states of nitrogen are
observed, and the active species may be present in bulk TiO2 or on
the surface. To determine the nature of doping-induced states,
typically non-destructive surface spectroscopic techniques such as
XPS are used. Low-dose N ion-implantation into TiO2 tube layers
shows an XPS peak at B396 eV,154,155 which is in accordance with
the peak position of Ti–N bonds in titanium nitride.156

On the other hand, wet treatments in amine-based solutions
typically lead to peaks at B400 eV (or higher) and also yield
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visible light response. This is the case, for instance, of nitrogen-
doping from NH4F contained in the electrolyte for the anodic
growth of tubes,366 or of N-doping by hydrothermal treatment
of TiO2 nanotubes in the presence of trimethylamine.367 How-
ever, such a peak in many cases corresponds to adsorbed
molecular nitrogen on TiO2 and often leads to neither (or
negligible) visible photocurrent nor photocatalytic activity.157,368

That is, although absorption spectra of such N-TiO2 materials
provide evidence of extended sub-band gap absorption, corres-
ponding photocurrent spectra (if provided) may not show signifi-
cant response.

Visible light photocurrent response and IPCE spectra of TiO2

anodic layers modified with urea,369,370 and the photocurrent
transients of aminated TiO2 nanotubes under monochromatic
laser (l = 474 nm)371 provided evidence of a significantly
improved solar PEC activity compared to undoped TiO2

(Fig. 11(d and e)). Remarkably, the decoration of the tubes with
amino group (i.e., formation of surface states), along with
interstitial nitrogen doping, not only leads to an increase
in the photocurrents for both UV and visible regions of the
light spectrum, but also significantly improves the electrode
conductivity due to a lower charge transfer resistance and
hence a faster carrier transport in the nanotubes after amina-
tion (Fig. 11(f)).371

In the case of carbon-doped TiO2, reported findings are to a
certain extent ambiguous and particularly limited amount of
IPCE data on C-doped TiO2 questions the actual role of C-doping
on the visible light PEC-WS ability of these materials.162

According to DFT calculations, carbon-doping TiO2 leads to
a modest variation of the oxide band-gap, while at the same
time induces several midgap occupied states which may
account for the observed red shift in the light absorption
threshold and for the formation of oxygen vacancies, but may
also promote charge carrier trapping.372

From the experimental point of view, little to no photo-
current in the visible range is usually reported for C-doped TiO2

nanostructures.157–159 For instance, C-doping by annealing
titania nanotube arrays under controlled CO gas flow showed
a slight enhancement in the PEC-WS performance measured
under visible light illumination with respect to undoped TiO2

NTs.159 Interestingly, C-containing tubes (that is, tubes with a
double-walled morphology where carbon uptake is due to the
decomposition of the anodizing organic electrolyte under
applied voltage) also exhibit a change in the TiO2 optical
properties and sub-band gap response has been reported for
carbon contaminations as low as B3 at% (Fig. 12(a)).349

By contrast, in line with theory predicting that the incor-
poration of carbon and/or related defects strongly affects the
electronic structure of TiO2,

372 a drastic change to a semime-
tallic TiOxCy compound,373 also with improved mechanical
stability,374 has been reported by thermal treatment of TiO2

nanotubes in an acetylene atmosphere (Fig. 12(b and c)).
Finally, although theoretical calculations do not consider F

as a suitable substitutional dopant for TiO2 because it is in
principle a donor at O sites,160 Fang et al. reported on porous
single-crystal F-doped TiO2 NRs where fluorine-doping is

Fig. 11 (a) IPCE spectra of N-modified TiO2 films at 1.4 VRHE, in 1 M KOH. (b) IPCE spectra measured at 1.23 VRHE, 1 M KOH electrolyte and under AM 1.5G

irradiation. (c) Proposed mechanism for the interaction between Ti3+ (formed upon hydrogenation) and substitutional N. (d) Photocurrent transient under

monochromatic laser (l = 474 nm) for aminated nanotubes; (e) IPCE spectra of the TiO2 nanotube before and after hydrothermal treatment for

amination; at different temperature in DETA; (f) comparison of transport time constants for bare and aminated TiO2 nanotube as a function of the

incident photon flux, for monochromatic 369 and 475 nm light illumination. Fig. (a) adapted with permission from Nano Lett., 2012, 12, 26–32. Copyright

2012 American Chemical Society. Fig. (b and c) adapted with permission from J. Am. Chem. Soc., 2012, 134, 3659–3662. Copyright 2012 American

Chemical Society. Fig. (d–f) reproduced from ref. 371 with permission from Elsevier.

Chem Soc Rev Review Article

P
u
b
li

sh
ed

 o
n
 1

1
 A

p
ri

l 
2
0
1
7
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
zi

ta
 P

al
ac

k
&

#
2
3
3
;h

o
 v

 O
lo

m
o
u
ci

 o
n
 5

/6
/2

0
1
9
 9

:0
7
:3

2
 P

M
. 

View Article Online

https://doi.org/10.1039/c6cs00015k


This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3716--3769 | 3747

shown not only to improve the electron transport properties of
single crystal rutile TiO2, but also to enhance the PEC activity
under both UV and visible irradiation (Fig. 12(d–f)).375,376

Doping TiO2 with a metal (that is, a donor species) is
reported to promote faster electron transport and, hence, to
reduce charge recombination. As mentioned, it is of primary
importance that any doping attempt in TiO2 does not affect the
conduction band minimum (or, even better, slightly upshifts
the CBM) to satisfy the correct band-edge position relative to
the H+/H2 redox potential and provides sufficient driving force
for hydrogen production. For this, transition metals (TMs) are
suitable dopant candidates, since they have d orbitals with
energies higher than those of Ti and are similar in size. DFT
calculations, in particular, showed that most suitable metal
dopants are Ta, Nb, W, and Mo.160 However, experimental
evidence has been provided that also other transition metals
are suitable for TiO2 doping to achieve a better charge carrier
transport.

In the case of self-organized NTs, a most unique approach to
X-doped TiO2 is offered by the possibility of anodizing Ti–X
alloys (with e.g., X = Ru, Ta, W, Nb, Cr). In this case, simple
tailoring of the anodization parameters is sufficient to fabricate
highly aligned and variously doped TiO2-based nanotube
arrays.343,346,357,377–384

For instance, RuO2-modified TiO2 nanotubes grown from
Ru–Ti alloys exhibit PEC characteristics that depend on the Ru
content. In particular, strong and stable enhancement of the
PEC activity has been obtained for a Ru concentration as low as
0.5 at% and for annealing at 450 1C (Fig. 13(a)). Under these

conditions, a 6-fold increase in photocurrent density was
measured compared to pristine TiO2 NTs, and the effect was
also shown to be far superior compared to anodic TiO2 NTs
modified with RuO2 nanoparticles.

364 Here RuO2 is considered
to be dopant and co-catalyst for O2 evolution.

In optimally doped and annealed TiO2 tubes, both Nb and
Ta act as electron donors and increase the electron conductivity
of the NT layers. This was observed for nanotube arrays doped
with small amounts (up to 0.1 at%) of Nb379,381,382 or Ta343,383

for which a significant enhancement of photoelectrochemical
water splitting and dye-sensitized solar cell performances was
observed (Fig. 13(b and c)). In particular for Nb-doped TiO2

tubes, a more recent study shows that Nb doping is also
beneficial in view of retarding rutile formation at the metal/
oxide interface, while annealing the tube layers (Fig. 13(d–f)).357

Similar effects on the charge carrier transport properties of
TM-doped TiO2 arrays have also been observed for layers
synthesized by wet chemical methods.

For instance, Xu et al. reported on the preparation and PEC
activity of Sn-doped single-crystalline rutile TiO2 nanowires.

99 Due
to the low lattice mismatch between rutile and SnO2,

358 Sn
dopants could be easily incorporated into TiO2 NWs by hydro-
thermal synthesis. For low Sn doping levels (up to Sn/TiO2 B

12%), a photocurrent increased under simulated sunlight illumi-
nation was observed compared to pure TiO2 NWs. In particular,
photocurrent spectra revealed that this effect is mainly ascribed to
the enhancement of photoactivity in the UV region, while electro-
chemical impedance measurement confirmed the higher density
of n-type charge carriers within the NWs produced by Sn doping.

Fig. 12 (a) IPCE spectra of different C-contaminated TiO2 nanotube layers that show sub-band gap response: (’) amorphous NTs, (K) NTs annealed in

air, (J) NTs annealed in CH3OH-containing atmosphere. (b) Potential-dependent capacity measurements of the different nanotube layers in 0.1 M

Na2SO4 solution at 1 kHz and plotted in a Mott–Schottky graph. (c) Hardness vs. carbonization temperature plot for various treated TiO2 nanotube layers,

obtained from nanoindentation tests (the inset reports the SEM image of a nanoindentation test spot). (d) Schematic representation of the growth

pathway of porous single-crystal rutile TiO2 nanorods; (e) SEM image and dark-field TEM image of F-doped porous single-crystal rutile TiO2 nanorods;

(f) linear sweep voltammograms of undoped solid TiO2 NRs, and F-doped solid and porous TiO2 NRs. Fig. (a) reprinted with permission from

J. Electrochem. Soc., 2010, 157(3), G76. Copyright 2010, The Electrochemical Society. Fig. (b) reproduced from ref. 373 with permission from John Wiley

& Sons. Fig. (c) reproduced from ref. 374 with permission from Elsevier. Fig. (d–f) reproduced from ref. 376 with permission from John Wiley & Sons.
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Interestingly for some TM-doped TiO2 combinations, beside
the effect on charge carrier transport, also a shift in light
absorption edge from UV to visible has been reported and,
correspondingly, a visible-light activated photocurrent has been
observed.

For instance, TiO2 NRs doped with Fe, Mn or Co and
synthesized through a hydrothermal method (Fig. 14(a)) produced
higher photocurrent than undoped TiO2 NRs, both under solar
and visible light irradiation (Fig. 14(b and c)).344 In particular,
Mott–Schottky analysis showed that a significant enhancement in
the charge carrier density Nd can be obtained by Fe-doping; it was
concluded that not only does iron significantly increase the
concentration of electrons in the conduction band, with an overall
beneficial effect on charge carrier separation and transport, but it
also generates impurity states near the conduction band of TiO2

improving visible light absorption (by apparently reducing TiO2

band-gap) and enabling visible light PEC activity.
For single crystal rutile TiO2 nanowires doped with V, Cr,

Mn, Fe, Co, Nb, Mo, and Rh by means of a molten-salt
synthesis, a dual effect due to TM doping was reported:345

not only the doped layers exhibited optical absorption extended
to the visible light (though not supported by the corresponding
photocurrent spectra), but most interestingly a decrease in the
overpotential for the OER was measured with respect to pure
TiO2 layers (Fig. 14(d)). Liu et al. attributed this result to the
homogeneous distribution of dopants achieved by means of the
molten-salt procedure. In particular, EXAFS spectra (Fig. 14(e))
showed that the introduction of TM atoms occurs uniformly at
Ti subsurface sites with no significant alteration in the rutile

lattice (that is, neither crystal defects nor other phases could be
observed). This affects the adsorption energy of water splitting
reaction intermediates (O, OH, and OOH radicals) on the
surface of the material, and accounts for the substantial
decrease in the overpotential for OER.

Another method to achieve TiO2 uniform doping has been
reported by Resasco et al.385 TiO2 NWs, prepared by hydro-
thermal method, are decorated with a thin MnOx layer by
ALD followed by a solid state reaction at high temperature
(i.e., 600–1000 1C) in Ar atmosphere.

For dopant concentration below 10%, that is, the solubility
limit of manganese into titania, Mn could be homogeneously
incorporated in the rutile TiO2 lattice through an interstitial
dissolution/diffusion mechanism,386 with no formation of new
crystalline phases. Despite a decrease in the PEC performance
with respect to pure TiO2 NWs (in contrast with other studies345

and most likely due to the introduction of an impurity level in
the band-gap of TiO2), these nanowires show promising elec-
trocatalytic activity for water oxidation, confirming the co-
catalytic effect of Mn-doping on the OER. Noteworthy, this
method could also be successfully extended to zirconium-
doped TiO2 with the maximum achievable dopant concen-
tration being significantly lower than that of Mn, likely due to
the lower solubility of Zr in TiO2.

385

Crystal defect engineering can be achieved by reduction of
TiO2 to black titania, typically carried out by thermal treatment
in a H2-containing atmosphere – more recently also alternative
methods such as high-energy proton implantation have been
investigated. As anticipated in Section 3.2.4, beside the extension

Fig. 13 (a) Photocurrent transient vs. potential curves of TiO2 nanotube layers with different Ru contents (0–0.5 at%) after annealing at 450 1C for 1 h.

Measurements were carried out in 1 M KOH electrolyte under AM 1.5G illumination. (b) Photocurrent transients vs. potential curves for TiO2 and Ti0.1Nb

nanotube layers after annealing at 450 or 650 1C. Measurements were carried out in 1 M KOH electrolyte under AM 1.5G illumination. (c) Photocurrent

transient vs. potential curves of Ta-doped TiO2 nanotube layers after annealing at 450 1C for 1 h, measured in 1 M KOH solution under AM 1.5G

illumination – Ta contents (at%): light grey, 0.1% Ta; medium grey, 0.03% Ta; dark grey, 0.4% Ta; black, pure TiO2. (d–f) Cross-section SEM images of

2 mm TiO2 nanotubes annealed at 650 1C in air: (d) pure TiO2 NTs, (e) 0.1 at% Nb TiO2 NTs, (f) 0.2 at% Nb TiO2 NTs. A clear decrease of the rutile layer

thickness underneath the nanotubular layer can be observed, from B1 mm for undoped TiO2, to B0.75 mm and B0.45 mm for 0.1 at% and 0.2 at% Nb

doped TiO2, respectively. Fig. (a) adapted with permission from J. Am. Chem. Soc., 2011, 133, 5629–5631. Copyright 2011 American Chemical Society.

Fig. (b) reproduced from ref. 382 with permission from the Royal Society of Chemistry. Fig. (c) reproduced from ref. 383 with permission from John Wiley

& Sons. Fig. (d–f) reproduced from ref. 357 with permission from Elsevier.
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of the absorption properties of TiO2 to visible light wavelengths,
hydrogenation introduces voids and defects in the material (mainly
in the outer shell) that exhibit a co-catalytic effect towards a stable
and noble metal-free photocatalytic H2 generation.

202–204

Hydrogenation of TiO2 has been reported also for photo-
electrochemical water splitting. For instance, H2-treated single
crystal TiO2 NWs have been shown to provide stable photo-
current and higher PEC efficiency compared to TiO2 NWs
annealed in air. Mott–Schottky plots demonstrated an enhanced
donor density in H-TiO2, due to the increased concentration of
oxygen vacancies. This in turn positively affects the electron
conductivity and enables a more efficient charge transport in the
reduced array.100

Similar results were also reported for TiO2 NWs that under-
went a rapid flame-reductive treatment in a CO/H2 atmosphere
(Fig. 15). Compared to other reduction methods, flame
reduction can be operated at ambient conditions and provides
an adjustable concentration of oxygen vacancy by controlling
the reduction time. That is, reduction treatment as short as
5 s has been reported to double the photocurrent density of
TiO2 NWs, compared to untreated titania nanowires. Clearly,
the significantly short exposure time of the nanoarray to high
temperature is of great advantage also in view of preserving the
electrode morphology and crystallinity.101

3.4.3 Surface decoration and heterojunction formation.

Decoration of TiO2 with metals, semiconductors, and polymers
is frequently used to influence the electronic and physicochemical
properties of the oxide and achieve a desired increment in PEC
activity.

In particular, metal nanoparticles can introduce local varia-
tions in the band bending of the adjacent semiconductor
(i.e., pinning of the Fermi level of an energy that depends on
the work function of the metal), inducing an effect similar to
that observed by applying an external bias387 – remarkably, a
great advantage is that such a Fermi level pinning is obtained
under ‘‘open circuit conditions’’, and thus this approach is
often preferred for open circuit photocatalytic applications.

As for hematite, also the surface properties of TiO2 can
significantly limit the overall PEC reaction due to a limited
kinetics of water oxidation as well as the charge recombination
loss at the electrode surface. Photogenerated holes can be
trapped by surface states and recombine with electrons before
they can diffuse to the TiO2/electrolyte interface for interfacial
charge transfer and water oxidation.387

Therefore, techniques for passivating surface trap states and
decreasing trap state-mediated charge recombination often
apply also to TiO2 photoanodes. Typically, atomic layer deposi-
tion (ALD)361,388 or treatments based on the use of different

Fig. 14 (a) SEM images of (i) TiO2, (ii) Fe–TiO2, (iii) Mn–TiO2, and (iv) Co–TiO2 nanorod arrays on FTO substrates. Insets represent the corresponding

digital pictures. All scale bars are 1 mm. (b) Photocurrent transient vs. potential curves of undoped and variously doped TiO2 nanorod layers, under AM 1.5G

solar illumination. (c) Photocurrent transient vs. potential curves of undoped and variously doped TiO2 nanorod layers, under visible light illumination

(l > 420 nm). (d) Overpotential measurement for OER using FTO and TiO2 nanowire with/without transition metal doping of electrodes in basic solutions.

The dashed vertical line represents the thermodynamic redox potential for water oxidation at pH B13.6. (e) Fourier transforms of EXAFS spectra of

various transition metal-doped samples. Fig. (a–c) reproduced from ref. 344 with permission from the Royal Society of Chemistry. Fig. (d and e) adapted

with permission from J. Am. Chem. Soc., 2013, 135, 9995–9998. Copyright 2013 American Chemical Society.
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TiO2 precursors (e.g., TiCl4, Ti(OiP)4, Ti(OBu)4)
102 are often

applied to decorate the surface of TiO2 nanoarrays (usually
rods or wires) with a TiO2-based thin shell layer (Fig. 16(a)).

A combination of photoelectrochemical and photovoltage
measurements with impedance spectroscopy demonstrated
that the presence of a thin TiO2 (anatase or rutile) shell
passivates the surface trap states and, compared to naked
TiO2 arrays, significantly increases the PEC activity by promot-
ing interfacial charge transfer at the TiO2/electrolyte interface
as well as a better carrier utilization (Fig. 16(b–d)).102,361,388

Also the more classical Co-based oxygen evolution catalyst is
used to passivate TiO2 surface states, and significantly higher
photocurrent density has been reported with respect to unmo-
dified TiO2.

98

In spite of a remarkable effect on the photoelectrochemical
performance of TiO2 electrodes, the long-term stability often
represents an issue for oxygen evolution co-catalysts, as e.g. in
the case of Ru-based molecular catalysts [Ru(bda)L2] (bda

2� =
2,20-bypyridine-6,60-dicarboxylate; L = N-cyclic aromatic ligands,
such as pyridine and imidazole)296,389–392 and the more recently
introduced Co393 complexes.

In details, major aspects to be considered are (i) the selec-
tion of an efficient anchoring group (e.g., carboxylic vs. phos-
phonic acids, or silane groups) for the attachment of the
Ru(bda) catalysts,296 and (ii) the possibility of tuning the length
of the carbon link chain between the Ru catalyst and the
anchoring group itself – long flexible alkane chains (such as,
–CH2CH2CH2–) have been shown to decrease the electron

recombination between TiO2 and the Ru-catalyst mainly by
hindering electron back transfer processes.392

Metal nanoparticles with plasmonic features (mainly Ag and
Au) can be used to enable visible light photoelectrochemical
water splitting on TiO2 photoanodes (Fig. 17(a and b)).

Overall, this mechanism is particularly effective as the
photogenerated holes remain on the surface of the photo-
anode, overcoming the relatively short exciton diffusion length
of h+, while electrons percolate through the one-dimensional
array to the back-contact.

A range of different methods is available for the decoration
of TiO2 surfaces with plasmonic metals: (i) photoreduction of
the precursor (e.g., HAuCl4 to Au NPs),394 (ii) precipitation from
a precursor-based solution,395 (iii) anodization of noble metal
alloys of Ti such as Au–Ti (or Pt–Ti); in contrast to previous
examples on Ti–X alloys (with X being a non-noble metal –
Section 3.4.2), this approach leads to noble metal nanoparticle-
decorated tubes as the noble metals are not oxidized during the
anodization process (Fig. 17(c and d));396–398 (iv) templated
dewetting and dewetting/dealloying of sputtered metal thin
films;208,399–401 when applied to a TiO2 nanotube array, this
approach is entirely based on self-ordering principles, that is,
self-organized nanotubes offer an ideal topological substrate
for a controlled split up of a metal thin film into nanoparticles
whose size, density and placement are influenced by the
nanotubes’ geometry itself (Fig. 17(e–g)).402

Remarkably, for both (iii) and (iv), the decoration density of
noble metal co-catalytic nanoparticles can be easily controlled

Fig. 15 Flame reduction process and characterization of oxygen vacancy distribution. (a) Schematic illustration of the flame reduction method. (b) A

photograph of the flame reduction process. (c) Representative cross-sectional SEM image of the flame-reduced TiO2 NWs. (d) Bright-field STEM image

and the corresponding electron energy loss spectroscopy (EELS) elemental mapping of Ti-L2,3 and O–K edges inside the rectangular box, showing

an oxygen deficiency near the NW surface. Darker color: lower concentration of oxygen. (e) O/Ti molar ratio distribution along the NW diameter

(as-synthesized TiO2 NW: black rectangles and flame-reduced TiO2 NWs: red circles: 40 s, green triangles: 120 s), which is estimated using EELS spectra

taken from a cross-line shown in the inset of a cross-sectional TEM image. Flame reduction conditions: T = 1000 1C, F = 1.4, and t = 40 or 120 s. Adapted

with permission from Chem. Mater., 2001, 13, 233–235. Copyright 2001 American Chemical Society.
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by the amount of noble metal in the alloy or sputtered-
deposited, respectively.

Pu et al. demonstrated that the performance of titania
in PEC-WS can be enhanced in the entire UV-visible solar
spectrum (from 300 to 800 nm) by tuning the shape of Au
nanostructures (i.e., nanoparticles vs. nanorods) decorating
the surface of TiO2 NW arrays.395 In particular, a combination
of IPCE measurements, photovoltage experiments and Finite
Difference Time Domain (FDTD) simulation pointed out
that the observed enhancement in the UV region should be
ascribed to Au NPs inducing a surface passivation effect and
a two-fold electric field enhancement under irradiation –
the amplified electric field in the UV region overlaps with
the TiO2 absorption spectrum and contribute to the genera-
tion of e�/h+ pairs in the metal oxide owing to Plasmon
Resonance Energy Transfer (PRET). In the visible-light region
both Au NPS and NRs contribute to the electric field amplifi-
cation (i.e., B�5 at 550 nm and B�15 at 750 nm for NPs
and NRs, respectively) and to hot electron generation under
LSPR irradiation, leading to an overall IPCE enhancement
for l > 450 nm.

Visible light sensitization due to charge (electron) injection
into TiO2 is instead achieved by decoration with semiconductive
quantum dots (CdS, CdSe, ZnS, etc. – see Fig. 18(a) and Section
3.2.3 for discussion on the mechanism).

Sun et al. reported that the synergy between the unique
morphology of nanotubes and the visible light sensitization
promoted by surface deposited QDs led to a 35-time higher
photocurrent with respect to that of plain TiO2 nanotubes.224

Due to their small band-gap of 2.4 and 1.7 eV, respectively, CdS
and CdSe are the most common sensitizers or co-sensitizers for
TiO2.

224,403–405

QDs are usually deposited on the nanotube/wire walls by
different methods: (i) in situ growth of QDs by sequential
chemical bath deposition (CBD), (ii) deposition of pre-synthesized
colloidal QDs by direct adsorption, and (iii) linker-assisted
adsorption.

The CBD method is based on repetitive cycles of immersion/
rinsing of the oxide array into the quantum dot precursor
solution. QDs form according to a deposition/aggregation process
and uniformly cover the surface of the TiO2 nanoarrays
(Fig. 18(b));224,403,404 clearly, the control on the number of cycles

Fig. 16 (a) HR-TEM image of TiO2 nanowire array decorated with a TiO2 anatase thin layer prepared from a Ti(OBu)4 solution. (b) Linear sweep

voltammograms of pristine TiO2 and variously modified TiO2-based nanowire photoanodes recorded in 1 M KOH under AM 1.5G (100 mW cm�2)

illumination. (c) Photovoltage–time spectra collected for pristine TiO2 and variously modified TiO2-based nanowire photoanodes. (d) EIS spectra of

pristine TiO2 and variously modified TiO2-based nanowire photoanodes. The inset shows the equivalent circuit used to fit the spectra. In (b–d) TCL, TiCl4;

TIP, Ti(OiP)4; TBU, Ti(OBu)4. Adapted with permission from J. Phys. Chem. C, 2014, 118, 15086–15094. Copyright 2014 American Chemical Society.
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is crucial to avoid excessive particle growth and aggregation that
would in turn increase the chance of carrier recombination.

The adsorption of pre-synthesized QDs certainly offers a
higher control on particle aggregation; in particular, the solvent
used to disperse the QDs plays a critical role as the establish-
ment of a favorable interaction of the QDs with both the solvent
and the oxide surface leads to a high degree of coverage with a
low degree of aggregation.406

However, the adsorption of pre-synthesized colloidal QDs
often leads to a low surface coverage (i.e., B14%)406 that limits

the efficiency of the QDs/TiO2 assemblies compared to the CBD
method.404 Also, a direct contact between the oxide matrix and
the sensitizers is beneficial for a higher PEC efficiency – that is,
QDs deposition by direct adsorption is preferred over the
linker-assisted method.406

Regardless of the formation/deposition method, sensitization
of TiO2 with e.g. CdS QDs leads to a broadband light absorption
that extends up to l B 600 nm.403,406 Remarkably, light absorp-
tion up to l B 750 nm has been reported for TiO2 NT arrays
decorated with CdS/CdSe/ZnS QDs;404 that is, as for plasmonic

Fig. 17 (a) Photocurrent versus bias voltage of anodic TiO2 with and without Au nanoparticles irradiated with visible light (l = 532 nm) – inset:

SEM image of a 5 nm thick Au island film deposited on anodic TiO2 NTs. (b) Intensity of the plasmon-generated electric field at the interface of Au–TiO2

calculated using FDTD. (c) Cross-sectional SEM image of Au decorated TiO2 nanotubes on 0.2 at% of Au containing TiAu alloy (inset: TEM image

of Au decorated TiO2 nanotubes on Ti–(0.2 at%)Au alloy); (d) photoresponse spectra of 12 mm thick TiO2 nanotubes with different contents of Au in

TiAu alloy. Photoelectrochemical spectra were measured in 0.1 M Na2SO4 at 500 mV (Ag/AgCl). (e) Example of self-ordering templated dewetting

of Au film (20 nm-thick) on a highly ordered TiO2 nanocavity array leading to total filling with exactly one metal nanoparticle per TiO2 cavity (inset:

FFT conversion of a top-view SEM image of array of highly-ordered Au NPs embedded in TiO2 nanocavities). (f) SEM image of TiO2 NTs decorated

with Au–Ag alloyed-dewetted NPs; (g) photocurrent density vs. potential curves under chopped solar light illumination under solar light illumination

of TiO2 NTs and TiO2 NTs decorated with Au–Ag alloyed-dewetted NPs. Fig. (a and b) adapted with permission from Nano Lett., 2011, 11, 1111–1116.

Copyright 2011 American Chemical Society. Fig. (c and d) reproduced from ref. 396 with permission from Elsevier. Fig. (e) reproduced from

ref. 399 with permission from John Wiley & Sons. Fig. (f and g) reproduced from ref. 401 with permission from with permission from John

Wiley & Sons.
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metals, also for semiconductive QDs the degree of extended light
absorption depends on the material (but also on the size and
shape of the nanoparticles). Typically, an enhancement in the
IPCE and photocurrent is observed (Fig. 18(c and d)).403

In particular, comparative studies showed that CdSe/TiO2

assemblies exhibit an initial higher photocurrent with respect
to CdS/TiO2, due to the smaller band-gap of the selenide-based
QDs; however, CdSe/TiO2 efficiency decreases quite rapidly
as a consequence of the QDs low photostability. On the other
hand, despite the lower PEC performance, CdS/TiO2 exhibits
higher e� injection from the QDs and a lower charge recombi-
nation rate.

In line with this, a maximized photoelectrochemical perfor-
mance was therefore observed for CdS/CdSe co-sensitized TiO2

nanorod arrays that could exploit the advantages of both single
cadmium-based materials.404,405

Among the strategies more recently investigated for the
visible-light sensitization of TiO2 is the surface decoration of
titania nanostructures with polydopamine (PDA).407–409

PDA that forms from the oxidative self-polymerization of
dopamine, a mussel-inspired building block, is a layer-
structured polymer that can in principle stick on the surface
of any substrate – i.e., metal, metal oxide, metal alloy, polymer,
glass, etc., regardless of its chemical nature and morphology.
Moreover, such a polymerization is a mild process and simple
immersion of the substrate in an aqueous dopamine solution
results in the spontaneous precipitation of the PDA film,

with the thickness of the film controlled by the immersion
time.410–412

In PDA-decorated TiO2 layers under visible solar spectrum
irradiation, polydopamine (Eg B 2.2 eV)413 is the photo-active
part while TiO2 serves as semiconductive scaffold. In other
words, after light absorption and charge carrier generation,
electrons photopromoted in PDA are injected into the oxide
CB (due to a favorable band alignment) and, owing to the
one-dimensional porous structure of the TiO2 film, percolate
towards the back-contact. This configuration has been shown
to provide up to B35% photocurrent enhancement compared
to uncoated TiO2 NTs.407 Noteworthy, PDA exhibits low
conductivity414 and, therefore, a trade-off between a desired
increase in visible light absorption and e�/h+ pair generation,
and the drawbacks connected with its insulating properties
should be established, that is, a 4 nm-thick PDA film has been
shown to represent an optimum.407

PDA-coated titania tube arrays can also serve as a platform
for the co-decoration of TiO2 NTs with metal or metal oxide
nanoparticles including e.g., Ag, Pt and Co(OH)x that further
increase the material photoelectrochemical properties by
co-catalytic and/or light absorption effects. In particular, Pt
NPs-PDA co-decoration of TiO2 NTs led to B70% higher
photocurrent, measured under AM 1.5G illumination with a
400 nm cut-off filter, compared to the efficiency of uncoated
TiO2 tubes. This effect has been attributed to metal-induced
enhanced light absorption and low charge recombination rate.

Fig. 18 (a) Schematic representation of CdS QDs deposited on TiO2 nanorods, relative energy band alignment, and photoinduced charge separation

and injection mechanisms. (b) Morphologies of FTO/TiO2 and FTO/TiO2/CdS electrodes: typical top view SEM images of FTO/TiO2 electrode at (A) high

and (B) low magnifications; (C) cross-sectional view of the well-aligned TiO2 nanorod array; (D) FTO/TiO2/CdS electrode; (E and F) HRTEM image and the

corresponding selected area electron diffraction (SAED) pattern of bare TiO2 nanorod array, respectively (inset in panel E: TEM image of a single bare TiO2

nanorod); (G and H) TEM image and the corresponding HRTEM image of a single TiO2 nanorod decorated with CdS QDs. (c) Photocurrent action

spectra and (d) IPCE spectra of pristine TiO2 and variously modified TiO2 nanorod array. Photoelectrochemical spectra were measured under 475 nm

(15 mW cm�2) monochromatic irradiation. Adapted with permission from J. Phys. Chem. C, 2010, 114, 16451–16455. Copyright 2010 American Chemical

Society.
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Finally, it is worth mentioning that when annealed under
reducing atmosphere (typically Ar or H2/Ar mixtures) PDA can
be graphitized and, therefore, represents a precursor to a
graphite-like state.411,415,416 Remarkably, this can be further
exploited towards an enhanced charge carrier transfer effect
to increase the performance of TiO2 nanostructures in photo-
electrochemical applications.

Suitable electronic heterojunctions can be ‘‘built’’ also
by surface decoration of TiO2 with metal oxides including
CuO2,

417,418 NiO,419 ZnO420,421 and Bi2O3,
422 as well as with

alkaline earth titanates (MTiO3) with a cubic perovskite struc-
ture, such as SrTiO3 and BaTiO3.

181,184,186,187 Slow hydrolysis
of the precursors, electrochemical techniques, hydrothermal
methods, microwave-assisted reactions, CVD or PVD deposi-
tion, and electrochemical polymerization are typically adopted
as preparation procedures.

One of the most followed up schemes is the combination of
TiO2 with a p-type material (e.g., Cu2O or NiO) to establish
useful p–n heterojunctions. This configuration enables solar
light water splitting by combining a narrow band-gap semi-
conductor (p-type) to a larger band-gap semiconductor (n-type
TiO2) and utilizes both electron and hole majority charge
carriers (from the n-type and p-type counterparts, respectively)
for the PEC-WS reaction.418,419 Also, for TiO2/NiO assemblies, a
higher visible light photoresponse in comparison to other
classical approaches (e.g., N-doping) has been observed. For
this assembly, a beneficial effect is attributed to charge injec-
tion from the NiO excited states to the conduction band of
titanium oxide.419

Nevertheless, it should be noted that for many of these
compounds (namely, all II–VI and red-ox active materials) the
long-time stability in photoelectrochemical applications still
needs to be improved, not only in terms of resistance to
corrosion or photocorrosion, but also due to the instability of
some of the co-catalysts under applied voltage.

Hwang et al. showed that not only p–n, but also n–n
heterojunctions may represent a promising alternative for
increasing the performance of TiO2 for PEC applications.423

In particular, n-type (B-doped) Si nanowire arrays coated
with a TiO2 conformal layer by ALD (i.e., n-Si/n-TiO2 core–
shell array) have been fabricated that exhibited B20–25%
higher photocurrent and a more negative onset potential
compared to a more conventional p-Si/n-TiO2 core–shell
arrangement. The result was attributed to the favorable band
bending at both the n-Si/TiO2 and the TiO2/electrolyte inter-
faces that facilitates charge separation: under full lamp
irradiation (450 W Xe lamp), e�/h+ pairs are photogenerated
in both the shell and the core semiconductors (i.e., TiO2 and
Si, respectively). Holes from TiO2 move towards the interface
with the electrolyte, while electrons tend to accumulate at the
n-Si/TiO2 interface and recombine with h+ photogenerated in
the core material. Finally, photogenerated electrons in n-Si
move to the counter electrode where the reduction reaction
takes place.

By contrast, in p-Si/n-TiO2, h
+(TiO2) can move either towards

the electrolyte or to the interface with p-Si. This clearly reduces

the availability of positive charges for the OER and overall
limits the anodic photocurrent.

MTiO3 perovskites, with M = Ca, Sr or Ba, exhibit piezo-
electric and ferroelectric properties, i.e., feature an internal
dipolar field that increases the separation of photogenerated
electrons and holes. Owing to such a characteristic and to other
superior properties, namely, high thermal stability, photocorro-
sion resistance, high stability as metal-ion dopant host,
a CB more negative than that of TiO2, etc., SrTiO3 and BaTiO3

perovskite titanates.
For these features, SrTiO3 and BaTiO3 perovskite titanates

have also been used in combination with 1D TiO2 array, aiming
at enhancing titania PEC performances.181,184,186

A remarkable advantage of perovskite/TiO2 assemblies is
the possibility of fabricating such heterojunctions by in situ

hydrothermal treatment of the TiO2 one-dimensional scaffold
in the presence of a Sr (or Ba) precursor. Such a direct and,
hence, highly stable coupling of TiO2 and SrTiO3 (or BaTiO3)
causes the Fermi level of the two oxides to equilibrate
and reduces the recombination of charge carriers at the two
materials’ interface. Nevertheless, MTiO3 titanates exhibit a
band-gap similar to that of TiO2 (i.e., Eg B 3.1–3.2 eV) and
doping with e.g. Cr3+ cations that introduce intra band-gap
levels is a typical approach to enable visible light induced
photoelectrochemical activity.187

More complex systems such as hierarchical ZnIn2S4/TiO2,
424

CuxZn1�xIn2S4/TiO2,
425 CuInS2/TiO2,

426,427 TiO2/ln2S3/AgInS2
428

core–shell structures and ‘‘umbrella’’ hybrid (Bi2S3/rGO)5/TiO2

NR heterostructures429 have been recently shown (Fig. 19).
Common to all these hierarchical assemblies is a beneficial

band misalignment that enables charge carrier separation,
with the preferential collection of electrons in TiO2 (and, thus,
to the back-contact) through a cascade down-hill process,
with holes accumulating in the shell material (i.e., in the
valence band with the least positive redox potential – see
Fig. 19(a and b)).

This clearly suppresses charge carrier recombination and
overall contributes to the enhancement of the multi-junction
electrode PEC performance.

In particular, for 2D ZnIn2S4 nanosheets/TiO2 1D NR assemblies,
aside from an enhancement in charge carrier separation, the
improved PEC performance of the hybrid nanostructures with
respect to a benchmark TiO2NR photoelectrode has been attributed
to the unique features of two-dimensional materials including e.g. a
larger surface area that not only provides a larger number of surface
active sites, but also promotes an increased photon–matter inter-
action via multiple reflection and scattering at the semiconductor/
electrolyte interface.

Noteworthy, the ZnIn2S4/TiO2 assembly also exhibits a
remarkable shift in the onset of photocurrent (i.e., from
0.05 V vs. RHE to �0.53 V vs. RHE in Na2SO3/Na2S electrolyte)
with respect to 1D TiO2 NRs.

424

In addition to the previously mentioned strategies, theore-
tical studies showed that geometrical modulation of the TiO2

nanostructure architecture can be used in view of enhancing
the material light absorption properties.430,431 In particular,
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integrating photonic crystals (PCs), such as 1D SiO2/TiO2 alternate
layers or 3D TiO2 (or Si) inverse opal layer,432 with nanoporous
structures (e.g., TiO2 NTs) has been used to optimize photon
management and, hence, to increase light harvesting of the
absorbing (TiO2 NT) layer.

Owing to their periodicity, photonic crystals allow to localize
the incident radiation, that is, to trap and slow photons, in
a specific wavelength range that depends on the PC periodicity.
If the energy of the slow photons overlaps with the optical
band-gap of the light absorbing layer, then an enhancement of

Fig. 19 Schematic representations of (a) the TiO2 BNRs–CulnS2 core–shell structure and (b) TiO2/ln2S3/AgInS2 branched NRs electrode and relative

band alignment. (c) Schematic diagram and SEM image of five layers of Bi2S3/rGO (purple and light yellow) modified Bi2S3/TiO2 NRs. Fig. (a) reproduced

from ref. 427 with permission from the PCCP Owner Societies. Fig. (b) reproduced from ref. 428 with permission from John Wiley & Sons. Fig. (c)

reproduced from ref. 429 with permission from the Royal Society of Chemistry.
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light absorption can be expected as a result of the increased
optical length. Photonic crystals also find application in dye-
sensitized solar cells. In this case the periodicity of the PCs is
adjusted to match with the light absorption features of the dye
(i.e., in the visible range).433–435

Recently, Al-Haddad et al. showed that the optical band-gap
of TiO2 NT arrays can be tuned by controlling geometrical
parameters.436 The authors concluded that the optical absorp-
tion edge of TiO2 nanotubes can be red-shifted with increasing
the tube diameter while simultaneously decreasing their inter-
distance – this assuming that the wall thickness remains
constant and, therefore, excluding any contribution from quan-
tum confinement effects.35,36 Supported by FDTD simulations,
this effect was attributed to a strong confinement of the local
electric field between the tubes, as their inter-distance becomes
smaller.

4. a-Fe2O3–TiO2 heterojunction-
based materials – the Fe2TiO5 case

We have already pointed out that the relative misalignment of
a-Fe2O3 and TiO2 band edges can be exploited to design a
suitable heterojunction for enhanced charge carrier separation,
that is, holes generated in TiO2 will be transferred to a-Fe2O3

with electrons preferentially accumulating in TiO2 at the same
time.33,437,438

Under specific conditions, hybrid composites, i.e., iron
titanates (e.g., Fe2TiO5, Fe3TiO4, and FeTiO3) form at the interface
between hematite and titania that, despite some controversial
results, exhibit remarkable performances as photoanode materials
in PEC devices.

Typically, iron titanates are formed via solid-state reaction
between TiO2 and a-Fe2O3. Due to the similar ion sizes of Ti and
Fe, thermal annealing of the two oxides generates the compo-
site – the various stoichiometric forms of titanates are given
by the different valence configurations of the metal ions
(such as Fe2+Ti4+, Fe3+Ti3+, etc.).

Among all the possible titanates, Fe2TiO5 has been recently
the most widely explored Fe–Ti combination compound as
photoanode material.439–443

Fe2TiO5 has a pseudobrookite structure and, as TiO2, has a
valence and a conduction band that are (in principle) suitable
to drive spontaneous water oxidation and reduction reactions,
respectively. Moreover, it has a band-gap of ca. 2.0 eV and thus
can generate e�/h+ pairs under visible light illumination
(Fig. 20). Clearly, both aspects are highly desired for materials
intended for PEC applications.

Keys to efficient Fe2TiO5 for PEC-WS are a layer thickness of
only a few nm and a use of Fe2TiO5 in combination with TiO2 or
a-Fe2O3.

In fact, early studies on iron titanates based photoanodes
for direct solar water oxidation,444 showed that for a ‘‘pure’’
Fe2TiO5 layer (not supported on TiO2 or a-Fe2O3) an applied
bias higher than that required for a-Fe2O3 is needed to
promote efficient PEC water splitting, and that composites

such as FeTiO3 and Fe2TiO4 suffer from significant photo-
corrosion.

Typically, two different approaches are reported that
instead lead to improved PEC efficiency in the presence
of Fe2TiO5: (i) a use of nanostructured TiO2 array as core
material, where a thin a-Fe2O3 overlayer is deposited, or (ii)
nanotubes/nanorods of a-Fe2O3 on FTO as supporting scaffold
modified with a thin TiO2 layer. In both cases, thermal
annealing at 500–700 1C in air converts the thin overlayers
into Fe2TiO5.

439–443

For the Fe2TiO5(overlayer)/TiO2(core) configuration, two
aspects contribute to the enhancement of the PEC activity:
the titanate layer significantly extends the absorption spectrum
of the material to visible wavelengths, and contributes to the
generation of e�/h+ pairs up to l B 600 nm. In addition, while
h+ are preferentially transferred to the electrolyte, e� are
injected into the TiO2 CB.

Although, in principle, the CBs of TiO2 and Fe2TiO5 are not
suitably located to promote e� transfer from Fe2TiO5 into
TiO2 – see Fig. 20, enhanced charge separation has been
reported and suggested as the origin for the higher photo-
electrochemical activity compared to both TiO2 and a-Fe2O3

photoelectrode counterparts.439

Different synthesis methods have been explored for the
deposition of a-Fe2O3 thin layers on one-dimensional TiO2

scaffolds: (i) electrodeposition (e.g., from a Fe(NO3)3 solution
– Fig. 21(a)), (ii) thermal pyrolysis of Fe-based organic solutions
(e.g., FeCl3 ethanol solution – Fig. 21(c)), (iii) chemical bath
deposition.440,441

In general, the PEC performance is largely influenced by the
thickness of the Fe2TiO5 layer, that is, there is a threshold
thickness (B100 nm) that grants both significant light absorp-
tion and carrier separation. Above this limit, h+ and e� tend
to recombine due to a high charge transport resistivity, with a
detrimental effect on the overall PEC performance of the
composite (Fig. 21(d)).441

To overcome this issue and further promote carrier utiliza-
tion, Liu et al. reported on the use of a Co-based layer as a

Fig. 20 Energy band structure of TiO2, a-Fe2O3, and Fe2TiO5 relative to

the vacuum level (EVAC) and the normal hydrogen electrode (ENHE).
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(more) efficient co-catalyst for the anodic reaction.440 A current
density of 4.1 mA cm�2 at 1.23 V versus RHE was measured
along with a lower photocurrent onset potential (i.e., 0.18 V
versus RHE) with respect to pure TiO2. The authors proposed
that the natural band bending at the interface between the
three oxides (Fe2TiO5, TiO2, and CoOx) enables holes produced
in Fe2TiO5 to accumulate in CoOx, while electrons from Fe2TiO5

are transferred to TiO2 (Fig. 21(b)).
For the second core/shell configuration, that is, a Fe2TiO5(shell)/

a-Fe2O3(core) composite, enhanced PEC efficiency is mainly
attributed to the beneficial role of Fe2TiO5 in passivating
hematite surface trapping states. This clearly reduces surface
e�/h+ recombination. Moreover, due to the favorable band
offset between the two oxides, e� photopromoted in Fe2TiO5

are injected into the CB of a-Fe2O3 that supplies a direct
transport path to the back-contact; similarly to the previous
case, holes migrate to the Fe2TiO5/electrolyte interface and the
increased charge separation results in an overall increase of the
photoefficiency.442

Experimental evidence for this mechanism was provided by
transient absorption spectra (TAS) measured with Fe2TiO5/
a-Fe2O3 and pure a-Fe2O3 (Fig. 22).

445

With respect to pure a-Fe2O3, Fe2TiO5 features an increased
density of energy states near the CB and improved hole
dynamics. This creates competitive trapping pathways for

photopromoted electrons, decreases e�/h+ recombination prob-
abilities and, clearly, increases the lifetime of photogenerated
holes.

Fig. 21 (a) SEM image of Fe2TiO5–TiO2/Coox nanoarchitecture and schematic drawing of the photoanode design with most likely water oxidation

mechanism considering the idealized electronic structure alignment of the composite photoanode, Ef represents the Fermi level; (b) IPCE spectra of pure

TiO2, pure a-Fe2O3, Coox decorated TiO2 and Coox decorated Fe2TiO5/TiO2 layers. The spectra were measured in 1 M KOH at 1.23 V for a-Fe2O3, and at

0.4 V vs. RHE for the other layers. (c) SEM and TEM (inset) images, and schematic representation of TiO2 nanorod array covered by a thin a-Fe2O3 layer; (d)

linear sweep voltammetry plots of a-Fe2O3/TiO2 nanorod photoanodes, containing different amounts of a-Fe2O3. The data were collected in 1.0 M

NaOH, under Xe lamp irradiation (100 mW cm�2). Fig. (a and b) Reproduced from ref. 440 with permission from Nature Publishing Group. Fig. (c and d)

reproduced from ref. 441 with permission from the Royal Society of Chemistry.

Fig. 22 Charge generation, recombination, and transfer in the nanocom-

posite photoelectrodes. Adapted with permission from J. Phys. Chem.

Lett., 2015, 6, 2859–2864. Copyright 2015 American Chemical Society.
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Therefore, the pseudobrookite/hematite heterojunction
generates a large amount of long-lived surface holes and, at
the same time, acts as a block layer for the photogenerated
electrons transferred to a-Fe2O3. By preventing e� back injec-
tion (and therefore e�/h+ recombination), Fe2TiO5 leads to an
overall increase of the photoanode efficiency.

Two possible approaches have been proposed to grow
a Fe2TiO5 ultra-thin film over vertically aligned hematite
a-Fe2O3 nanorods. In the first case, a FeOOH photoanode is
immersed in a HF solution containing the Ti precursor; the
second procedure is based on the evaporation of TiCl4 on the
surface of FeOOH. In both cases, adequate thermal treatment
produced a Fe2TiO5 film.443

Fe2TiO5 was identified by synchrotron-based soft X-ray
absorption spectroscopy (Fig. 23(a and b)) and TEM mapping
(Fig. 23(c)), and a suitable lattice match between pseudo-
brookite Fe2TiO5 and a-Fe2O3 was suggested to favor a specific

crystallographic growth direction, i.e., the (110) plane for
hematite and the (101) plane for pseudobrookite.

As for the Fe2TiO5/TiO2 composite system, also Fe2TiO5/
a-Fe2O3 exhibits enhanced solar water oxidation activity, also
supported by IPCE spectra; particularly, the HF-assisted syn-
thesis of Fe2TiO5/a-Fe2O3 resulted in a photocurrent density of
2.0 mA cm�2 at 1.23 V versus RHE that was significantly higher
than that measured with pure hematite nanorods, and that could
be further improved by coupling with Co-Pi catalyst (Fig. 23(d)).

The beneficial effect of an oxygen evolution co-catalyst on
the overall PEC activity of Fe2TiO5/TiO2 assemblies has been
also pointed out with the use of less ‘‘conventional’’ materials
(other than Co-Pi443 and Co-based446 co-catalysts).

Passivation of surface states, reduction of electron–hole
recombination, and, therefore, a photocurrent improvement
have been reported by decorating Fe2TiO5/TiO2 photoanodes
with an SnOx

447,448 (Fig. 24) or with a FeNiOx
449 overlayer

Fig. 23 (a) O K-edge XAS spectra of pristine and Ti-treated (2 s) hematite nanostructures compared with the spectra of rutile TiO2, anatase TiO2, and

Fe2TiO5. The difference spectrum between pristine and Ti-treated hematite is also shown; (b) Ti L-edge XAS spectra of Ti-treated (2 and 40 s) hematite

nanostructures compared with the spectra of rutile TiO2, anatase TiO2, and Fe2TiO5; (c) dark field TEM image and corresponding TEM elemental

mappings of HF-Ti treated (30 s) hematite 1D nanostructured photoanode; (d) J–V characteristics of pristine hematite photoanode, HF-Ti treated

hematite photoanodes for different times (10 s, 30 s, 1 min, 5 min, and 8 min), and a Co-Pi deposited HF-Ti treated (30 s) hematite photoanode. Adapted

with permission from ACS Nano, 2015, 9, 5348–5356. Copyright 2015 American Chemical Society.
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(Fig. 25). This overall enabled enhanced photoanode stability
for up to 5 h under operating conditions.449

5. Conclusion and perspective

Decades of experimental research on TiO2 and a-Fe2O3 have
pointed out that the two semiconductor metal oxides are
promising candidates as anodes for photoelectrochemical
water splitting. The reason for this is that, compared to other
efficient materials such as CdS, CdSe, GaAs, etc., TiO2 and
a-Fe2O3 are chemically stable against (photo)corrosion in a
wide range of (electro)chemical conditions. Additionally, they
are cheap, abundant and nontoxic.

In spite of these positive features, still some specific limita-
tions hamper the development of highly efficient PEC devices
based on the use of TiO2 and a-Fe2O3 that could meet the
requirements for high-scale applications. A main issue is
certainly represented by the limited charge transfer kinetics
intrinsic to both oxides. In this review, we have shown that key
to overcoming such a limitation in a PEC arrangement is the
use of one-dimensional oxide nanostructures (i.e., nanotubes,
nanorods, nanowires).

To this regard, we provided a range of available techniques
and illustrate their possibilities and potentials. Particularly, we
focused on the most promising routes that, in our view, are
electrochemical anodization and hydrothermal methods: by
adjusting simple experimental parameters, they offer a fine
morphology control over the fabricated materials. In this con-
text, we outlined how the resulting 1D geometry of the oxides is
crucial towards a photoelectrochemical enhancement. This
should be mainly ascribed to the possibility of decoupling the
direction of light absorption and charge-carrier collection, as
well as to establishing a preferential percolation pathway for
charges (i.e., h+ transfer to the electrolyte and e� vertical
diffusion towards the back-contact).

We highlighted the main morphological parameters that
affect the PEC activity of the bare oxides; in particular, for
a-Fe2O3-based photoanodes, key is a use of (1D) nanostructures
the size of which is within the length scale of solid state charge
diffusion (typical hole diffusion length in hematite, B5 nm). In
the case of TiO2, 1D nanotubular arrays from self-organizing
anodization were shown to be very convenient for PEC applica-
tions as, besides their morphology, they are fabricated in the
form of directly back-contacted photoanodes; worth mention-
ing are also TiO2 nanorods, owing to their single-crystalline
nature: the absence of grain boundaries, which contribute to
poor electron mobility in conventional polycrystalline TiO2

films, suppresses charge carrier losses due to recombination
and leads to relatively high performance.

Besides, these structures represent suitable platforms for
further modifications, namely to induce doping effects or by
the deposition of co-catalysts, light absorbers, charge transfer
mediators, etc. We outlined how e.g. Ta- or Nb-doping TiO2 is a
most efficient approach to overcome its intrinsically low con-
ductivity, while non-metal doping (mainly, N) and/or surface
decoration with sensitizers are mostly carried out to extend the
titania absorption features to the visible light. Two major
approaches, often used in combination, were reported for
a-Fe2O3: (i) a use of earth abundant co-catalysts to improve
the poor oxygen evolution kinetics, (ii) metal doping (mainly
Zr4+, Sn4+ and Nb5+) to increase charge conductivity. In this
context, thermally-induced Sn-doping, promoted by tin diffu-
sion from FTO layers, represents one of the most straight-
forward strategies.

In addition to the (surface or bulk) modification of these two
oxides, we illustrated achievements and outlooks regarding the
use of TiO2–a-Fe2O3 systems that combine the complementary
features and functionalities of the two counterparts in terms of
light absorption, charge transport and, for open circuit photo-
catalysis, in terms of band energy positions. Although only
limited attention has been given to such composites and the

Fig. 24 SEM images of hematite a-Fe2O3 photoanodes prepared by thermal oxidation of Fe foils: (a) 1D nanoflakes (NFs) and (b) nanocorals (NCs); (c–e)

TEM images of a-Fe2O3/Fe2TiO5 NFs; PEC polarization curves of hematite-based photoanodes: (f and h) NFs and (g and i) NCs. The PEC experiments

were performed in 1 M KOH electrolyte AM 1.5G simulated solar light irradiation (intensity 100 mW cm�2) at a scan rate of 10 mV s�1. Reproduced from

ref. 448 with permission from John Wiley & Sons.
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mechanism underlying their working principle is still under
debate, promising results have been reported in the recent
literature. Further investigations on these TiO2–a-Fe2O3 hetero-
structures may generate a new promising research trend in the
frame of energy conversion processes.
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3425–3438.
133 S. J. Ku, G. C. Jo, C. H. Bak, S. M. Kim, Y. R. Shin,

K. H. Kim, S. H. Kwon and J.-B. Kim, Nanotechnology,
2013, 24, 085301.

134 J. Qiu, W. Yu, X. Gao and X. Li, Nanotechnology, 2006, 17,
4695–4698.

135 H. Han, T. Song, E. K. Lee, A. Devadoss, Y. Jeon, J. Ha,
Y. C. Chung, Y. M. Choi, Y. G. Jung and U. Paik, ACS Nano,
2012, 6, 8308–8315.

136 F. Riboni, N. T. Nguyen, S. So and P. Schmuki, Nanoscale
Horiz., 2016, 1, 445–466.

137 H. E. Prakasam, O. K. Varghese, M. Paulose, G. K. Mor and
C. A. Grimes, Nanotechnology, 2006, 17, 4285–4291.

138 L. Wang, C.-Y. Lee, R. Kirchgeorg, N. Liu, K. Lee, Š. Kment,
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204 N. Liu, V. Häublein, X. Zhou, U. Venkatesan, M. Hartmann,
M. Mackovic, T. Nakajima, E. Spiecker, A. Osvet, L. Frey
and P. Schmuki, Nano Lett., 2015, 15, 6815–6820.

205 R. F. G. Gardner, F. Sweett and D. W. Tanner, J. Phys. Chem.

Solids, 1963, 24, 1183–1196.
206 M. Rioult, D. Stanescu, E. Fonda, A. Barbier and H. Magnan,

J. Phys. Chem. C, 2016, 120, 7482–7490.
207 D. B. Ingram and S. Linic, J. Am. Chem. Soc., 2011, 133,

5202–5205.
208 Z. Liu, W. Hou, P. Pavaskar, M. Aykol and S. B. Cronin,

Nano Lett., 2011, 11, 1111–1116.
209 D. B. Ingram, P. Christopher, J. L. Bauer and S. Linic, ACS

Catal., 2011, 1, 1441–1447.
210 S. Linic, P. Christopher and D. B. Ingram, Nat. Mater.,

2011, 10, 911–921.
211 S. C. Warren and E. Thimsen, Energy Environ. Sci., 2012, 5,

5133–5146.
212 J. Li, S. K. Cushing, P. Zheng, F. Meng, D. Chu and N. Wu,

Nat. Commun., 2013, 4, 2651.
213 W. Hou and S. B. Cronin, Adv. Funct. Mater., 2013, 23,

1612–1619.

Chem Soc Rev Review Article

P
u
b
li

sh
ed

 o
n
 1

1
 A

p
ri

l 
2
0
1
7
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
zi

ta
 P

al
ac

k
&

#
2
3
3
;h

o
 v

 O
lo

m
o
u
ci

 o
n
 5

/6
/2

0
1
9
 9

:0
7
:3

2
 P

M
. 

View Article Online

https://doi.org/10.1039/c6cs00015k


This journal is©The Royal Society of Chemistry 2017 Chem. Soc. Rev., 2017, 46, 3716--3769 | 3765

214 C. Clavero, Nat. Photonics, 2014, 8, 95–103.
215 A. Naldoni, F. Riboni, U. Guler, A. Boltasseva, V. M. Shalaev

and A. V. Kildishev, Nanophotonics, 2016, 5, 112–133.
216 R. Sundararaman, P. Narang, A. S. Jermyn, W. A. Goddard

III and H. A. Atwater, Nat. Commun., 2014, 5, 5788.
217 J. Li, S. K. Cushing, F. Meng, T. R. Senty, A. D. Bristow and

N. Wu, Nat. Photonics, 2015, 9, 601–607.
218 S. Linic, P. Christopher, H. Xin and A. Marimuthu, Acc.

Chem. Res., 2013, 46, 1890–1899.
219 G. Zhao, H. Kozuka and T. Yoko, Thin Solid Films, 1996,

277, 147–154.
220 Y. Tian and T. Tatsuma, Chem. Commun., 2004, 1810–1811.
221 H. Dotan, O. Kfir, E. Sharlin, O. Blank, M. Gross,

I. Dumchin, G. Ankonina and A. Rothschild, Nat. Mater.,
2013, 12, 158–164.

222 Y. Fang, Y. Jiao, K. Xiong, R. Ogier, Z. J. Yang, S. Gao,
A. B. Dahlin and M. Käll, Nano Lett., 2015, 15, 4059–4065.

223 J. C. Lee, T. G. Kim, H. J. Choi and Y. M. Sung, Cryst.
Growth Des., 2007, 7, 2588–2593.

224 W. T. Sun, A. Yu, H. Y. Pan, X. F. Gao, Q. Chen and
L. M. Peng, J. Am. Chem. Soc., 2008, 130, 1124–1125.

225 A. Kongkanand, K. Tvrdy, K. Takechi, M. Kuno and
P. V. Kamat, J. Am. Chem. Soc., 2008, 130, 4007–4015.

226 Z. Deutsch, L. Neeman and D. Oron, Nat. Nanotechnol.,
2013, 8, 649–653.

227 A. Teitelboim and D. Oron, ACS Nano, 2016, 10, 446–452.
228 M. Qorbani, N. Naseri, O. Moradlou, R. Azimirad and

A. Z. Moshfegh, Appl. Catal., B, 2015, 162, 210–216.
229 K. Hola, Y. Zhang, Y. Wang, E. P. Giannelis, R. Zboril and

A. L. Rogach, Nano Today, 2014, 9, 590–603.
230 H. Liu, T. Ye and C. Mao, Angew. Chem., Int. Ed., 2007, 46,

6473–6475.
231 S. N. Baker and G. A. Baker, Angew. Chem., Int. Ed., 2010,

49, 6726–6744.
232 K. A. S. Fernando, S. Sahu, Y. Liu, W. K. Lewis,

E. A. Guliants, A. Jafariyan, P. Wang, C. E. Bunker and
Y. P. Sun, ACS Appl. Mater. Interfaces, 2015, 7, 8363–8376.

233 R. M. Cornell and U. Schwertmann, The Iron Oxides.

Structure, Properties, Reactions and Uses, Wiley-VCH, Wein-
heim, Germany, Weinheim, Germany, 1st edn, 1996.

234 J. H. Kennedy and K. W. Frese, J. Electrochem. Soc., 1978,
125, 709–714.

235 M. Catti, G. Valerio and R. Dovesi, Phys. Rev. B: Condens.
Matter Mater. Phys., 1995, 51, 7441–7450.

236 W. H. Butler, A. Bandyopadhyay and R. Srinivasan, J. Appl.
Phys., 2003, 93, 7882–7884.

237 Y. Ma, P. D. Johnson, N. Wassdahl, J. Guo, P. Skytt,
J. Nordgren, S. D. Kevan, J. E. Rubensson, T. Böske and
W. Eberhardt, Phys. Rev. B: Condens. Matter Mater. Phys.,
1993, 48, 2109–2111.

238 M. P. Dare-Edwards, J. B. Goodenough, A. Hamnett and
P. R. Trevellick, J. Chem. Soc., Faraday Trans. 1, 1983, 2027.

239 M. Barroso, S. R. Pendlebury, A. J. Cowan and J. R. Durrant,
Chem. Sci., 2013, 4, 2724–2734.

240 R. K. Quinn, R. D. Nasby and R. J. Baughman, Mater. Res.

Bull., 1976, 11, 1011–1017.

241 M. Gori, H. R. Grüniger and G. Calzaferri, J. Appl. Electro-
chem., 1980, 10, 345–349.

242 J. H. Kennedy, R. Shinar and J. P. Ziegler, J. Electrochem.

Soc., 1980, 127, 2307–2309.
243 J. H. Kennedy, J. Electrochem. Soc., 1981, 128, 2371.
244 G. Horowitz, J. Electroanal. Chem., 1983, 159, 421–436.
245 C. Sanchez, M. Hendewerk, K. D. Sieber and G. A. Somorjai,

J. Solid State Chem., 1986, 61, 47–55.
246 C. Sanchez, K. D. Sieber and G. A. Somorjai, J. Electroanal.

Chem., 1988, 252, 269–290.
247 J. Y. Kim, G. Magesh, D. H. Youn, J.-W. Jang, J. Kubota,

K. Domen and J. S. Lee, Sci. Rep., 2013, 3, 2681.
248 L. Fu, H. M. Yu, C. K. Zhang, Z. G. Shao and B. L. Yi,

Electrochim. Acta, 2014, 136, 363–369.
249 G. J. Ai, R. Mo, H. X. Li and J. X. Zhong, Nanoscale, 2015, 7,

6722–6728.
250 D. K. Zhong, M. Cornuz, K. Sivula, M. Grätzel and

D. R. Gamelin, Energy Environ. Sci., 2011, 4, 1759.
251 X. Zou, A. Goswami and T. Asefa, J. Am. Chem. Soc., 2013,

135, 17242–17245.
252 M. W. Louie and A. T. Bell, J. Am. Chem. Soc., 2013, 135,

12329–12337.
253 F. J. Morin, Phys. Rev., 1951, 83, 1005–1010.
254 F. J. Morin, Phys. Rev., 1954, 93, 1195–1199.
255 P. L. Liao, M. C. Toroker and E. A. Carter, Nano Lett., 2011,

11, 1775–1781.
256 M. A. Lukowski and S. Jin, J. Phys. Chem. C, 2011, 115,

12388–12395.
257 P. S. Bassi, Gurudayal, L. H. Wong and J. Barber, Phys.

Chem. Chem. Phys., 2014, 16, 11834–11842.
258 Y. Zhang, S. Jiang, W. Song, P. Zhou, H. Ji, W. Ma, W. Hao,

C. Chen and J. Zhao, Energy Environ. Sci., 2015, 8,
1231–1236.

259 M. N. Huda, A. Walsh, Y. F. Yan, S. H. Wei and M. M.
Al-Jassim, J. Appl. Phys., 2010, 107, 123712.

260 J. Deng, J. Zhong, A. Pu, D. Zhang, M. Li, X. Sun and
S. T. Lee, J. Appl. Phys., 2012, 112, 6.

261 A. Pu, J. Deng, M. Li, J. Gao, H. Zhang, Y. Hao, J. Zhong and
X. Sun, J. Mater. Chem. A, 2014, 2, 2491.

262 C. X. Kronawitter, I. Zegkinoglou, S.-H. Shen, P. Liao,
I. S. Cho, O. Zandi, Y.-S. Liu, K. Lashgari, G. Westin,
J.-H. Guo, F. J. Himpsel, E. A. Carter, X. L. Zheng,
T. W. Hamann, B. E. Koel, S. S. Mao and L. Vayssieres,
Energy Environ. Sci., 2014, 7, 3100–3121.

263 D. Wang, H. Chen, G. Chang, X. Lin, Y. Zhang,
A. Aldalbahi, C. Peng, J. Wang and C. Fan, ACS Appl. Mater.

Interfaces, 2015, 7, 14072–14078.
264 T. Wang, W. Luo, X. Wen, Z. Zou and W. Huang,

ChemNanoMat, 2016, 2, 652–655.
265 Z. Luo, C. Li, S. Liu, T. Wang and J. Gong, Chem. Sci., 2017,

8, 91–100.
266 Y. Fu, C.-L. Dong, Z. Zhou, W.-Y. Lee, J. Chen, P. Guo,

L. Zhao and S. Shen, Phys. Chem. Chem. Phys., 2016, 18,
3846–3853.

267 Y. Fu, C.-L. Dong, W.-Y. Lee, J. Chen, P. Guo, L. Zhao and
S. Shen, ChemNanoMat, 2016, 2, 704–711.

Review Article Chem Soc Rev

P
u
b
li

sh
ed

 o
n
 1

1
 A

p
ri

l 
2
0
1
7
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
zi

ta
 P

al
ac

k
&

#
2
3
3
;h

o
 v

 O
lo

m
o
u
ci

 o
n
 5

/6
/2

0
1
9
 9

:0
7
:3

2
 P

M
. 

View Article Online

https://doi.org/10.1039/c6cs00015k


3766 | Chem. Soc. Rev., 2017, 46, 3716--3769 This journal is©The Royal Society of Chemistry 2017

268 J. Huang, G. Hu, Y. Ding, M. Pang and B. Ma, J. Catal.,
2016, 340, 261–269.

269 Gurudayal, S. Y. Chiam, M. H. Kumar, P. S. Bassi,
H. L. Seng, J. Barber and L. H. Wong, ACS Appl. Mater.

Interfaces, 2014, 6, 5852–5859.
270 Gurudayal, D. Sabba, M. H. Kumar, L. H. Wong, J. Barber,

M. Grätzel and N. Mathews, Nano Lett., 2015, 15, 3833–3839.
271 X. L. Guo, L. L. Wang and Y. W. Tan, Nano Energy, 2015, 16,

320–328.
272 A. Annamalai, A. Subramanian, U. Kang, H. Park,

S. H. Choi and J. S. Jang, J. Phys. Chem. C, 2015, 119,
3810–3817.
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432 S. Colodrero, A. Mihi, L. Häggman, M. Ocaña, G. Boschloo,

A. Hagfeldt and H. Mı́guez, Adv. Mater., 2009, 21, 764–770.
433 S. Nishimura, N. Abrams, B. A. Lewis, L. I. Halaoui, T. E.

Mallouk, K. D. Benkstein, J. Van de Lagemaat and
A. J. Frank, J. Am. Chem. Soc., 2003, 125, 6306–6310.

434 C. T. Yip, H. Huang, L. Zhou, K. Xie, Y. Wang, T. Feng, J. Li
and W. Y. Tam, Adv. Mater., 2011, 23, 5624–5628.

435 M. Guo, K. Xie, J. Lin, Z. Yong, C. T. Yip, L. Zhou, Y. Wang
and H. Huang, Energy Environ. Sci., 2012, 5, 9881.

436 A. Al-Haddad, Z. Wang, R. Xu, H. Qi, R. Vellacheri, U. Kaiser
and Y. Lei, J. Phys. Chem. C, 2015, 119, 16331–16337.

437 H. Zhao, W. Fu, H. Yang, Y. Xu, W. Zhao, Y. Zhang,
H. Chen, Q. Jing, X. Qi, J. Cao, X. Zhou and Y. Li, Appl.
Surf. Sci., 2011, 257, 8778–8783.

438 T. H. Jeon, W. Choi and H. Park, J. Phys. Chem. C, 2011,
115, 7134–7142.

439 J.-S. Yang, W.-H. Lin, C.-Y. Lin, B.-S. Wang and J.-J. Wu,
ACS Appl. Mater. Interfaces, 2015, 7, 13314–13321.

440 Q. H. Liu, J. F. He, T. Yao, Z. H. Sun, W. R. Cheng, S. He,
Y. Xie, Y. H. Peng, H. Cheng, Y. F. Sun, Y. Jiang, F. C. Hu,

Z. Xie, W. S. Yan, Z. Y. Pan, Z. Y. Wu and S. Q. Wei, Nat.
Commun., 2014, 5, 5122.

441 L. Jia, J. Xie, C. Guo and C. M. Li, RSC Adv., 2015, 5,
62611–62618.

442 D. Monllor-Satoca, M. Bärtsch, C. Fàbrega, A. Genç,
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a  b  s  t  r a  c t

Titanium  dioxide  in the form  of  one-dimensional  (1D)  nanostructure arrays represent widely  studied

morphological  arrangement  for light  harvesting and  charge transfer  applications  such  as  photocatalysis

and  photoelectrochemistry  (PEC). Here  we  report  a comparative  structural and  PEC  study  of variously

grown  1D  TiO2 nanostructures  including i)  nanorod  arrays prepared  by a  hydrothermal method (TNR),  ii)

nanotube arrays fabricated  by  a two-step hydrothermal  method  using a  ZnO nanorod  array film  as  a tem-

plate (THNT)  and finally iii)  nanotubes grown by  self-organized  electrochemical anodization  of Ti films

deposited  on  the  FTO  substrate (TNT). These  nanostructures are  assumed  to be  utilized  as  photoanodes

in PEC water splitting  devices.  Field-emission  scanning  electron  microscopy (FESEM),  X-ray  diffraction

(XRD),  TEM  images  and UV–vis  absorption  spectra were  used to  characterize  TiO2 nanostructures.  The

SEM and TEM morphology  images  revealed  that the main  difference  among the  nanostructures grown

on  the FTO  are the shape and  diameter  of the individual nanotubes/nanorods  and also the  array’s den-

sity  in  the range of TNR >  THNT >  TNT  and  the  degree  of organization  in  the  range of TNT >  TNR >  THNT.

The  obtained photocurrents  at 0  V  vs.  Ag/AgCl  increased  in the order  of THNT (110  �A  cm−2) <  TNT

(185  �A  cm−2) <  TNR (630  �A cm−2). Extended  electron  lifetime  and light absorption  shifted to  the  longer

wavelengths  were  attributed  to the  enhanced  PEC performance of TNR.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Titanium dioxide (TiO2)  has been dominantly used as a core

material in several  modern solar energy conversion approaches

involving predominantly dye  sensitized solar cells (DSSC) [1,2],

more recently perovskite solar cells [3,4],  and photoelectrochem-

ical water splitting (PEC-WS) [5,6]. The latest represents one of

the  most widely investigated approach for a sustainable and envi-

ronmentally friendly production of hydrogen, considered the most

significant renewable energy source of the future [7].  TiO2 has been

∗ Corresponding author.

E-mail address: stepan.kment@upol.cz (S.  Kment).

widely studied as the photoanode material for  PEC-WS since the

pioneering work by Fujishima and Honda [8] due to  its highly

beneficial properties such as nontoxicity, high chemical stability,

resistance to photocorrosion, abundance, and low production cost

[9]. However, conventional TiO2 film photoanodes provide an  insuf-

ficient surface area and electron collection efficiency, which are

crucial parameters for an optimized PEC performance. Nanostruc-

turing of photocatalysts and photoelectrodes has been recognized

as a powerful strategy to  dramatically improve overall solar-to-

fuel conversion efficiencies [10].  In view of geometry recently 1D

TiO2 nanostructures, such as nanotubes (NTs) [11–14], nanorods

(NRs) [15–17], nanowires (NWs) [18–21],  etc. attracted wide inter-

est  because they provide a  significant enlargement of the material

surface area (simultaneously increase the number of catalytically

http://dx.doi.org/10.1016/j.cattod.2016.10.022

0920-5861/© 2016 Elsevier B.V. All  rights reserved.
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active sites and improves the light harvesting), facilitate the  elec-

trical transport, and suppress the negative effect of short diffusion

length of holes and the  recombination losses. Furthermore 1D

nanostructures features a number of other characteristics (e.g.,

size confinement, atomically curved surface, extended surface-

to-volume ratio, preferential percolation pathway for enhanced

charge separation/transport/collection) that are highly beneficial

for aforementioned photo-electrocatalytic applications. As a direct

consequence, the nanoscale effects give rise to  50%-90% PEC effi-

ciency gain [6]. The efficiency of TiO2 photoanodes has been even

more enhanced by  adding impurities to improve their electronic

properties [22–24] as well as by a  combination with heterogeneous

partners [25,26],  quantum dots [27–29], and plasmonic materials

[19,30] to optically sensitize the large-band gap TiO2. However,

a research study directly comparing the performance of  various

unmodified 1D TiO2 nanostructure for PECs water splitting is still

missing although the high activity of pristine TiO2 photoelectrode is

the essential prerequisite for  a  high-performance of whole PEC-WS

device. Here, we present a systematic comparing study of directly

grown 1D  TiO2 nanostructures based on nanotube and nanorod

arrays using two principally different fabrication methods; namely

electrochemical anodization and hydrothermal procedure. Self-

organizing electrochemical anodization of a  metal substrate (here

Ti film deposited onto FTO substrate), is  often referred to  as

the simplest, low-cost and straightforward approach leading 1D

highly-ordered NTs [31]. Under a  specific set of experimental condi-

tions (e.g., applied voltage, anodization time, electrolytic solution),

nanotubular properties, such as the degree of self-organization,

tube length and diameter, electronic and ionic properties can

be easily controlled [32].  Similarly in case of more commonly

applied hydrothermal approach the properties of 1D  nanostruc-

tures (e.g. crystalline structure, morphology, length, density, and

array ordering) grown can  be influenced and controlled by the syn-

thetic conditions such as concentration of the precursor solution,

hydrothermal growth temperature, and reaction times [33–35].

This work refers on three different approaches to grow 1D nanos-

tructured TiO2 photoanodes including electrochemically anodized

nanotubes and  hydrothermally grown nanorods as well as nano-

tubes. The three nanostructured TiO2 photoanodes were  judged

on the basis of  physical properties such as crystalline structure,

optical absorption, and surface topography. The functional proper-

ties were investigated under simulated photoelectrochemical (PEC)

water splitting conditions.

2. Experimental

2.1. Preparation of 1D nanostructured TiO2 photoanode

Chemicals: Titanium n-butoxide (Sigma-Aldrich, 97%) and

hydrochloric acid (HCl, 37%) were used for photocatalyst prepa-

ration. Sodium hydroxide (NaOH) was used as an electrolyte. All

solutions were prepared using distilled water. All the three types

of TiO2 1D nanostructures were grown on fluorine doped tin

oxide glass substrate (FTO, TCO22-7, surface resistivity: 7 �/sq

Solaronix). Prior to  the depositions the FTO substrates were ultra-

sonically cleaned using a  mixture of acetone, isopropyl alcohol and

distilled water in  volume ratio of 1:1:1, respectively. After the son-

ication the FTO substrates were washed by  DI water and dried by

nitrogen flow.

2.1.1. Preparation of TiO2 nanorod arrays by  hydrothermal

method (TNR)

TiO2 nanorod arrays were prepared by  hydrothermal method

described by  Liu et al. [36] In typical experiment, 15 mL of

hydrochloric acid and 15 mL  of distilled water was mixed for five

minutes. Then, 0.5 mL  of titanium n-butoxide was  added dropwise

under vigorous stirring  for another five minutes. Then, the  as pre-

pared clear solution and FTO substrate were placed into Teflon-liner

stainless steel autoclave (50 mL)  while the conductive side  of FTO

substrate was  facing down. The hydrothermal reaction was con-

ducted at 150 ◦C  for 20 h. Then, the autoclave was  cooled down

under  flowing water. The FTO substrate was rinsed with distilled

water and air  dried. Afterwards, the as prepared TiO2 nanorods

were annealed in  air at  500 ◦C for 1 h  with heating rate of 5 ◦C/min.

2.1.2. Preparation of TiO2 nanotube arrays by  hydrothermal

method (THNT)

A thin  ZnO seed  layer was prepared on FTO glass by  spin coating

method with 0.02 M zinc acetate dihydrate solution at 4000 rpm for

35 s. Arrays of ZnO nanorods, which serve as sacrificial templates

for  the nanotubes, were grown on the seed  layer by hydrother-

mal method at  85 ◦C for 10 h. 0.025 M zinc nitrate hexahydrate and

0.025 M hexamethylentetramine were used as precursor chem-

icals. The synthesized ZnO nanorod arrays on the FTO were

immersed in aqueous solution containing 0.075 M ammonium hex-

afluorotitanate and 0.2 M boric acid at  room temperature for 0.5 h.

In  this solution, ammonium hexafluorotitanate hydrolyzed to  TiO2

on the individual ZnO nanorod while ZnO dissolved simultaneously

in  the solution with acids produced by ammonium hexafluoroti-

tanate hydrolysis. Subsequently, the resulting TiO2 nanotube arrays

were immersed in  a  0.5  M boric acid solution for 1  h to remove the

residual ZnO inside  the tubes. The arrays were finally rinsed with

DI water and calcined at 500 ◦C  for 1 h  to increase crystallinity.

2.1.3. Preparation of anodized TiO2 nanotube arrays (TNT)

Self-organized highly ordered TiO2 nanotubes were grown by

electrochemical anodization of titanium films deposited directly

on FTO substrate by pulsed magnetron sputtering of pure tita-

nium target (99.995%, Lesker). The depositions were carried out

under a constant operating pressure of 0.2 Pa. The duty cycle of

the  pulse was 90%, the frequency was 50 kHz, and the deposition

rate was 30.0 nm/min. Prior to the deposition an advanced plasma

cleaning and activation of FTO substrate was performed in order

to  attain sufficient adhesion of the titanium film  to the substrate.

For  this purpose the substrate holder the FTO glass substrate were

treated by radio-frequency (RF) plasma using O2/Ar working gas

mixture with the pressure 10 Pa  in the reactor chamber. The sub-

strate holder  worked as a RF electrode connected to the RF power

supply  working at frequency 13.6 MHz. The deposition process fol-

lowed immediately after RF plasma treatment without interruption

of vacuum in the reactor chamber. In  the following procedure the

magnetron sputtered titanium films on  FTO glass were washed with

ethanol before electrochemical anodization. TiO2 nanotubes were

grown at 50 V using a power source STATRON 3253.3 under  self-

organization conditions using a two-electrode configuration with

the  Ti films acting as the working electrode and a  counter elec-

trode made of platinum. As the electrolyte the solution of  0.2 M

NH4F + 4 M H2O in ethylene glycol was  used. The as deposited TiO2

nanotube photoanodes were heat treated at 500 ◦C for 1  h  in  air

(cylindrical furnace-Clasic CLARE 4.0)  to  ensure proper crystalliza-

tion.

2.2. Physical characterization

X-ray diffraction was  performed at  two instruments-Rigaku

SmartLab difractometer and Siefert XRD7 diffractometer. The

Rigaku SmartLab diffractometer is equipped with  9 kW rotation

X-ray tube. The Johansson monochromator was used in  pri-

mary beam in order to  obtain only CuK�1 radiation. Soller slit

2.5◦, 5 mm  incident slit and 5  mm  beam mask  were placed in

primary beam. Soller slits of  2.5◦,  20 mm  receiving slits  and lin-
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ear detector were in the diffracted beam. Samples were also

measured with Seifert XRD7 powder diffractometer (CuK�12 radi-

ation primary beam slit of width 0.92 mm  and height of 4  mm,

receiving slit 0.15 mm,  graphite monochromator and scintillation

point detector). The surface and cross-section morphology images

were captured by Hitachi SU6600 field-emission scanning elec-

tron microscopy (FESEM). Transmission electron microscopy (TEM)

images were obtained with help of a  JEOL 2010 microscopy oper-

ated at  200 kV. UV–vis absorption spectra were measured using a

UV–vis spectrophotometer (Lambda 35, PerkinElmer) with BaSO4

as a reference standard.

2.3. Evaluation of  electrochemical properties

The photoelectrochemistry experiments were carried out in

an electrochemical cell with three electrodes in the  system. The

titania-containing films served as the working electrode, the

Ag/AgCl in 3  M KCl as the reference electrode and the Pt wire is

used as the counter one. The size  of the photoanode was limited

to 0.785 cm2 by  an O-ring. All three electrodes were  immersed in

the 1 M  NaOH electrolyte solution (pH =  13.5). The TiO2 layers were

illuminated by 150 W Xenon lamp coupled with AM 1.5 G filter. The

power intensity was kept at  1 sun (100 mW/cm2) which was cali-

brated by  Silicon reference cell  (Newport). The Gamry Series G 300

Potentiostat was  used for photoelectrochemical measurements.

The PEC performance was investigated by  means of three meth-

ods: linear sweep voltammetry, chronoamperommetry and open

circuit potential measurement. In linear sweep voltammetry tests

the as prepared photoanodes were irradiated and the polarization

curves were measured as the dependence of current density on  the

applied potential (from −400 mV  to 1000 mV). The chronoamper-

ommetry tests are  based on expressing of current density on time

with constant potential of 600 mV.  The electron/hole pair recom-

bination can  be estimated from the value of open circuit potential.

These experiments started in  the  dark for 30 s and followed by 60 s

irradiation. The photoelectrochemical experiments are  described

in  more details in  our  previous reports [37–39].  The basic theory

related to the photoelectrochemistry of semiconductors and PEC

water splitting experiments have been summarized in  this book

[40] and several excellent reviews such as e.g. [2,41,42]

3. Results and discussions

Fig. 1illustrates morphology of the three different types of

TiO2 1D nanostructures studied including hydrothermally grown

nanorods, hydrothermally grown nanotubes, and nanotubes fabri-

cated by  self-organized electrochemical anodization, which are in

the text coded as TNR, THNT, and TNT, respectively.

Fig. 2 shows electron microscope (SEM and TEM) morphology

images of the grown TiO2 1D nanostructures on  FTO  substrate. The

1D nanostructures formed a uniform film-like array coatings over

whole area of the deposited substrates with  efficiently high adhe-

sion enabling easy manipulation. All  the three types of TiO2 1D

arrays were grown vertically from their bases on the FTO substrate

with the  comparable thickness of 2.5 �m.  Moreover, the cross-

sectional SEM  images evidently confirmed the existence of  a direct

contact between the  1D  nanostructures (see Fig. 2a,  c and e) and

charge-collecting FTO layer. The main  differences among the tested

nanostructures observed from the SEM scans were apparently the

shape and diameter of individual nanotubes/nanorods as well as

the density and degree of  organization of the formed  arrays. The

degree of organization decreases in  the order of  TNT  >  TNR > THNT

while in  the case  of arrays’ density the order was  TNR > THNT >  TNT.

Furthermore except the nanorods both nanotubular types of arrays

exhibited highly homogenous diameter size  distributions of the

single nanotubes over the coatings. As it is  clearly seen in Fig.  2a

and b the  TiO2 nanorods are tetragonal in  shape with  square top

facets, the expected growth habit for the  tetragonal crystal struc-

ture  [36]. The diameter size  distribution of TNR is in the region

between 80 and 150 nm. The cross-sectional image show  that  indi-

vidual nanorods are well-aligned nearly perpendicularly to  the FTO

support. Much  less degree of orderliness was identified for the TiO2

nanotubes (THNT) grown on FTO substrates by the hydrothermal

method using the ZnO nanorods as the sacrificial temples. One can

easily observe that the individual nanotubes often crossed each

other  and some of them even lied on FTO substrate. These feature

might be a consequence of  the array  less  density. The low magni-

fication TEM image shown in Fig. 2d revealed that the TiO2 THNT

had the  internal diameter of 80 nm and the thickness of the walls of

20 nm. It is also obviously seen that these parameters were almost

the same for  all the THNT individual nanotubes. The highest degree

of  organization was  achieved by the electrochemical anodic oxida-

tion carried out under so-called self-organization conditions. This

method yielded nanotubes with very regular channels having the

orientation perpendicular to the FTO substrate. However, the  sur-

face SEM image in  Fig. 2c  shows rather irregular porous  motive. It

is  due  to  a  non-organized top thin  porous  layer covering the highly

organized nanotube layer. This undesired porous top layer  can  be

removed by e.g. sonication in diluted HCl, immersion in  diluted

HF,  or by Ar ion sputtering [43].  The  surface structure after  the

sonication of as-deposited TNT in HCl is depicted as the inset in

Fig. 2e. The diameter of  the nanotube channel of  100 nm and the

wall  thickness of 20 nm were measured by analyzing the low mag-

nification TEM image (see  Fig.  2f).  One of the common features of

the anodic oxidation is that it provides nanotubes with very narrow

size  distribution.Rather surprising result was  obtained from  the

measurements of UV–vis absorption spectra (Fig. 3).  The  absorp-

tion edges are very similar for the THNT and TNT photoanodes. In

both cases they are positioned at around 360 nm,  which well corre-

sponds  to the tabulated anatase TiO2 band gap of 3.2 eV. In contrast

the absorption edge  of the TNR was remarkably shifted towards

longer wavelengths at around 420 nm. This effect was probably

caused by multiple light scattering inside the nanorod array  [44].

Fig. 4 shows crystalline structure of  the 1D TiO2 nanostructures

deposited on FTO substrate after their thermal treatment at  500 ◦C

for  1 h.  The measured X-ray patterns were fitted by the program

MSTRUCT. The X-ray diffractogram of  well aligned TiO2 nanorods

(TNR, Fig. 4a) clearly indicate rutile phase in  addition to SnO2 (FTO).

Fig. 1.  Schematic illustrations of (a)  TiO2 nanorod-TNR, (b) hydrothermally grown TiO2 nanotubes-THNT, and (c) anodized TiO2 nanotubes-TNT.
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Fig. 2.  SEM surface (left column) and cross-sectional (middle column) morphology images of (a)  TNR, (c)  THNT, and (e)  TNT; TEM images of (b)  TNR,  (d) THNT, and (f) TNT.

The  scale bars in  the insets represent 100 nm.

Fig. 3. UV–vis absorption spectra of the fabricated TiO2 nanostrcurures on FTO

susbtrate.

Preferred orientation of (00l) type can be detected from the fit.

In comparison with the SEM images this would prove that  the

nanorods have these basal planes (00l),  as  it can  be expected. The

randomly distributed nanotubes grown by hydrothermal method

(THNT, Fig. 4b) also show two phases-SnO2 from the substrate

and the anatase TiO2 peaks. Finally the highly-ordered nanotubes

show anatase and narrow peaks of well-crystalline pure titanium

(Fig. 4c). The anatase nanotubes have relatively strong texture with

planes (00l) parallel to  the substrate. More detailed XRD analysis of

the microstructure including the measurement on different sample

inclinations is out of the scope of this contribution and will  be the

subject of our next communication.

Photoelectrochemical behaviors of the TiO2 1D photoanodes

are summarized in Fig. 5. The experiments were carried in con-

ventional three-electrode configuration and  under standard AM

1.5 G (intensity 100 mW/cm2)  illumination. All  the tested 1D layer

photoanodes had similar thickness of 2.5 �m.  Fig.  5a  presents

linear sweep voltammetry (LSV) curves, i.e.  the dependency of cur-

rent density on applied potential. The plateau-like photocurrent

responses were obtained for all the three photoanodes measured.

Rather surprisingly, the PEC performance increased in the order

of THNT < TNT <  TNR. It is  generally accepted that  anatase possess

a higher photocatalytic activity compared to  rutile TiO2 due  to

larger surface area, lower extent of  backward recombination of

photogenarated species, and better mobility of the charges [45].

However, in our  case the hydrothermally grown nanorods (TNR)

exhibited more than three times higher activity than the  anodicaly

made nanotubes and almost six times higher than the  hydrother-

mally synthetized nanotubes. In  particular from the j-V  polarization

curves (see Fig. 5a) the following values of photocurrent density

can be  read at 0  V vs. Ag/AgCl: 630 �A  cm−2, 185 �A  cm−2, and

110 �A cm−2 for the TNR, TNT, and THNT photoanodes respectively.

Both TNR  and TNT  photoanodes showed highly oriented growth

with respect to the  plane of the substrate, along the [001] direction

of their unit cells and almost perpendicular alignment of  the TiO2

1D arrays towards the  FTO substrate. Therefore the preferential ori-

entation should not  significantly contribute to  the very different

performances observed. The  suppressed activity of  TNT  photoan-

odes  is more likely a consequence of a high extent of photocharges

recombination due to the impurities such as titanium and carbon

[32,46,47].  Although the TNT array  films showed the highest trans-

parency among the nanostructures examined traces of residual

titanium possibly due to the unanodized sputtered titanium were

identified in the films by X-ray diffraction. This XRD Ti signal  might,

on the  other hand, be extended from the borders between the

anodized and unionized parts of the samples. Similarly carbon com-

ing from the electrolyte can also be expected in the nanotube walls

[48].  The presence of titanium and/or carbon may  induce impu-

rity states acting as recombination centers significantly reducing

the overall photoactivity [48,49].  In addition the boosted activity

of TNR can also be attributed to  two  recently referred  phenomena.

Firstly Zhang and co-workers reported that the modified chloride

on the surfaces of  rutile TiO2 nanorods may perhaps effectively trap

photogenerated holes so as to induce the charge separation, leading

to  the enhanced photoactivities for PEC water oxidation [16].  Since
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Fig. 4. X-ray diffractograms and corresponding fits of TiO2 photoanodes: (a)  TNR,  (b) THNT, and (c) TNT.

the chloride is introduced via the  presence of hydrochloric acid as

one of the reactants of the hydrothermal procedure, which is  princi-

pally corresponding to the  one here presented the similar effect can

also be expected. Secondly Chen et al. [50] attributed better pho-

toinduced performance of TiO2 nanorods  comparing to nanotubes

to  the superior photoelectron transfer property of the nanorods.

The  lowest PEC activity was  revealed for  the hydrothermally grown

nanotubes. In this approach the nanotubes were deposited over

the ZnO nanorods serving as template, which were subsequently

removed by etching. This procedure apparently did not create a
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Fig. 5. Photoelectrochemical characteristics of the 1D TiO2photoanodes: (a)  linear sweep voltammetry polarization curves; (c) chronoamperometry data recorded at  0 V vs.

Ag/AgCl;  (c) open circuit potentials curves. All PEC data  were  collected under solar light (AM 1.5G, intensity 100 mW/cm2)  simulating illumination in 1 M NaOH electrolyte.

well-developed interface and connection between the nanotubes

and charge collecting FTO substrate for efficient charge transfer.

Fig. 5b shows chonoamperometry characteristics recorded at 0.5 V

vs Ag/AgCl denoting the photostabilty of the 1D nanostructures. The

chopped light  measurements of the TNR and THNT photoanodes

complete the similar LSV scan of the TNT photoanode (Fig. 5a). The

sufficient photostability and very fast response on quick light/dark

periods changes can be  seen for every type of  the photoanodes. The

photocurrent densities correspond to  the results of the  LSV shown

in Fig. 5a.  Finally in order to quantify the charge transport properties

the electron lifetime (�n)  of the photoanodes was calculated using

an open-circuit voltage decay (OCVD) technique [51,52]. Under the

light irradiation a  steady open-circuit voltages Voc were generated

and remarkably varied depending on the type of photoanode as it

is seen in Fig.  5c.  Upon the turn off the light the Voc decayed due

to the recombination of the electrons from conduction band with

the holes with  different pace. The average electron lifetime were

determined according to the OCVD method as present in Eq.  (1):

�n =  −

kBT

q
(
dVoc

dt
)
−1

(1)

where kB is the Boltzmann’s constant, T is  temperature and q

is  the elementary charge. The method provides an effective in-

situ method to  explore the recombination kinetics of  interfacial

charge transfer process on the semiconductor-liquid junction [53].

As shown in Fig. 5d highest electron lifetime was revealed for the

TNR type of photoanodes, which is in  good  agreement to Chen et al.

[50]. and to the  all aforementioned PEC results. Accordingly slightly

higher electron lifetime was observed for TNT photoanode compar-

ing to the THNR. The shorter electron lifetime is another indication

of a fast  recombination of  photocahrges due  to  the conatminants

(TNT) and a poorly developed interface between the FTO and nano-

tubes (THNT).

4.  Conclusion

This study provides a  direct  comparison of TiO2 nanostruc-

tured photoanodes grown on  transparent FTO substrate in terms

of structural and functional (PEC) properties. A one- and two-step

hydrothermal methods were used to  fabricate TiO2 nanorod and

nanotube arrays, respectively. In  addition a  self-organized electro-

chemical anodization yielded highly organized nanotube arrays.

Despite the  same  thermal annealing conditions (500 ◦C/1 h) of

the  as-prepared TiO2 nanostrcutures the hydrothermally grown

nanorods had rutile crystalline structure while the two nanotubu-

lar  photoanodes showed more expected anatase phase. These two

photoanodes, however, revealed much  lover PEC  performance than

the rutile nanorod-based photoanode. This result was attributed

to  several features: i)  remarkably prolonged electron lifetime ver-

ified by method, ii)  extended light absorption towards visible

part of spectrum, and iii) higher purity. The lowest PEC activity

was observed for the  hydrothermally fabricated nanotubes using

ZnO nanorods as sacrificial template, which, likely suppressed the

interface between the  nanotobes and FTO substrate to  be well-

developed.
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Abstract: Transfer of semiconductor thin films on transparent and or flexible substrates is a highly
desirable process to enable photonic, catalytic, and sensing technologies. A promising approach
to fabricate nanostructured TiO2 films on transparent substrates is self-ordering by anodizing of
thin metal films on fluorine-doped tin oxide (FTO). Here, we report pulsed direct current (DC)
magnetron sputtering for the deposition of titanium thin films on conductive glass substrates at
temperatures ranging from room temperature to 450 ◦C. We describe in detail the influence that
deposition temperature has on mechanical, adhesion and microstructural properties of titanium
film, as well as on the corresponding TiO2 nanotube array obtained after anodization and annealing.
Finally, we measure the photoelectrochemical water splitting activity of different TiO2 nanotube
samples showing that the film deposited at 150 ◦C has much higher activity correlating well with
the lower crystallite size and the higher degree of self-organization observed in comparison with the
nanotubes obtained at different temperatures. Importantly, the film showing higher water splitting
activity does not have the best adhesion on glass substrate, highlighting an important trade-off for
future optimization.

Keywords: titanium; anodization; TiO2 nanotubes; hardness; adhesion; photoelectrochemistry

1. Introduction

Titanium dioxide (TiO2) is one of the most widely studied semiconductor photocatalysts owing
to its ability to catalyze numerous redox reactions [1], high stability, nontoxicity and low cost [2,3].
Nanocrystalline TiO2 has highly promising optical, photocatalytic and photoelectrochemical (PEC)
performance [4], which have been extensively used for a broad range of applications including
environmental purification, organic oxidations [5], solar cells, PEC water splitting, and hydrogen
peroxide production [1,2,4,6–12].

The photocatalytic performance of TiO2 is strongly affected by its morphology and structure. With
the decrease of the material’s dimensions to nanoscale, surface-to-volume ratio and specific surface
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area increase as well as electronic properties that may also deviate from ideal behavior [13]. Crystal
phase and orientation in nanocrystals and thin films have shown a dramatic role in enhancing charge
separation, band gap, and surface catalytic properties of TiO2 nanomaterials [6,11–13].

Furthermore, TiO2 nanomaterials have shown shape-dependent photocatalytic performance [14].
For thin films, various TiO2 one-dimensional (1D) nanostructures involving self-organized nanotubes,
highly-ordered nanorod arrays, and nanowires, have attracted much attention due to the combination
of highly functional features and controllable nanoscale geometry with the possibility of adjusting
length, diameter, and spacing [13,15–17]. In particular, 1D TiO2 nanotubes (TNT) show better PEC
performance than thin compact layers due to higher surface area, favorable charge transfer along
the nanotube y-axis perpendicular to charge collecting bottom layer, and enhanced light harvesting
efficiency [18].

Self-organized oxide tube arrays can be fabricated by electrochemical anodization of a suitable
metal foil under specific anodic conditions and proper electrolytes [18–23]. For instance, highly
ordered TiO2 nanotube arrays are typically grown by electrochemical anodization of titanium
foils [23]. However, fully transparent photoelectrodes or photonic devices are highly desirable in many
applications including photovoltaics and PEC cells [18,24]. For instance, TNT reaching transparency
higher than 65% and producing stable photocurrent can be employed in PEC tandem cells, in which
the illumination from the support—semiconductor interface is a required condition, enabling the
efficient excitation of both photoanode and photocathode materials [24].

Recently, the anodization of titanium thin films deposited on glass substrates via different Physical
Vapor Deposition methods [18,25], especially magnetron sputtering, have proven to be a promising
route to achieve devices with high stability and performance [16,24–29].

In particular, the properties of TNT are highly influenced by the properties of the starting
magnetron sputtered metal films, which in turn have shown strong tenability depending on energy of
impinging ions, degree of ionization of the sputtered-particles [30], deposition temperature [31], and
concentration of oxygen or nitrogen [32]. Nevertheless, a study exclusively focused on the influence of
temperature of a glass substrate during the pulsed DC magnetron sputtering on the properties of the
deposited titanium films and consequently on the properties and functionality of final TiO2 nanotubes
is still missing. In this work, we report a detailed investigation of mechanical and adhesion properties
of Ti films sputtered at different temperatures, as well as how these different sputtering conditions
influence crystallographic and photoelectrochemical water spitting activity of the self-organized TiO2

nanotubes grown from these Ti films.

2. Results and Discussion

2.1. Structure and Morphology of Sputtered Ti Films

Titanium films were sputtered onto fluorine-doped tin oxide (FTO) substrate at different
temperatures such as room temperature (RT), 150 ◦C, 300 ◦C, and 450 ◦C. For the sake of clarity,
despite the fact that the RT condition did not include intentional heating, the substrate’s temperature
slightly rose up to 80 ◦C due to the bombardment of the FTO surface by plasma discharge ions. The
deposition rate follows a volcano-shaped trend with increasing the deposition temperature and reaches
the maximum of 47 nm/min for 150 ◦C (Figure 1). The grain size follows an opposite trend and the
minimum value of ~80 nm is reached for the Ti sample deposited at 150 ◦C. This dependence can
be ascribed to the processes occurring during the sputtering deposition such as extent of shadowing
effect at low deposition temperatures, and surface and volume diffusion of condensing atoms at higher
temperatures in accordance with the structure zone models [33].
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Figure 1. Crystallite size and deposition rate as a function of deposition temperature for the direct
current magnetron sputtered Ti films. Deposition rate shows a volcano shape dependence on
temperature, while crystallite size has an opposite trend. RT: room temperature.

The as-deposited titanium samples were well adherent to the FTO substrate regardless of the
temperature used without any visually observable defects. The morphological images of all deposited
films are displayed in the scanning electron microscopy (SEM) micrographs reported in Figure 2a–d.
With increasing temperature, the shape of grains and their size distribution varied considerably:
Ti films deposited at RT showed globular morphology, while fully developed hexagonal platelets
with sharp edges were clearly seen for the film deposited at 150 ◦C. The platelets were randomly
distributed and placed on top of each other. The change of morphology is associated with a decrease
of the crystallite size from 120 nm (RT) to 80 nm (150 ◦C) as summarized in Table 1 and Figure 1.
Further increase of the deposition temperature led to a higher surface and bulk diffusivity of sputtered
atoms promoting formation of angular grains, especially for film deposited at 450 ◦C, thus leading to a
substantial increase of crystallite size (see Table 1).

Table 1. Thickness and roughness from profilometry of Ti films; crystallite size of the deposited Ti films
and anodized TiO2 nanotubes. RT: room temperature.

Temperature, ◦C Thickness, µm Roughness, µm Crystallite Size Ti, nm Crystallite Size TiO2, nm

RT 1.35 0.080 120 39
150 1.61 0.125 80 14
300 1.50 0.118 151 25
450 1.48 0.028 167 87

X-ray diffraction was used to determine the crystalline structures of deposited Ti films. Irrespective
of the deposition temperature, the as-prepared films exhibited a variation of peak intensities
corresponding to hexagonal polycrystalline structure of titanium with preferential orientation along
the (002) crystalline plane that is generally the densest plane for hexagonal close packed structures. It is
worth noting the evolution of (100) and (110) peaks with the increase of the deposition temperature in
agreement with previous work [34]. The development of these crystalline planes may be attributed
to the presence of a compressive stress induced in the films’ microstructure [34,35]. Crystallite size
was estimated by using the Scherrer’s equation and retrieved values are shown in Table 1. Figure 2f
shows the energy dispersive X-ray spectroscopy (EDS) spectrum of the titanium film deposited at
150 ◦C on FTO glass. The SEM-EDS analysis revealed traces of Sn in all samples (not shown here)
due to the presence of Sn ions into the FTO (i.e., F-doped SnO2) underneath substrate. The surface
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roughness (Ra) of deposited Ti layers was tested by contact profilometry and the obtained values of
standard Ra parameters are provided in Table 1. Surprisingly, the smoothest surface was identified
for the films composed of the biggest crystalline size. It was also visually observable as a very flat
mirror-like surface. Film thickness obtained from profilometry measurements ranges from 1.35 to
1.60 µm, thus being comparable for all Ti films.
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Figure 2. Scanning electron microscope (SEM) images of titanium samples deposited without substrate
heating at (a) RT, (b) 150 ◦C, (c) 300 ◦C and (d) 450 ◦C. (e) X-ray diffraction (XRD) spectra of all
deposited Ti films; (f) energy dispersive X-ray spectroscopy spectrum of titanium film deposited at 150
◦C on fluorine-doped tin oxide (FTO) substrate.

2.2. Mechanical Properties of Sputtered Titanium Films

Analysis of nanoindentation data (Figure 3) evidenced significant differences in mechanical
properties between the deposited Ti films. Substrate heating led to an increase in reduced modulus
from 109 GPa for RT sample (and similar values observed for 150 and 300 ◦C) to 130 GPa for the
film deposited at 450 ◦C. Similarly, hardness values are almost the same regardless of the deposition
temperature up to 300 ◦C (~3.75 GPa), while a small increase can be observed for the film deposited
at 450 ◦C. Nanoindentation hardness of the films is only slightly higher in comparison to the coarse
grained Ti bulk sheet (~2 GPa) measured at the same experimental setup, especially for the films
deposited up to 300 ◦C. This fact correlates well with the fine-grained structure, where dislocation
activity for crystallite with size around 100 nm is suppressed as explained by the well know Hall–Petch
effect [36]. Nevertheless, the relative proximity of hardness values of the Ti films and pure Ti metal bulk



Catalysts 2018, 8, 25 5 of 14

reflects the high purity of the films, since oxygen or nitrogen impurities strongly affect the mechanical
properties and increase both the hardness and elastic modulus values [32]. No traces of oxygen were
detected using EDS. Hardness increase up to 4 GPa was reported for Ti sputtered films under similar
conditions but under Ar/O2 gas mixture [18]. It should be noted that either oxides (TiO2) or nitrides
(TiNx) can reach much higher hardness. In case of magnetron sputtered TiO2 films hardness values of
pure anatase is in the range of 6–11 GPa, whereas rutile can reach around 20 GPa [37].
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Figure 3. Hardness and reduced modulus of the Ti films deposited at different temperatures.

Progressive load scratch tests revealed increasing endurance of Ti films with the increase of
deposition temperature, as demonstrated from the residual grooves tracks shown in Figure 4. Sample
deposited without applying external heating (RT) exhibits full coating delamination starting from 1/3
of the scratch track. Large spalled areas uncovering the bare substrate, far beyond the residual groove,
show that coating-to-substrate adhesion as well as cohesion strength are weak and become a main
reason for the system failure. Substrate heating up to 150 ◦C led to better adhesion, as no delamination
is observed and coating is scratched through after approximately half of the scratch track. Deposition
temperature of 300 ◦C and especially 450 ◦C has a significant impact on scratch resistance as coatings
were not scratched through. The residual scratch tracks’ surface morphologies are almost smooth and
dominated by plastic deformation (see beginnings of the scratches). This is in accordance with the high
level of plasticity index of approx. 83%, defined as the ratio of the plastic work to total indentation
work. With increasing load, formation of faint pile up around the wear track occurs. Only slightly
worn particle packing is observed at the sides of the wear track. It should be noted that findings of
scratch test performed at lower maximum force of 100 mN coincide with those reported in [18].
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Figure 4. Typical scratch tracks for Ti films deposited at temperatures ranging from room temperature
(RT) to 450 ◦C.

2.3. Electrochemical Anodization to Grow TiO2 Nanotubes

Figure 5a shows the current density plot in time during the anodic oxidation of the sputtered
Ti layers sputtered on FTO glass at different temperatures (RT, 150, 300 and 450 ◦C). All the current
transient curves can be divided into three typical stages, already described in detail elsewhere [16,38].
Briefly, the very sharp current density peak observed during the first seconds of the anodization
process is associated with the formation of an initial compact TiO2 layer. A relatively steady state
region followed, denoting the self-organizing electrochemical reaction underlying the formation of
TiO2 nanotubes. Finally, a sudden increase of current density marks the end point of the reaction,
which may be accompanied with the creation of random cracks within the TNT and/or their partial
delamination [39].

Notably, two trends can be observed when the current density curves are compared. The titanium
films deposited at higher temperature required higher current density to be anodically oxidized,
while electrochemical reaction lasted for a much shorter time than the titanium films prepared under
lower temperature. Due to the elevated temperatures, the crystallite size and density of layers are
significantly increased, along with a change in crystallite preferential orientation towards the (002)
planes. The shorter the anodization duration the larger the crystallite sizes; at the same time the denser
the films the higher current density is required for TNT formation. Interestingly, the TNT peeled off in
the center of the anodized area only for the 450 ◦C sample (Figure 5a). The photographs were captured
after the thermal annealing of the as-grown amorphous TiO2 nanotubes in air at 500 ◦C for 1 h to
obtain the crystalline structure. The delamination already occurred during the anodization process
despite thermal annealing. It should be noted that the dominant (002) plane is the one with the highest
thermally induced strain energy per unit volume [40]. Taking into account the crystallographic planes
observed in Figure 2e, the strain energy decreases in the following order (002), (103), (102), (101), (100)
and (110), where the last two are equal [40]. Hence, the problematic anodization of the film deposited
at 450 ◦C stems from the combination of high current density (high thermal load) during anodization
and the highest thermally induced strains of the film’s dominant (002) plane.
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Figure 5. (a) Current density versus time plot recorder during the electrochemical anodization of
titanium films with the pictures of grown and annealed TiO2 nanotubes; (b) XRD spectra of TiO2

nanotubes after thermal annealing at 450 ◦C for 3 h in air.

XRD spectra of the thermally annealed TiO2 nanotubes show only characteristic peaks related
to the polycrystalline anatase phase (Figure 5b). The crystallite size, obtained through the Sherrer
equation, followed the same trend as observed for titanium films, i.e., the smallest grain size of 14 nm
was revealed for the TNT grown from the titanium films deposited at 150 ◦C, while with the increase of
the deposition temperature the grain sizes increased up to 87 nm for 450 ◦C. In the diffractograms, the
signals related to metallic titanium as well as the cassiterite (SnO2) of the FTO substrate were detected.
The source of Ti signal is probably due to the side unanodized parts of the samples rather than residual
Ti impurities in the TNTs.

The cross-sectional and surface SEM morphology images of the prepared nanotubes are shown
in Figure 6. The anodization formed self-organized arrays of highly transparent nanotubes grown
vertically on the FTO substrate. All the prepared nanotubes had a similar thickness of 3 µm, which
corresponds to a volume expansion factor of ~2 due to the anodization procedure. This value is in
agreement with findings from Albu and Schmuki, describing how key parameters such as content of
water in the electrolyte and overall anodization potential influence the expansion factor of TNTs [41].
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The surface SEM images (see inserts in Figure 6) are very similar for RT, 150 ◦C, and 300 ◦C deposited
Ti films. The similarity is due to a nanoporous thin initiation layer which is always present at the top
of nanotubes due to the TiO2 layer formed at the first stage of the anodization process (see description
above). By comparing these three types of nanotube arrays a widening of the tube diameters can be
indicated. The surface morphology is slightly different for the film deposited at 450 ◦C. In this case,
pores with higher diameters are formed at edges of the very large titanium grains (see Figures 2d
and 6d) [39]. The highest quality of nanotubes in terms of homogeneity, degree of organization,
smoothness, and compactness was observed for the TNT grown from Ti films deposited at 150 ◦C.
A much higher number of defects was observed for the TNT grown from RT and 300 ◦C titanium films.
For comparison, the parts of TNT made from Ti films deposited at 450 ◦C, which were not delaminated
from the FTO substrate are also shown. The very low quality of these nanotubes is mainly due to
numerous cracks and is evident (Figure 6d).
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Figure 6. Cross-sectional and corresponding surface (inserts) SEM images of the TiO2 nanotubes (TNT)
arrays grown from titanium films deposited at RT (a), 150 ◦C (b), 300 ◦C (c), and 450 ◦C (d).

2.4. Photoelectrochemical Measurements

Photoelectrochemical properties were investigated based on linear sweep voltammetry and
electrochemical impedance spectroscopy (EIS) measurements. The polarization curves showing the
dependence of current density on applied potential are presented in Figure 7a. The performance of
TNT obtained from Ti film sputtered at 450 ◦C was not measured due to the collapse of the structure
upon air annealing. The experiments were carried out in a conventional three-electrode configuration
in 1 M NaOH and under standard AM1.5G (intensity 100 mW/cm2) illumination. All three measured
photoanodes showed a similar voltammetry profile characterized by an onset potential at ~0.74 V
vs. Ag/AgCl and reaching a photocurrent plateau. From the polarization curves (see Figure 7a), the
photocurrent density at 0.5 V (at the end point of the steady-state plateau-like photocurrents and before
the electrochemical oxygen evolution onset potential) are as follows: 175 µA cm−2, 125 µA cm−2, and
116 µA cm−2 for 150 ◦C, RT, and 300 ◦C TNT photoanodes, respectively. The highest photocurrent
value obtained for the sample TNT-150 can be ascribed to the smallest crystallite size, the defect-free
morphology of high quality nanotubes for the 150 ◦C sample.
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Figure 7. Linear sweep voltammetry curves of the TiO2 nanotubes (a). Nyquist plots for TNT-RT,
TNT-150, and TNT-300 measured at an applied bias potential of 0 V vs. Ag/AgCl under illumination of
AM1.5G with the intensity of 100 mW cm−2 (b). Symbols are experimentally measured impedance data;
solid curves are fitted to the equivalent circuit shown (inset). Rs is solution resistance, RCT is charge
transfer resistance, Constant phase element (CPE1) is capacitance element. Photoelectrochemical (PEC)
measurements were carried out in 1 M NaOH electrolyte under simulated solar light irradiation (air
mass-AM1.5G, 100 mW/cm2).

To investigate the reasons underlying the photocurrent trend, we carried out EIS measurements
under AM1.5G illumination at 0 V vs. Ag/AgCl (Figure 7b). The semicircular arch diameter indicates
the charge transfer ability of the examined photoelectrode. To extract the charge transfer parameters
associated with EIS curves, we fitted the curves with an equivalent Randle’s circuit (see inset of
Figure 7b), where Rs is the series/solution resistance, RCT is the charge transfer resistance, and CPE1 is
the constant phase element (capacitance) of semiconductor/electrolyte interface. The fitted parameters
for each sample are shown in Table 2. Rs slightly decreases with increasing temperature of Ti sputtered
films and shows comparable values. The double layer capacitance CPE1 is higher for TNT-RT due to
higher accumulation of charge at the electrode/electrolyte interface; it may be because of grain size
differences or accumulation of more charges at the grain boundaries of the sample. The charge transfer
resistance RCT for TNT-150 sample is 33.7 kΩ, lower compared to TNT-RT (39.7 kΩ) and TNT-300
(36.4 kΩ) suggesting a higher charge transfer rate at the semiconductor/electrolyte interface that, thus,
underlies the observed enhancement in the photocurrent.
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Table 2. Electrochemical Impedance spectroscopy data from measurement taken at 0 V vs. Ag/AgCl
under 1 sun illumination.

Sample RS, Ω RCT, Ω CPE1, µF

RT 16.71 39,799 ± 1149 201 ± 0.57
150 15.70 33,698 ± 279 172 ± 0.33
300 13.37 36,430 ± 841 165 ± 0.44

3. Experimental

3.1. Deposition of Titanium Films by Magnetron Sputtering

Titanium thin films, with thickness of ~1.5 µm, were deposited by pulsed DC magnetron
sputtering of the titanium target (size of 4“ and purity of 99.995%) on a commercially available
FTO coated glasses substrates (Solaronix, Aubonne, Switzerland) with dimensions of 25 × 15 × 2 mm.
A standardized three-step cleaning protocol was used before film deposition. rinsing the substrates in
an ultrasound bath in acetone, ethanol and distilled water, each step lasting 5 min. Subsequent drying
at RT was applied to remove residual water from the glass samples. The chamber was evacuated to
the base pressure of 1 × 10−4 Pa. The depositions were performed at a pressure of 0.2 Pa for 240 min
on unheated as well as heated substrates at various temperatures of 150, 300 and 450 ◦C. Although no
intentional heating was applied the substrate temperature increased up to 90 ◦C during deposition as
a result of its interaction with plasma. The DC power of 700 W (power density of 8.6 W/cm2) was
applied in a pulsed mode at pulse frequency of 50 kHz and duty cycle of 50%. Prior the deposition a
substrate pre-treatment was employed. First the substrate surfaces were cleaned using radio frequency
(RF) (13.56 MHz) plasma etching in argon and then activated in the RF discharge in the mixture 50:50
of Ar and forming gas (10% of H2 and 90% of N2). The RF power of 130 W was typically used.

3.2. Mechanical and Tribological Properties

Mechanical and tribological characteristics were explored using a fully calibrated NanoTest
instrument (MicroMaterials, Wrexham, UK) in a load-controlled mode. Nanoindentation at a peak
force of 3 mN with a diamond pyramidal Berkovich indenter was employed for hardness and elastic
modulus measurement [42,43]. The indentation curves were analyzed using the standard method [44].

Sphero-conical Rockwell indenter with a nominal radius of 10 µm was used for scratch test to
assess the adhesion-cohesion properties of the films. During the standard scratch procedure, the
initially constant topographic load of 0.02 mN was applied over the first 50 µm and then ramped to
500 mN at constant loading rate of 13 mN/s to initiate films failure and reveal their cohesive and/or
adhesive limits. Evaluation of the scratch test was performed on the basis of the indenter on-load
depth record and analysis of the residual scratch tracks. Laser scanning confocal microscope LEXT
OLS 3100 (Olympus, Tokyo, Japan) was used for high-resolution imaging.

3.3. Electrochemical Anodization to Grow Self-Organized TiO2 Nanotubes

The titanium films on FTO glass were washed with ethanol. TiO2 nanotubes were then grown at
60 V using a power source (STATRON 3253.3, Statron AG, Mägenwil, Switzerland) in a two-electrode
configuration with a counter electrode made of platinum (cathode) and the working electrode was
the titanium film (anode). The electrolyte contained 0.2 mol dm−3 NH4F and 4 mol dm−3 H2O in
ethylene glycol. After the anodization process, the samples were washed in ethanol and then dried
in a nitrogen stream. The as-prepared amorphous TNT were annealed at 500 ◦C for 1h in air using
cylindrical furnace (Clasic CLARE 4.0, CLASIC, Revnice, Czech Republic) with temperature increase
5 ◦C min−1 to obtain the crystalline phase. The nanotubes grown from titanium films deposited at
different temperatures such as RT, 150 ◦C, 300 ◦C, and 450 ◦C, are in the text coded as TNT-RT, TNT-150,
TNT-300, and TNT-450, respectively.
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3.4. Characterization of the Titanium Films and TiO2 Nanotubes

Structure of the Ti films was determined using the Empyrean (PANalytical, Almelo, The
Netherlands) diffractometer equipped with Co. radiation source, focusing mirror, and Pixcell detector
via grazing angle regime with incident angle 2◦. Mean crystallite size was determined using the
Scherrer equation. Surface of the films and its cross-sections were observed using Scanning Electron
Microscope Hitachi SU6600 (Hitachi, Tokyo, Japan).

3.5. Photoelectrochemistry

The photoelectrochemical data were collected using a standard three-electrode electrochemical
cell with a Gamry Series G 300 Potentiostat (Warminster, PA, USA). The TiO2 nanotubes served as
working electrode (photoanode), the Ag/AgCl (3 M KCl) as the reference electrode and the Pt wire was
used as the counter electrode. A 150 W Xenon lamp coupled with an AM1.5G filter was used as a light
source. The power intensity was kept at 1 sun (100 mW/cm2) which was calibrated though a silicon
reference solar cell (Newport Corporation, Irvine, CA, USA). The photoelectrochemical behavior of
prepared electrodes was investigated by means of linear sweep voltammetry measurements in 1 M
NaOH electrolyte (pH 13.5). The electrochemical impedance spectroscopy (EIS) data were recorded
using a Gamry instrument (ESA 410, Gamry, Warminster, PA, USA) in the frequency range from 0.1 Hz
to 100 kHz under 1 sun illumination at a bias of 0 V vs. Ag/AgCl. At least three electrodes of each
type were fabricated and tested. All electrodes showed similar J-V curves, and representative data
are reported.

4. Conclusions

In this study, we have reported a detailed investigation of mechanical and adhesion properties of
Ti films sputtered at different temperatures, showing that temperatures as high as 450 ◦C produce Ti
films with well-defined platelet texture and with best mechanical and adhesion properties. However,
we have found that these different sputtering conditions strongly influence crystallographic and
photoelectrochemical water spitting activity of self-organized TiO2 nanotubes grown from Ti films. The
more active TiO2 nanotube sample towards photoelectrochemical water splitting was obtained from
Ti substrate sputtered at 150 ◦C showing the lowest crystallite size, best degree of self-organization,
and enhanced charge transfer at the semiconductor/liquid interface. This work remarks the challenge
behind achieving highly active and durable materials for photonics applications and shows that
advanced magnetron sputtering may enable good control over microstructural properties and, thus,
performance of semiconductor thin films.
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Abstract: Anatase and rutile mixed-phase TiO2 with an ideal ratio has been proven to significantly
enhance photoelectrochemical (PEC) activity in water-splitting applications due to suppressing
the electron–hole recombination. However, the mechanism of this improvement has not been
satisfactory described yet. The PEC water oxidation (oxygen evolution) at the interface of TiO2

photoanode and electrolyte solution is determined by the fraction of the photogenerated holes that
reach the solution and it is defined as the hole transfer efficiency. The surface and bulk recombination
processes in semiconductor photoanodes majorly influence the hole transfer efficiency. In this
work, we study the hole transfer process involved in mixed-phase TiO2 nanotube arrays/solution
junction using intensity-modulated photocurrent and photovoltage spectroscopy (IMPS and IMVS);
then, we correlate the obtained hole transfer rate constants to (photo)electrochemical impedance
spectroscopy (PEIS) measurements. The results suggest that the enhanced performance of the TiO2

mixed-phase is due to the improved hole transfer rate across the TiO2/liquid interface as well as to
the decrease in the surface trap recombination of the holes.

Keywords: charge transfer; intensity-modulated photocurrent spectroscopy; phase transitions;
photoelectrochemical impedance spectroscopy; water-splitting

1. Introduction

Since the discovery of water photo-oxidation at semiconducting photoanodes, tremendous
research has been undertaken to improve the practical efficiency of photoelectrochemical (PEC)
water-splitting devices [1,2]. Upon proper light illumination, a semiconductor generates electron–hole
pairs that must be adequately separated to simultaneously complete water oxidation and reduction
processes [3–5]. However, in practice, the recombination of the photoinduced electron–hole pairs in
the bulk of the materials, as well as at the electrode/electrolyte interface, limits the overall efficiency
associated with photoelectrodes for PEC water-splitting [4–8]. Several strategies have been reported
to minimize the recombination processes in semiconductor photoelectrodes, such as: increasing
conductivity with doping [9–12], heterojunction formation [7,13,14], modification of photoanode
surface with co-catalysts [15–17], and coatings of thin conformal layers using atomic layer deposition
(ALD) [18–20]. Among these, the heterojunction formation has been widely reported for different
combinations of materials and is proved to be particularly effective for the charge separation
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in photoelectrodes [7,13,14]. This strategy has already been successfully employed for titanium
dioxide (TiO2), which is one of the most investigated materials in PEC water-splitting [12,21–23]
thanks to its abundance, low toxicity, and chemical stability in harsh environments under light
illumination [7,8]. The heterojunctions have been mostly realized by coupling TiO2 with other
semiconductor materials [13,14,24,25] but also using only TiO2 and exploiting the slight bandgap
offset (0.2 eV) of the anatase and rutile phases: this has been widely reported for photocatalytic
water-splitting, in which the commercially available P25 TiO2 powder is often employed [26,27].
The charge separation effect between the two phases, leading to increased photocatalytic efficiency,
has been initially explained by an electron transfer from anatase to rutile due to the 0.2 eV higher
conduction band minimum (CBM) of anatase with respect to rutile [21,28,29]. However, in 2003
Hurum et al. examined this phenomenon by means of EPR (Electron Paramagnetic Resonance
Spectroscopy) experiments, suggesting that electrons could move from rutile to anatase trap states,
allowing holes to reach the surface for photocatalytic reactions [30]. More recent calculations and
experiments, furthermore, have suggested that the CBM of rutile is higher in energy than that of
anatase, enabling the electron transfer from the former to the latter and a hole transfer in the opposite
direction [31–34]. From the above discussion, it can be understood that the charge transfer/separation
effect in mixed-phase TiO2 nanomaterials has not been fully clarified, especially considering PEC
photoelectrodes, which have been investigated in much fewer studies compared to the nanoparticulate
forms. For example, it has been shown that TiO2 photoelectrodes with a controlled anatase/rutile
configuration could be obtained by rapid thermal treatments [34–36] thus, avoiding complex or costly
synthetic processes to make a composite of different polymorphs. To probe the charge transport
and charge transfer properties of such photoelectrodes, occurring respectively in the bulk and at
the semiconductor/electrolyte junction, perturbation PEC techniques may be employed, such as
light intensity-modulated photocurrent spectroscopy (IMPS), light intensity-modulated photovoltage
spectroscopy (IMVS) and electrochemical impedance spectroscopy (EIS) [37–40]. Here, we report on the
study of the bulk and surface state recombination processes in single and mixed-phase TiO2 nanotube
photoanodes by employing IMPS and IMVS to gain information on non-radiative recombination
(i.e., electron/hole recombination mediated by emission of phonons). Nanotubes are chosen as a
suitable morphology for TiO2 photoanodes due to their high surface to volume ratio, preferential
electron transport towards the Ti back-contact, and a scalable synthetic process by electrochemical
anodization [7,24,41–44]. Further, we correlate the obtained results to electrical characteristics
of our photoelectrodes retrieved from EIS and to the information on radiative recombination
(i.e., electron/hole recombination mediated by emission of photons) gained by photoluminescence
spectroscopy. In this way, we provide a complete picture regarding the charge transfer/transport
properties associated with TiO2 nanotubes samples. The obtained results provide more insights on the
working principles of mixed-phase TiO2 photoelectrodes: the photocurrent enhancement is underlied
by lower radiative recombination and, at the same time, by a more efficient hole transfer and the
decrease in the surface state recombination across the TiO2/electrolyte interface.

2. Results and Discussion

2.1. Structural and Optical Properties

The TiO2 nanotubes obtained from the electrochemical anodization were annealed at different
temperatures; the corresponding FESEM images are shown in Figure 1. The average length of
the nanotubes is ~2 µm, the internal diameter is about 90 nm, and the wall thickness is ~20 nm.
The as-prepared nanotubes are amorphous in nature and are transformed to the crystalline state upon
annealing in air.

To analyze the variation of the phase composition upon annealing, XRD patterns were recorded
(Figure 2a). The TiO2 nanotubes annealed at 500 ◦C (TNT500) show reflections belonging to the sole
presence of the anatase phase. However, upon increasing the annealing temperature, a rise of rutile
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phase fraction was observed. It is known that Ti metal beneath the TiO2 nanotubes readily oxidizes
and forms the rutile layer at the Ti/TiO2 interface during the annealing [45–47]. This rutile layer acts
as an initiation layer for further conversion of anatase to rutile in the TiO2 nanotubes [48–50] (See
Figure S1). In contrast, in the absence of the Ti metal, the formation of rutile layer and subsequent
transition from anatase to rutile was not observed [46,49]. Further, the rutile layer formed due to
thermal oxidation observed to be thicker with the shorter nanotubes because of the increase in the
proximity of the metal to the top surface of the nanotubes [47,49]. Moreover, recent studies suggest
that during the phase transition from anatase to rutile, the as-formed rutile layer plays a crucial role
in further distortion of the TiO6 octahedral across the interface of the Ti metal/nanotube and the
reformation of the Ti-O bonds into the rutile phase. This process gradually continues along the tube
length upon the temperature increase [48,50]. In our samples, the rutile phase appeared at 600 ◦C
(TNT600) and it was confirmed in XRD patterns by the peak at 27.72◦ corresponding to (110) plane
(JCPDS file no. 87-0920). Conversely, for the sample annealed at 700 ◦C (TNT700), the dominant phase
is rutile; this indicates the transformation of a maximum number of anatase grains to rutile starting
from the interface of the Ti metal and the nanotubes [48,50]. This transformation creates a layered
structure of the TiO2 nanotubes with rutile content at the bottom, anatase layer at the top, and an
intermediate gradual transformation layer between the two phases of the nanotubes [50], resulting in
the heterojunction between the two phases of TiO2. The phase fraction of TiO2 nanotubes annealed at
different temperatures retrieved through Rietveld refinement of XRD measurements.

 

–
–

–
–

Figure 1. Field emission scanning electron microscope (FESEM) images of TiO2 nanotubes (a–c) top
view and (d–f) corresponding cross-sectional images.

–
–

–
–

 

Figure 2. (a) X-ray diffraction patterns and (b) Raman spectra of TiO2 nanotubes annealed at different
temperatures. (inset) An enlarged view of the Raman Eg(1) peak.
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The phase composition of TNT500 was 100% in anatase, while the weight ratio of rutile to anatase
was determined 18:82 and 77:23 for TNT600 and TNT700, respectively. It indicates an increase in the
rutile layer thickness upon the increase in the calcination temperature [49–51].

The crystallite size (grain growth) was calculated using the Debye–Sherrer formula shown below

d = 0.9λ/(β cosθ), (1)

where d is crystallite size, λ is wavelength (0.154 nm) of X-rays, β is full-width half maximum in
radians, and θ is the angle of diffraction.

As the annealing temperature changes, the decrease in anatase crystallite size and the transformation
of anatase to rutile were observed. The crystallite size for TNT500 was 58 ± 2 nm corresponding to
(101) planes, whereas it was decreased to 42 ± 3 for sample TNT600. At the same time, the rutile
crystallization was observed and the size corresponding to (110) for TNT600 is 34 ± 1 nm. A further
change in annealing temperature showed an increase of rutile crystallite size up to 74 ± 2 nm for the
sample TNT700. During the process of annealing the distortion of TiO6 octahedra takes places, which
leads to the shrinking in size of anatase crystallite and transformation to rutile. [52–54].

The Raman spectra of the TiO2 nanotube samples are shown in Figure 2b. The intense peak at
144 cm−1 and the other peaks at 391 cm−1, 513 cm−1, 638 cm−1 correspond to Eg(1), B1g, A1g+B1g, and
Eg(3) modes, which belong to anatase TiO2 [34,55]. Further, the appearance of the peaks at 451 cm−1,
610 cm−1, and the second order peak at 240 cm−1, besides the peak at 144 cm−1, indicates the presence
of rutile in TNT700 [55]. The observation of a small peak at 199 cm−1 suggests that the annealed
samples are highly crystalline. Asymmetric broadening and shift in Eg(1) the Raman peak position
(inset of Figure 2b) indicates the existence of intrinsic defects and a crystallite size variation in the TiO2

nanotubes annealed at different temperatures [54,56].
Phase content and microcrystalline structure were further analyzed using HR-TEM (Figure 3).

The tube morphology is smooth for TNT500 in comparison to TNT600 (Figure 3a,c). Further, the
lattice fringe spacing was 0.35 nm, corresponding to the (101) plane of anatase for the sample TNT500.
The phase junction of anatase and rutile is observed for the sample TNT600, and the lattice fringe
spacing 0.32 nm was assigned to the (110) rutile plane. The boundary line shown in Figure 3d represents
phase junction and corresponding FFT images is also presented. The observation of anatase and rutile
phases is well in agreement with the XRD and Raman measurements.

–
–

d = 0.9λ / (β osθ)

λ β
radians, and θ is the angle of diffraction.

–

– – – –

–

– – –

–

 phases is well in agreement with the XRD and Raman measuremen

 

Figure 3. Transmission electron microscopy (TEM) (a) and high resolution (HR)-TEM images of TNT500
(b). (c) TEM image of TNT600. (d) HR-TEM image of TNT600 and corresponding FFT representations.
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Further, in order to investigate the intrinsic recombination processes and the presence of defects,
we carried out photoluminescence (PL) measurements on the TiO2 nanotube samples annealed at
different temperatures (with 350 nm or 3.54 eV excitation), as illustrated in Figure 4. It can be noted
that: first, the higher the annealing temperature, the higher the PL signal; second, the low signal/noise
ratio for all the samples, due to the weak emission of TiO2 in air [57]; and third, the broad shape of all
the PL curves, which suggests the presence of several recombination pathways. The spectra presented
in Figure 4 were fitted with four Gaussian components (see Figure S5) with the following peak energies:
2.21–2.29 eV, 2.58–2.68 eV, 2.84–2.85 eV, and 3.00–3.02 eV. The same peaks were found independently
on the phase composition of the nanotubes. The PL of rutile is characterized by an intense and narrow
peak in the NIR region (1.48 eV or 835 nm) [57–60]; thus, the spectra in Figure 4, which show emissions
occurring in the visible region, may be related only to the anatase PL. For this phase, emissions with
sub-bandgap energies have been widely attributed to radiative recombination mediated by defect
states. However, the PL of TiO2 nanomaterials is strongly dependent on the material morphology,
crystallinity, and defectivity, which leads to conflicting results in the literature [61]. The curves in
Figure 4, in particular, are similar to the PL spectra reported by Lei et al. [62], who investigated
highly ordered anatase nanowires. Based on their report and on other studies, the following spectral
assignments may be proposed. The highest energy peak (3.00 eV) may be attributed to self-trapped
exciton recombination in TiO6 octahedra [57]. The peaks at 2.85 eV and at 2.58–2.68 eV may be related
to oxygen vacancies [59,60,63], which exhibit a different energy level in the bandgap according to
their charge state [64–66]. Finally, the lowest energy peak (2.21–2.29 eV) may be attributed to surface
states, i.e., radiative recombination involving unsaturated Ti atoms on the surface (e.g., Ti3+) [57,63,67].
It should be noted that precise and univocal identification of the defect states in TiO2 nanotubes was
not the main scope of this work; rather, the PL measurements overall suggest that with the increasing
fraction of rutile, radiative recombination in the remaining anatase crystals increase, thus, affecting
the charge transport properties of the films. This effect may be explained by the fact that the rutile
crystallites nucleate with a lower amount of defects. Alternatively, the increase of rutile fraction
may induce the formation of trapping sites in anatase crystals at their interfaces with rutile ones [33].
In any case, the TNT600 sample could represent a good compromise between better charge separation
(enabled by the presence of both anatase and rutile phases) and radiative recombination (mainly
occurring via the defect states in anatase crystals).

– – – –

–

–
–

–

Figure 4. Photoluminescence spectra of TiO2 nanotubes with UV excitation energy (3.54 eV).
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The UV-Vis absorbance spectra for all the TiO2 nanotube samples are shown in Figure 5. The onset
of the optical absorption for TNT500 is observed at 390 nm corresponding to a band gap of ~3.18 eV,
while for TNT600 and TNT700 red-shifted at 410 nm (~3 eV) due to the presence of rutile content in
the samples. The UV-Vis absorbance spectra for all the TiO2 nanotube samples are shown in Figure 5.
The onset of the optical absorption for TNT500 is observed at 390 nm corresponding to a band gap of
~3.18 eV, while for TNT600 and TNT700 red-shifted at 410 nm (~3 eV) due to the presence of rutile
content in the samples.

–

–

– –

λ

where λ is the incident wavelength in nm, –

–

–

Figure 5. Normalized absorbance spectra of TiO2 nanotubes annealed at different temperatures.

2.2. Photoelectrochemical Measurements

Linear sweep voltammetry (LSV) scans were recorded for the prepared samples under dark and
illumination conditions using a three-electrode setup in 1 M NaOH solution against Ag/AgCl reference
electrode. Figure 6a shows photocurrent measurements for TNT500, 600, and 700 under AM1.5G
illumination. All samples show approximately the same photocurrent onset potential of −0.59 V vs.
Ag/AgCl while showing a different steady-state photocurrent. Sample TNT600 showed the highest
photocurrent density (0.11 mA cm−2 at 0.5 V vs. Ag/AgCl) followed by TNT500 (0.10 mA cm−2 at 0.5 V
vs. Ag/AgCl) and TNT700 (0.05 mA cm−2 at 0.5 V vs. Ag/AgCl). In addition, the photocurrent plots
reveal that TNT600 had also a higher fill factor if compared to TNT500. To gain further information on
the effect of the anatase/rutile heterojunction on the PEC performance of our samples, we carried out
IPCE measurements at 0.5 V vs. Ag/AgCl (Figure 6b). The IPCE is defined as the ratio between the
measured photocurrent and the power of the incident photons from the following relationship [23]

IPCE (%) = (1240/λ) × (Jph/Ilight) × 100, (2)

where λ is the incident wavelength in nm, Jph is the photocurrent density in mA cm−2 and Ilight is the
intensity of the incident light in mW cm−2. The spectra showed high IPCE % below 400 nm because of
significant absorption of UV light for above bandgap excitation. The measured IPCE for TNT600 is
52% at 370 nm, whereas for TNT500 it was 42% and decreased to 21% in the case of TNT700 sample.
The same trend was reflected in the photocurrent measurements. However, for samples TNT600
and TNT700, there was a little higher (0.05) IPCE % observed in the wavelength region 400–420 nm,
well in agreement with the absorption spectra and the increased light absorption related to rutile
phase content.
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Figure 6. (a) Linear sweep voltammetry scans (LSV) of nanotubes measured in 1 M NaOH solution,
under 1 sun illumination (100 mW cm−2, AM1.5G) and (b) IPCE (%) spectra of TiO2 nanotubes
measured at 0.5 V vs. Ag/AgCl.

From these measurements, it is clear that the sample which contains a proper ratio of the anatase
and rutile phases (TNT600) shows the highest photocurrent density compared to the single anatase
phase (TNT500) and the highest rutile content phase sample (TNT700). This effect is in agreement
with previous studies [40], but cannot simply be explained by the results of PL (Figure 4) or absorption
(Figure 5) spectroscopy. Indeed, the effect of non-radiative recombination must also be taken into
account, which is significant in TiO2 [57]. Thus, to analyze the photocurrent enhancement and
the recombination pathways in these samples in more detail, we employed intensity-modulated
photocurrent and photovoltage (IMPS, IMVS) and electrochemical impedance spectroscopy (EIS)
techniques. Figure 7 shows representative plots of IMPS, IMVS and EIS spectra (Figure 7a–c, respectively),
measured at −0.5 V vs. Ag/AgCl, and a schematic of an equivalent circuit used for the EIS data fitting
(Figure 7d).

–

–
–

 

–

–

Figure 7. Representative perturbative PEC spectroscopy plots of TiO2 nanotubes annealed at different
temperatures. (a) Intensity-modulated photocurrent spectroscopy (IMPS, normalized), spectra measured
at −0.5 V vs. Ag/AgCl. (b) Intensity-modulated photovoltage spectroscopy (IMVS) measured under
open circuit conditions. (c) Photoelectrochemical impedance spectroscopy (PEIS) measured at −0.5 V vs.
Ag/AgCl. (d) Schematic of an equivalent circuit used for fitting. Rs is the contact/solution resistance,
Rtrap,bulk is the bulk charge transport resistance, Rct,VB is the charge transfer resistance across the
semiconductor/electrolyte interface. CSC,bulk is the space charge layer capacitance, CSE,trap represents
the capacitance of the semiconductor/electrolyte interface. All measurements were performed in
1 M NaOH electrolyte.
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2.3. Intensity-Modulated Photocurrent Spectroscopy (IMPS)

IMPS is a perturbation method used to extract charge transfer kinetics across the semiconductor/
electrolyte interface by a sinusoidal variation of the illumination light intensity (see Figure S3). The
rate constants corresponding to both charge transfer and surface recombination were derived from the
normalized IMPS spectra [68–70]. The complex Nyquist photocurrent response plots were recorded
using a small sinusoidal perturbation light signal. The representative normalized IMPS plots obtained
for TiO2 nanotubes at −0.5 V vs. Ag/AgCl are shown in Figure 7a. Further, the rate constants were
extracted using Equation (3) below. The ratio of low-frequency intercept to high-frequency intercept
(LFI to HFI) in Figure 7a corresponds to the charge transfer efficiency as shown in the equation
below [69,70].

ηct = Jss/Jinst = ktrans/(ktrans + krec) = LFI/HFI, (3)

In Equation (4), the HFI in recombination semicircle (Figure 7a) represents instantaneous photocurrent
and LFI corresponds to steady state photocurrent.

The time constant of the process is ωmax = ktrans + krec and it can be determined from the maximum
of recombination semicircle perturbation frequency in a complex plane. Since the real part of semicircle
at ω = 0 tends towards I0(ktrans/(ktrans + krec)), the radial maximum is assumed to occur at ktrans +
krec [68]. The diameter of the positive semicircle corresponding to normalized IMPS spectra in Figure 7a
is smaller for TNT600 followed by samples TNT500 and TNT700, thus, suggesting the higher hole
transfer ability of TNT600 compared to TNT500 and TNT700 samples. The calculated rate constants for
both the hole transfer (Ktr) and the surface recombination of the holes (Ksr) are shown in Figure 8a,b.
The maximum hole transfer rate is observed at the onset potential for all the samples and it decreased
with increasing potentials, to finally become constant at higher potentials. TNT600 showed the highest
hole transfer rate indicating the highest concentration of hole flux towards the solution. Further, the
surface recombination rate constant is lower at potentials greater than 0 V leading to a decrease in
surface state recombination. Further, it is to be noted that the overall photocurrent enhancement
depends on the charge transfer efficiency (ηct) as shown in Figure 8c, and it is higher for TNT600
followed by samples TNT500 and TNT700. These results shed more light on the increased performance
of the TNT600: compared to the pure anatase photoanode (TNT500), the sample with low rutile content
exhibits a higher charge transfer efficiency across the electrode/electrolyte interface, which greatly
affects the magnitude of the photocurrent. This may be related to the presence of several anatase/rutile
interfaces close to the electrolyte, leading to an efficient charge separation between the two phases.

–

–

η

ω

ω

η

 

η
Figure 8. Kinetic parameters retrieved from IMPS and IMVS measurements. (a) Hole transfer rate (Ktr),
(b) surface recombination rate of holes (Ksr), and (c) hole transfer efficiency (ηct) at different applied
potentials. (d) Bulk recombination rate of electron obtained from IMVS measurements performed
under open circuit conditions.
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2.4. Intensity-Modulated Photovoltage Spectroscopy (IMVS)

To examine the bulk electron transport properties of the TiO2 nanotubes, we carried out the IMVS
measurements with varying light intensity at open circuit conditions. The representative plots are
shown in Figure 7b. The electron lifetime was calculated using the formula below:

τn = 1/(2πf min (IMVS)), (4)

where f min is the minimum frequency of IMVS plot, τn is electron lifetime.
The electron lifetime is higher for TNT500 and TNT600 compared to TNT700 indicating that higher

rutile content significantly increases the electron–hole recombination, in agreement with PL results.
In order to confirm these results, we carried out additional PEC-EIS measurements as discussed below.

2.5. Electrochemical Impedance Spectroscopy (EIS)

To correlate the charge transport, charge transfer, and recombination rate constants achieved
from IMPS and IMVS measurements, we additionally carried out EIS measurements under 1 sun
illumination in a frequency range of 0.1–105 Hz (see Figure S4). The representative spectra are shown
in Figure 7c. The measured impedance data at each potential were fitted using the equivalent circuit
reported in Figure 7d. The selection of the right equivalent circuit is crucial to extract the proper
parameters [68]. This circuit has been previously employed for hematite (α-Fe2O3) as well as for TiO2

nanotubes, neglecting charge transfer via surface states [38,71–73]. In wide bandgap semiconductors
like TiO2, the surface trap states act as spectators and then the hole transfer mainly occurs via the
valence band as shown in the schematic reported in Figure 7d. (typical water oxidation process across
photoanode/electrolyte illustrated in Figure S2). In the equivalent circuit, Rs is the solution resistance,
CSC,bulk is the bulk capacitance or space charge layer capacitance corresponding to hole diffusion into
the space charge layer, Rtrap,bulk is the bulk transport resistance related to electron–hole recombination
from the valence band to the conduction band of TiO2; Rct,VB is the hole transfer resistance from the
valence band of TiO2 to the solution; CSE,trap represents the Helmholtz capacitance or capacitance of
double layer (CPE2 in equivalent circuit), which is also called the TiO2/solution interfacial capacitance
and it suggests the hole transfer ability of the TiO2 nanotubes to the electrolyte [68,70].

The constant phase element (CPE) can be expressed as

ZCPE = (1/C) jωn−1, (5)

where C is ideal capacitance, j is an imaginary number, ω is angular frequency, and n indicates
microscopic roughness or slow adsorption of chemical species on TiO2 electrode (for ideal capacitance
behavior n = 1).

A smaller semicircular arch of the Nyquist plot is observed for the TNT600 sample compared to
TNT500 and TNT700 (Figure 7c), indicating a lower charge transfer resistance and in turn an increased
charge transfer rate to the electrolyte. Figure 9 shows the bulk charge transport resistance (Rtrap,bulk) at
different potentials for TNT500, 600, and 700. The charge transport resistance is lower for TNT500,
followed by TNT600 (very similar) and TNT700. These results generally agree with PL results, where
TNT700 showed the highest radiative recombination. In PL case though, TNT600 shows a slightly
higher recombination than TNT500. This small discrepancy reflects the different conditions utilized
in PL and EIS experiments: the former, indeed, were carried out in air (i.e., dried sample exposed to
molecular O2) and in open circuit, while the latter in basic pH under an applied bias, which can change
the occupation of trap levels in the bandgap [74]. The increase in rutile content produces an increased
Rtrap,bulk (sample annealed at 700 ◦C); this is consistent with the recombination time constant or
electron lifetime (τn) extracted from IMVS measurements (Figure 8d) and with solid state conductivity
measurements [75]. The charge transfer resistance (Rct,trap) across TiO2 nanotube/electrolyte interface
is shown in Figure 9b. A monotonic increase in Rct,trap was observed for all the samples with an
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increase in potential. This results from the increase in the hole flux upon increasing the bias potential
as well as the recombination of the excess holes across the TNT/electrolyte interface [38]. The trend
correlates to the photocurrent saturation observed at higher potentials. As obtained Rct,trap is lower
for TNT600 compared to the single phase (TNT500) and the excess rutile phase content (TNT700),
behaving accordingly with the charge transfer rate and collection efficiency shown in Figure 8a,c.
This result emphasizes the increase in hole transfer rate towards the solution interface in the case of
TNT600, i.e., when a proper anatase/rutile content is present in the material. Figure 9c shows the space
charge layer capacitance (CSC,bulk) obtained from impedance data fitting. These values are one order
of magnitude smaller compared to the double layer capacitance (CSE,trap), analogues to the negligible
separation of charges in the space charge layer formed in TNT600 and TNT700, which results from
the increase in bulk recombination, and it is consistent with Rtrap,bulk. However, a different trend in
CSC,bulk of TNT500 was observed compared to TNT600 and TNT700. The increase in CSC,bulk until
0 V vs. Ag/AgCl and later its monotonic decay indicates the slow diffusion and the separation of
charges into the space charge layer because of the absence of the heterojunction, whereas in case of
TNT600 and TNT700, the junction between the two phases avoids charge accumulation. Figure 9d
shows the variation of double layer capacitance (CSE,trap) for TNT600, TNT500, and TNT700. The most
efficient sample (i.e., TNT600) shows significantly higher values of CSE,trap at all potentials, proving the
accumulation of a higher concentration of the holes at the interface of TNT600/electrolyte compared to
the other samples [71,73]. The monotonic decay in CSE,trap indicates that at a higher potential, the holes
accumulate less in the photoanode/solution thus, contributing to generate higher current.

 

–

Figure 9. Electrical circuit parameters retrieved from the EIS measurements performed in 1 M NaOH
and equivalent circuit fitting. (a) Bulk transport resistance (Rtrap,bulk) represents the bulk recombination
resistance and the trend suggests the increase in the electron–hole recombination with a change in
the phase ratio of anatase to rutile, which is in agreement with the IMVS measurements. (b) Charge
transfer resistance (Rct,VB) indicates the resistance of the hole transfer from the valence band of the
semiconductor to the electrolyte, which is in agreement with the charge transfer efficiency and the
photocurrent trend observed for the TiO2 nanotubes. (c) CSC,bulk is the space charge layer capacitance.
The trend suggests an improved charge separation in TNT500 and a decrease in charge separation in
mixed-phase TiO2. It is in agreement with Rtrap,bulk. (d) CSE,trap suggests the hole transfer ability to the
electrolyte. It is in agreement with the trend observed in the photocurrent.
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The charge transfer via the surface states in the TiO2 nanotubes has been reported to be
negligible [38] thus, the overall performance of the photoanodes can be assessed by the sum of
the recombination resistance (Rbulk,trap) and the charge transfer resistance (Rct,trap) across the TiO2

nanotube/solution interface (considering solution resistance Rs to be the same for all photoanodes) [73].
The sum Rbulk,trap + Rct,trap is smaller for TNT600 followed by TNT500 and TNT700, which corresponds
to hole transfer rate constant Ktr (k1 in Figure S2a) and confirms once again the higher hole transfer
ability of the mixed-phase TiO2 nanotubes annealed at 600 ◦C (TNT600), which results in higsher
performance associated with TNT600 than that of TNT500 and 700. Figure S6, shows the Mott–Schottky
plots of the photoanodes.

3. Materials and Methods

TiO2 nanotubes were grown by electrochemical anodization from titanium foil. Prior to anodization,
Ti foil (Goodfellow, 0.125 mm thick) was cleaned in a solution composed of isopropyl alcohol, acetone,
and deionized with equal volume ratio followed by rinsing in DI water.

Eventually, the substrates were dried with nitrogen stream before mounting onto the anodization
setup. A typical anodization setup consists of a PTFE (Teflon) beaker and two electrodes, in which
Ti foil was the working electrode and Pt foil the counter electrode. The electrolyte comprises 98 mL
ethylene glycol (Sigma Aldrich, St.Louis, MO, USA), 2 mL DI water, and 0.25 wt% NH4F.HF. A DC
voltage of 60 V was applied between the two electrodes keeping the distance 2 cm. After anodization
the samples were cleaned in DI water and annealed in air at different temperatures for 30 min, keeping
constant heating and cooling rates of 1 ◦C min−1.

3.1. Characterization

The morphology of the TiO2 nanotubes was characterized using a field emission scanning electron
microscope (FESEM) Hitachi SU 6600 (Hitachi, Tokyo, Japan). The X-ray diffraction patterns were
measured with an Empyrean (PANalytical, Almelo, The Netherlands) diffractometer equipped with
Co radiation source. The absorbance and PL was measured using an FLS980 fluorescence spectrometer
(Edinburg Instruments, Livingston, UK). The Raman spectra were collected using a DXR Raman
spectroscope (Thermo Scientific, Waltham, MA, USA) and using a laser operating at a wavelength of
633 nm with laser power of 5 mW. The Raman spectra were evaluated using instrument control
software (OMNIC, version 8, Thermo Scientific, Waltham, MA, USA). For TEM measurements,
a High-Resolution Transmission Electron Microscope (HRTEM) Titan G2 (FEI, Waltham, MA, USA);
accelerating voltage 80 kV was used. Images were taken with BM UltraScan CCD camera (Gatan,
CA, USA).

3.2. Photoelectrochemical Measurements

The photocurrent measurements were carried out with a standard three-electrode electrochemical
cell using Gamry series G 300 potentiostat (Gamry Instruments, Warminster, PA, USA) in 1 M NaOH
solution (pH 13.5). The TiO2 nanotubes on Ti foil were used as working electrode with an active area
of 0.28 cm2, Pt wire was the counter electrode, and Ag/AgCl (3 M KCl) was the reference electrode.
A xenon lamp (150 W) equipped with AM1.5G filter was used as a light source. The illumination
light intensity was 100 mW cm−2 (1 sun), calibrated using a silicon reference solar cell (Newport
Corporation, Irvine, CA, USA). The electrochemical impedance measurements (EIS) were carried out
using Gamry series G 300 potentiostat (Gamry Instruments, Warminster, PA, USA) in a frequency
range 0.1 Hz to 105 Hz under 1 sun illumination. The incident photon-to-current conversion (IPCE)
efficiency measurement was carried out using a xenon arc light source coupled to a Newport Oriel 1/8
Cornerstone monochromator. Electrolyte solutions were purged with nitrogen.

Intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage
spectroscopy (IMVS) measurements were carried out using a Zahner PP 211 CIMPS (Zahner-Elektrik
Gmbh & Co.KG, Kronach, Germany) setup with a LED of wavelength 369 nm in a frequency range 0.1
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to 105 Hz. The TiO2 nanotube electrode was illuminated through the electrolyte side (1 M NaOH) with
the fixed intensity of 80 mW cm−2. A sinusoidal perturbation of ~10% of the steady state illumination
was superimposed on the constant base light intensity. The IMVS measurements were carried out
at open circuit potential with varying power intensity of LED (369 nm). All measurements were
performed against an Ag/AgCl reference electrode (3 M KCl), using Pt wire as a counter electrode.

4. Conclusions

In conclusion, mixed-phase TiO2 nanotubes have been fabricated using anodization of Ti foils and
annealed at different temperatures to tune the phase composition of the nanotubes. The nanotubes
annealed at 600 ◦C (TNT600) have the optimum anatase-to-rutile ratio (82:18) showing improved
photocurrent compared to the single anatase phase (TNT500) and to the mixed-phase having a higher
rutile content (77%, TNT700). To gain a better understanding of the mechanisms underlying the
increase of performance, an analysis of both radiative (with PL spectroscopy) and non-radiative
(with perturbative PEC techniques) recombination processes have been carried out. An increase
of PL related to the increase of rutile fraction was found, revealing higher radiative recombination
of electron–hole pairs mediated by the defects in anatase crystals or at their interface with rutile
ones. On the other hand, the role of charge transport and of non-radiative recombination has been
investigated with IMPS, IMVS, and EIS techniques. The rate constants related to the hole transfer and
the recombination across the semiconductor/electrolyte interface have been retrieved and correlated
to the electrical analogs obtained from fitting the EIS data to an equivalent circuit. The obtained
results suggest that the increased hole transfer rate across the TiO2 nanotube/solution interface in
mixed-phase samples is crucial in regulating the improved photocurrent observed in the mixed-phase
nanotubes. Follow-up studies on nanostructured mixed-phase TiO2 electrodes are expected, aiming
at further elucidating the enhancement mechanisms, studying the effect of different junctions (i.e.,
anatase/brookite), or optimizing the nanostructure to control the location of the different phases,
which could allow a more efficient charge transport and, thus, higher performance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/204/s1.
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ABSTRACT: Light-driven processes such as photocatalytic environmental
remediation and photoelectrochemical (PEC) water splitting to produce hydrogen
under sunlight are key technologies toward energy sustainability. Despite
enormous efforts, a suitable photocatalyst fulfilling all the main requirements
such as high photoactivity under visible light, chemical stability, environmental
friendliness, and low cost has not been found yet. A promising approach to
overcome these limitations is to use hybrid nanostructures showing improved
activity and physicochemical properties when compared with single components.
Herein, we present a novel photocatalytic nanocomposite system based on titania
(TiO2): titania nanorod wrapped with Ni(OH)2 and Cu(OH)2 composite carbon
nitride (CuNi@g-C3N4/TiO2). This carefully tuned photoanode nanostructure
shows almost one order of magnitude higher photocurrent density compared to
unsensitized TiO2 nanorods for PEC water splitting upon solar-light illumination.
The heterostructured g-C3N4 strongly improves visible absorption of light,
separation of electrons and holes, and surface catalysis due to the effect of Cu(OH)2 nanoparticles and Ni(OH)2 nanosheets,
respectively. The improved photoperformance ascribed to the integrative cooperation effect of all the counterparts resulting in a
one-dimensional hydrid nanostructured photoanode with improved light absorption, facile charge separation, and efficient
surface catalysis toward PEC oxygen evolution.

KEYWORDS: TiO2 nanorods, doped g-C3N4, nickel hydroxide, copper hydroxide, photoelectrochemical water splitting

■ INTRODUCTION

Energy consumption is expected to double by 2050. There are
significant ongoing efforts to find alternative, sustainable, and
renewable sources of energy with a low impact on the
environment. The transformation of solar light into energy is
among the most feasible options for tackling the ecofriendly
concerns triggered by the huge dependence of energy demand on
fossil fuels. In this context semiconductor-based photocatalytic
systems and photoelectrochemical (PEC) cells represent central
solar-powered technologies for various promising applications
such as manufacture of hydrogen through PEC water splitting,
synthesis of liquid fuels through CO2 reduction, and effective
degradation and transformation of organic pollutants to high-
value chemicals.
Titanium dioxide is the benchmark oxide semiconductor in

photoelectrochemistry and photocatalysis.1 In addition to its
high photocatalytic activity, very high chemical stability, and high
resistance against photocorrosion, nontoxicity, and low cost
render this the most promising candidate. However, the high
band gap energy (∼3.0 eV), limiting absorption to a very narrow

part of the solar spectrum, and the fast recombination of
photogenerated charges still represent the main limitations for its
broader utilization, although tremendous efforts have been
devoted to overcome these drawbacks.2 For example, while the
elemental doping,3,4 quantum dots,5 and plasmonic sensitiza-
tion6−9 are the common strategies pursued to shift the
absorption of TiO2 from the ultraviolet to the visible part of
the solar spectrum, the preparation of various TiO2 nanostruc-
tures represents the methodology to conceal the fast
recombination of charges.10−12

Graphitic carbon nitride (g-C3N4) has developed into an
important candidate and has been employed as a metal-free
photocatalyst and for elimination of organic pollutants.13−15

Within two decades, g-C3N4 has started to emerge as important
material for photocatalysis with visible light due to its exceptional
electronic and surface characteristics.16 This conjugated polymer
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has high physicochemical stability, nontoxicity, low cost, easy
availability, and photoresponse in the visible-light region.17,18

Recently, g-C3N4 has been designed via soft19 and hard20

templating approaches, template-free preparation,21 functional-
ization of g-C3N4 by elemental doping22 and co-polymer-
ization,23 and its modification with another semiconductor24 or a
metal25−27 to form heterojunction nanostructures. Suitable
semiconductor partners for g-C3N4 have been, for example,
identified: BiVO4 and Bi2WO6. The Z-scheme composites based
on these constituents have been used for enhanced photo-
catalytic degradation of various contaminants including anti-
biotics.28−31 Additionally, the decoration of a g-C3N4 surface
with metal and/or metal oxides nanoparticles allows remarkable
flexibility in design strategy to decrease charge recombination
and finally increase the overall photocatalytic and PEC
performance.32

Nanostructures composed of different combinations of TiO2

and variously hybridized g-C3N4 have been shown to facilitate
the charge carrier separation at their heterojunctions, thus
improving the charge carriers’ dynamics.33,34 This effect emerges
from the proper positioning of the conduction and valence band
edges of the materials that form a possible gradient at the
interface, promote the charge separation, and hence inhibit the
recombination.35 Therefore, the TiO2/g-C3N4 heterostructures
have become widely studied as visible-light active photocatalysts
with high activity toward numerous reactions for environmental
remediation involving CO2 reduction,36,37 degradation of
organic compounds,38 and NOx removal.39 Another key
application is production of hydrogen by photoelectrochemical
water splitting as the central renewable energy source.40,41

Herein we report the strategy for how to significantly enhance
the photoactivity of the TiO2/g-C3N4 heterostructures by
incorporation of Cu(OH)2 and Ni(OH)2 nanostructures acting
as the optical sensitizer and a co-catalyst, respectively. In the
presented approach, the g-C3N4 sheets are well-decorated with
ultrasmall Cu(OH)2 nanoparticles and/or ultrathin Ni(OH)2
flakes grown around the g-C3N4 matrix. The developed hybrid
photoanodes based on TiO2 nanorods (NRs) and different g-
C3N4 composites were synthesized through a one-pot hydro-
thermal synthesis. To retrieve the relative catalytic contributions
from each individual component of the nanostructured
composite photoanodes, we present first the photocatalytic
activity of TiO2 NRs, g-C3N4, Cu@g-C3N4, Ni@g-C3N4, and
CuNi@g-C3N4 toward the decomposition of rhodamine B
(RhB). Thereafter, the PEC water splitting performances of all
these g-C3N4-based TiO2 NRs systems were also investigated.
The use of hybrid nanostructures here produces an increase in
visible-light absorption and surface catalysis, while decreasing
charge carrier recombination, which induced improved perform-
ance both in photocatalysis and photoelectrocatalysis. These
performances are discussed in terms of nanostructured
morphology and physicochemical properties probed through
different characterization methods.

■ EXPERIMENTAL SECTION

Chemicals. All chemical reagents were purchased from the indicated
suppliers and were used as received for the experiments: dicyandiamide
(Sigma-Aldrich), Cu(NO3)2·3H2O (Sigma-Aldrich), Ni(NO3)2·6H2O
(Sigma-Aldrich), titanium n-butoxide (Sigma-Aldrich), hydrochloric
acid (Penta), sodium hydroxide (Lach-Ner), 2-isopropanol (Sigma-
Aldrich), acetone (Sigma-Aldrich), Triton X-100 (Sigma-Aldrich), and
rhodamine B (RhB, Sigma-Aldrich). For solutions preparation distilled
water was used.

Materials Preparation. Synthesis of g-C3N4. g-C3N4 was prepared
via pyrolysis of dicyandiamide (10 g) under inert atmosphere at 500 °C
(2 h; heating rate, 10 °C/min), maintaining the inert atmosphere by
flowing the nitrogen through the tube. Once it reaches 500 °C, the
system was kept there for 2 h under N2 atmosphere. Finally, the tube
cooled to room temperature, and the final compound was obtained as a
yellow solid.

Synthesis of Cu@g-C3N4. An aqueous solution of 1 g of g-C3N4 was
prepared in 300 mL of water; further it was sonicated for 15 min and an
aqueous solution of Cu(NO3)2·3H2O (380 mg in 30 mL of water) was
added to it. After stirring the reaction mixture for 12 h at room
temperature, 1.5 g of sodium borohydride was added in portions with
constant stirring, the reaction temperature was raised to 50 °C, and the
mixture was stirred for another 12 h at 50 °C and then cooled to room
temperature. The reaction mixture became black after NaBH4 addition
indicating the formation of nanoparticles. The Cu@g-C3N4material was
obtained by centrifugation followed by a methanol wash (40 mL × 4)
and dried under vacuum at 60 °C.

Synthesis of Ni@g-C3N4. An aqueous solution of 1 g of g-C3N4 was
prepared in 300 mL of water; further it was sonicated for 15 min and an
aqueous solution of Ni(NO3)2·6H2O (495 mg in 30 mL of water) was
then added to it and the reaction mass was kept at room temperature for
12 h. After 12 h, 1.5 g of sodium borohydride was added in portions with
constant stirring and the temperature was elevated to 50 °C. The
ensuing black colored mixture was kept under stirring for an additional
12 h at 50 °C and then allowed to cool at low temperature. The
photocatalyst was obtained by centrifugation followed by methanol
wash (40 mL × 4) and dried under vacuum at 60 °C.

Synthesis of CuNi@g-C3N4.An aqueous solution of 1 g of g-C3N4was
prepared in 300 mL of water; further it was sonicated for 15 min and
Cu(NO3)2·3H2O (380 mg in 30 mLof water) was added to it and
reaction mass was kept under stirring for 10 min at room temperature.
After 10 min, the aqueous solution of Ni(NO3)2·6H2O (495 mg in 30
mL of water) was added and kept under stirring for 12 h at room
temperature. After 12 h, 1.5 g of sodium borohydride was added in
portions with constant stirring, the reaction temperature was elevated to
50 °C, and the ensuing black mixture was stirred for another 12 h at 50
°C. After cooling, the catalyst was obtained by centrifugation followed
by methanol wash (40 mL × 4) and dried under vacuum at 60 °C. The
CuNi@g-C3N4 photocatalyst was isolated as a black powder.

Preparation of TiO2 Nanorod Arrays (TiO2 NRs). TiO2 nanorods
were prepared on commercially available conductive fluorine-doped tin
oxide (FTO; TCO-22 Solaronix, Switzerland) by hydrothermal
method.42 In a typical procedure, hydrochloric acid and distilled water
were mixed in a volume ratio of 1:1 for 5 min. Then, 0.46 mL of titanium
n-butoxide was added dropwise. Then, the FTO substrate was put into a
Teflon-lined stainless steel autoclave together with the as-prepared
solution. The FTO glass was partially dipped in the solution and placed
against the wall with a down oriented conductive side.

Prior to the hydrothermal reaction, FTO substrate was ultrasonically
cleaned using a mixture of acetone, 2-isopropanol, and distilled water in
a volume ratio of 1:1:1, respectively. The synthesis was performed at 150
°C for 8 h under hydrothermal conditions. After cooling, the FTO glass
was rinsed and dried by air stream. The thermal annealing of the as-
prepared TiO2 nanorods was carried out in air at 450 °C for 1 h (5 °C/
min).

Preparation of Graphitic Carbon Nitrides Modified TiO2 NRs (TiO2/
g-C3N4, TiO2/Cu@g-C3N4, TiO2/Ni@g-C3N4, and TiO2/CuNi@g-C3N4).
All produced powder samples of g-C3N4 and modified g-C3N4 were
hand-ground with a mortar and pestle, dispersed in 2-isopropanol with
the concentration of 0.1 mg/mL, and exfoliated by ultrasonic treatment
for 2 h. The producedmixture was spun at 3000 rpm, and the liquid lying
above a solid residue was mixed with Triton X-100 in the volume ratio of
1:1. The g-C3N4 samples were then deposited onto TiO2 NRs by spin-
coating method (1500 rpm, 20 s) and heated at 150 °C for 20 h.

Characterization Techniques. X-ray powder diffraction (XRD)
patterns were recorded at room temperature (X’Pert PRO MPD
diffractometer, PANalytical) with Co Kα radiation (40 kV, 30 mA, λ =
0.1789 nm) furnished with an X’Celerator detector and diffracted beam
antiscatter slits. The identification of the crystalline phases in the
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experimental XRD pattern was obtained. SRM660 (LaB6) standard was
employed to assess the instrumental broadening. Microscopic images
were obtained by HRTEM TITAN 60-300 with an X-FEG type
emission gun, operating at 80 kV. This microscope is equipped with Cs
image corrector and a STEM high-angle annular dark-field detector
(HAADF). The point resolution is 0.06 nm in TEM mode. The
elemental mappings were obtained by STEM−energy-dispersive X-ray
spectroscopy (EDS) with acquisition time of 20 min. For HRTEM
analysis, the powder samples were dispersed in ethanol and ultra-
sonicated for 5 min. One drop of this solution was placed on a copper
grid with holey carbon film. The sample was dried at room temperature.
XPS measurement has been accomplished on the PHI 5000 VersaProbe
II XPS system with monochromatic Al Kα source (15 kV, 50 W);
photon energy of 1486.7 eV was employed. All the spectra were
accomplished in a vacuum (1.3 × 10−7 Pa) and at 21 °C. The examined
area on eachmaterial was a spot of 200 μm in diameter. The spectra were
evaluated with the MultiPak (Ulvac-PHI, Inc.) software. All binding
energy (BE) values were documented to the carbon peak C 1s at 284.80
eV. Raman spectra were measured by a DXR Raman spectroscope
(Thermo Scientific, USA) furnished with a laser functioning at a
wavelength of 633 nm. The sample was deposited on a metal chip. The
laser spot was focused on the sample surface, and the scattered light was
collected. Measurements were performed with a laser power of 5 mW,
and exposition time was set to 10 s. Acquired Raman data were the
median of 16 experimental microscans. Raman spectra were assessed
with instrument control software (Omnic, version 8, Thermo Scientific)
and plotted by QtiPlot (ProIndep SERV SRL, Romania). For ICP-MS
analysis, samples were dissolved in a mixture of concentrated HNO3 and
HCl (both Analpure, Analytika, spol. s r.o., Czech Republic) and filled to
a defined volume with ultrapure water. All elements were quantified by
ICP-MS (Agilent 7700x, Agilent, Japan) using external calibration and
appropriate isotopes.
Evaluation of Photocatalytic Activity. Photocatalytic perform-

ance of the synthesized samples was assessed by the decoloration rate of
rhodamine B (RhB) as a model organic pollutant under visible-light
irradiation (λ > 420 nm; FSQ-GG420 filter, Newport). In each
experiment the photocatalytic reactor comprised 10 mg of sample and
20 mL of RhB solution (10 mg/L). In order to ensure the adsorption−
desorption equilibrium, the reaction mixture was kept in the dark for 30
min before starting measurement. A xenon lamp (150 W) was located
approximately 5 cm from the reactor. At 30 min time interval, the solid
catalyst was isolated using a centrifuge and the light absorbance
spectrum of pure solution was detected by UV−vis spectrophotometer
(Specord, S600).
Photoelectrochemical Properties. The PEC experiments were

measured on a Gamry Series G 300 potentiostat using a conventional
three electrode system. The components of the cell are titania-
containing photoanode as the working electrode, Ag/AgCl (3MKCl) as
the reference electrode, and Pt wire as the counter electrode. The size of
the photoanode was limited to 0.785 cm2 by an O-ring. A 1M amount of
sodium hydroxide solution acted as the electrolyte (pH = 13.5). The
potential (E) was related to the reversible hydrogen electrode (RHE)
calculated through the Nernst equation:

= + +E E(Ag/AgCl) (0.197 V) 0.059pHRHE (1)

where E(Ag/AgCl) is the measured potential vs the reference electrode
and 0.197 V is the standard potential of the Ag/AgCl electrode.
The TiO2 layers were illuminated using simulated AM 1.5 G solar

light (100mW/cm2, 1 sun). Each type of electrode wasmeasured at least
five times in order to ensure reproducibility. We obtained similar results
within 10% of standard deviation, and representative data are reported.

■ RESULTS AND DISCUSSION

Figure 1a summarizes the preparation procedures to synthesize
g-C3N4 photocatalysts and TiO2 nanorod array (NRs) photo-
anodes. After the initial synthesis of pristine g-C3N4 through the
pyrolysis of dicyandiamide under controlled atmosphere, careful
sonication and metal ions (Cu, Ni, or CuNi) adsorption steps
followed by hydrothermal reaction enabled the efficient

exfoliation of g-C3N4 sheets and the deposition of ultrasmall
Cu-based nanoparticles and Ni-based nanosheets. To prepare
the photoanodes, photocatalysts were dispersed in solution and
homogeneously deposited onto the surface of TiO2 NRs grown
on FTO-coated glass slide through spin-coating.
Before studying the TiO2 NRs/g-C3N4 photoanode perform-

ance, the g-C3N4materials were thoroughly characterized. Figure
1b shows XRD patterns of g-C3N4 (red), Cu@g-C3N4

(magenta), Ni@g-C3N4 (blue), and CuNi@g-C3N4 (green).
All samples showed two main diffraction peaks at 2θ of 15° and
31.9°, which are related to the g-C3N4 (100) and (002) planes,
respectively.16The XRD pattern of Cu@g-C3N4 clearly exhibited
the presence of crystalline Cu(OH)2, while for Ni-GCN three
main peaks related to Ni(OH)2 were observed (Figure 1b). For
the sample containing both Cu and Ni (CuNi@g-C3N4), the
diffraction pattern highlighted the presence of Cu(OH)2 and also
Ni(OH)2, confirming the successful functionalization of g-C3N4.
The different peak intensities related to the C3N4 constituent
among the diffraction patterns of Ni-, Cu-, or NiCu-modified
samples are due to the different compositions in the samples. The
functionalization of C3N4 with Cu or Ni(OH)2 lower the
concentration of C3N4 (which is equal to 1 in the pure sample),
consequently leading to a decrease in diffraction peak intensity
related to C3N4.
The structural morphology of the g-C3N4 photocatalysts was

investigated using SEM (Supporting Information Figure S1) and
TEM (Figure S2). Pristine g-C3N4 and Cu@g-C3N4 presented

Figure 1. (a) Graphic illustration of strategies used to prepare pristine
and Cu-, Ni-, CuNi-modified g-C3N4 photocatalysts (upper scheme)
and TiO2 nanorods functionalized g-C3N4 photoanodes (lower
scheme). (b) XRD patterns of g-C3N4, Cu@g-C3N4, Ni@g-C3N4, and
CuNi@g-C3N4.
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the typical sheet-like morphology of carbon nitride having
multilayer structure. Interestingly, a considerable difference was
noticed in the morphology of Ni@g-C3N4 and CuNi@g-C3N4

where single layer or few layers g-C3N4 are attached to ultrathin
sheets of Ni hydroxide (Figure S2). To further investigate the
change in morphology due to Cu and Ni introduction, we used
additional dark-field TEM analysis and elemental mapping of the
CuNi@g-C3N4 sample. Figure 2a (see also Figure S3) shows that
the introduction of Cu and Ni nanostructures (Cu(OH)2 and
Ni(OH)2) produced the formation of intimate contact among
the g-C3N4 matrix. Elemental mapping of nitrogen distribution
(Figure 2b) confirmed the construction of the g-C3N4 matrix,
while Ni and O maps evidenced that Ni(OH)2 grew conformally
around the g-C3N4 core (Figure 2c,d). Further, the Cu map and
the joined Cu−Ni−O distributions (Figure 2e,f) demonstrated
that Cu(OH)2 nanocomposites were grown on the g-C3N4 sheet,
while Ni(OH)2 flakes protrude even further from the g-C3N4

surface.
The g-C3N4 composites materials were further investigated

through XPS analysis. Table S1 summarizes the atomic
composition of all g-C3N4 samples. The atomic percentages of
metal ions in Cu and Ni@g-C3N4 were 10.4 and 19.7%,
respectively. Although the metal content in the sample was found
to be 6 wt % for each metal separately using ICP-MS analysis, the
surfaces of Cu/Ni and CuNi@g-C3N4 (4.2% Cu, 9.2% Ni) were

2-fold richer in Ni. This richness in Ni probably reflects the
stronger interaction between Cu and the g-C3N4 matrix, which
results in multilayer sheets morphology in Cu@g-C3N4 and in a
gradient composition structure in CuNi@g-C3N4 where Cu-
(OH)2 nanoparticles are strongly associated with the graphitic
sheets, whereas the Ni(OH)2 flakes also protrude far from the g-
C3N4 sheet.
All samples showed high-resolution C 1s and N 1s spectra

containing three peaks at similar binding energies (Figure 3a and
Figures S4−S6). The deconvolution of the C 1s region of
CuNi@g-C3N4 (Figure 3a) revealed three signals positioned at
284.76, 286.10, and 287.90 eV. The highest intensity peak at
287.90 eV (∼62%) corresponds to the -C−N linkages prevalent
in the g-C3N4 framework, whereas peaks at 286.10 and 284.76 eV
refer to the -C−O and -C−C- of adventitious carbon,
respectively.43

The presence of C−N bonds is further supported by the N 1s
spectrum (Figure 3b and Figures S4−S6), where the peaks at
398.38, 399.44, and 400.68 eV resemble sp2 hybridized nitrogen
connected with carbon skeleton (-CNsp

2, ∼70%), tertiary/
pyrrolic (∼18%) nitrogen, and uncoordinated nitrogen probably
present on the sheet edges, respectively. We also examined the
possible oxidation states of Cu and Ni in CuNi@g-C3N4 using
high-resolution convoluted spectra. In the case of the Cu 2p
spectrum (Figure 3c), both Cu0/I (copper in low valence state)

Figure 2. (a) High-angle annular dark-field (HAADF) image and (b−f) EDS elemental mapping of N, Ni, O, Cu, and joined CuNi/O for CuNi@g-
C3N4.
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and CuII as Cu(OH)2 are associated with components peaking at
932.68 and 934.75 eV, respectively.44,45 The atomic concen-

trations of Cu0/I (55%) and CuII (45%) were the same in both
Cu@g-C3N4 (see Figure S5) and CuNi@g-C3N4. Interestingly,

Figure 3. High-resolution XPS spectra of CuNi@g-C3N4 in the spectral region of (a) C 1s, (b) N 1s, (c) Cu 2p3/2, and (d) Ni 2p.

Figure 4. (a, b) SEM images, (c, d) TEMmicrographs, and (e) HAADF image and EDS elemental mapping of Ti and O of rutile TiO2 nanorods grown
on FTO glass. Scale bar is 60 nm.
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XRD analysis evidenced only the Cu(OH)2 phase for Cu-
containing g-C3N4, while XPS highlighted that copper is present
not only as CuII but also as Cu0/I, suggesting a strong interaction
with electron donor nitrogen species of the g-C3N4 matrix. On
the contrary, the Ni 2p spectral region of CuNi@g-C3N4

evidenced only one intense peak at 855.94 eV associated with
Ni(OH)2 (Figure 3d), similarly to the sample Ni@g-C3N4

(Figure S6).46−49

Figure 4 shows the electron microscopy (SEM and TEM)
images of hydrothermally grown TiO2 nanorods (NRs) on FTO
substrate. The images revealed that TiO2 NRs grew vertically
from the substrate and are uniformly distributed over the FTO
glass surface. The length of NRs determined from electron
microscopy was 500± 20 nm and the diameter was 90± 5 nm on
average, although some fragments of TiO2 nanorods show
diameters of∼20−40 nm (Figure 4c−e). The nanorods had well-
developed tetragonal shape showingmany surface step edges and
smooth sides. The X-ray diffraction pattern of TiO2 NRs
identified that only the rutile crystalline structure in addition to
SnO2 came from the FTO glass (see Figure S7). The ensuing
rutile phase is due to the preferential growth on the highly
crystalline tetragonal FTO substrate. The small lattice
disharmony of the tetragonal FTO and rutile titania is probably
the reason for the epitaxial growth of TiO2 rutile NRs on FTO.
The optical band gaps of g-C3N4 samples and TiO2 NRs were

retrieved by UV−vis absorption spectroscopy, and TiO2 NRs
powder was used as reference (Figure 5a). The g-C3N4 samples
showed an increased absorption in the visible range compare to
TiO2 NRs and further red shift observed for the g-C3N4

containing Cu (e.g., Cu@ and CuNi@g-C3N4). Accordingly,
the optical band gaps derived from the Tauc plots are reported in
Figure 5b (where (αhυ)2 is plotted vs the photon energy, α is the
absorption coefficient, h is the Planck constant, and υ is the light
frequency) and are 2.67 eV for pristine g-C3N4

34 and 2.72 eV for

Ni@g-C3N4. Differently, once we consider the heterostructure g-
C3N4/Cu(OH)2 we observed a 0.2 eV red shift of the band gap
for both Cu@g-C3N4 (2.45 eV) and CuNi@g-C3N4 (2.47 eV)
probably due to increased light scattering resulting from the
heterostructures formation and not from Cu doping.50

To validate this observation, a set of experiments including
photocatalytic decoloration of RhB under visible-light illumina-
tion was carried out (Figure 5c,d). A blank test performed in the
presence of any catalyst proved that the RhB is stable against the
visible-light photolysis. As expected, CuNi@g-C3N4 showed the
highest photocatalytic activity among all the tested catalysts.
After 210 min of irradiation, more than 70% of RhB was
degraded, while only 38% of RhB was decomposed by g-C3N4,
54% by Ni@g-C3N4, and 60% by Cu@g-C3N4 under the same
conditions (see Table S2). For comparison purposes, a rutile
TiO2 NRs sample (in the same mass concentration of g-C3N4

materials) was tested showing the lowest photocatalytic activity
with the 25% degradation. The observed activity of pristine
titania under visible-light activation is due to a slight absorption
in this spectral region as well as a light scattering due to the dense
1D morphology, which has also been observed in other
works.51,52

The photocatalytic decomposition of RhB followed the
Langmuir−Hinshelwood mechanism for all photocatalysts (eq
2).

=

+

r
kKc

Kc1 (2)

where r is the photocatalytic reaction rate (mol/(L·min)), k is the
photocatalysis rate constant (mol/(L·min)), K is the equilibrium
adsorption coefficient (L/mol), and c is the reactant concen-
tration (mol/L) at time t. At low substrate concentrations, the
termKc in the denominator can be neglected; then the reaction is

Figure 5. (a) UV−vis absorption spectra and (b) Tauc plots for all photocatalysts: TiO2 NRs (black), g-C3N4 (red), Cu@g-C3N4 (magenta), Ni@g-
C3N4 (blue), and CuNi@g-C3N4 (green). (c) Temporal evolution and (d) pseudo-first-order kinetics fitted data of the photocatalytic decomposition of
rhodamine B under the wavelength λ > 420 nm for all photocatalysts: TiO2 NRs (orange), g-C3N4 (red), Cu@g-C3N4 (magenta), Ni@g-C3N4 (blue),
CuNi@g-C3N4 (green), and photolysis (gray).
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of pseudo-first-order and we can write the equation in integral
form (eq 3).

= =⎜ ⎟
⎛

⎝

⎞

⎠

c

c
kKt k tln 0

app
(3)

where c0 is the starting concentration of reactant (mol/L) and
kapp is the apparent rate constant (min−1). The apparent rate
constants determined from the slopes and conversions (x) of
RhB (Figure 5d) are summarized in Table S2.
Graphitic carbon nitride showed a 1.6-fold increase in kapp in

comparison to TiO2 NRs owing to the enhanced absorption of
visible light enabled by the band gap of 2.7 eV. Interestingly, the
heterojunction formation in Cu@g-C3N4 caused a 2.2-fold
increase in kapp with respect to the pure g-C3N4. The
heterojunction formation between Cu(OH)2 and the C3N4

sheets and the strong influencing between Cu and C3N4, as
evidenced by XPS spectra, are important aspects in enhancing
the performance of Cu@g-C3N4, while probably minor influence
is played by the poor catalytic activity of Cu(OH)2.

53Differently,
Ni(OH)2 is widely used as a catalyst in photocatalysis and
Ni(OH)2/C3N4 composites have already shown improved
performance toward photocatalytic hydrogen evolution.54 In
our samples, the functionalization of g-C3N4 with Ni(OH)2 (i.e.,
Ni@g-C3N4) produced a 1.8-fold enhancement in kapp, thus
showing a lower performance compared to Cu@g-C3N4. The
modification of TiO2 with CuNi nanostructures produced
instead a 3-fold increase in kapp and demonstrated that the
simultaneous heterojunction with Cu species and the function-
alization with an efficient Ni catalyst is a powerful strategy to
enhance at once light absorption, charge separation, and
catalysis, achieving a very efficient nanocatalyst that works
under visible light.
To prepare efficient photoanodes, we spin-coated solutions of

different g-C3N4 photocatalysts on top of a titania NRs array

prepared on FTO glass. Figure 6a and its inset show
representative SEM images of the TiO2 NRs coated by CuNi@
g-C3N4. The carbon nitride partner uniformly covered TiO2

NRs, as a result of which bare TiO2 NRs lost their sharp edges.
TEMmicrographs (Figures 6b and S8) evidenced the occurrence
of Cu(OH)2 nanoparticles and Ni(OH)2 flakes distributed over
the g-C3N4 sheets and wrapped around the TiO2 nanorods. All
the remaining types of the TiO2 NRs/co-catalyst systems
revealed the same core−shell-like morphology. The successful
functionalization of TiO2 NRs photoanodes with g-C3N4-based
materials was confirmed also by UV−vis reflectance spectra
(Figure 6c), which presented an improved absorption in the
visible region in agreement with the trend observed for the
single-g-C3N4 photocatalysts (see Figure 5a).
To investigate the PEC activity of all the prepared photo-

anodes, linear sweep voltammetry (LSV) and chronoamperom-
etry measurements were performed. The polarization (J−E)
curves under solar irradiation (1 sun, AM 1.5G) are depicted in
Figure 6d. All the photocatalysts showed the typical n-type
semiconductor behavior and almost plateau-like photocurrent
with just a small increase in photocurrent density in the interval
of applied potential from 0.6 to 1.6 V vs RHE. The obtained
photocurrents increased following the order of bare TiO2 NRs <
TiO2/g-C3N4 < TiO2/Cu@g-C3N4 < TiO2/Ni@g-C3N4 <
TiO2/CuNi@g-C3N4. Interestingly, the functionalization of
TiO2 with g-C3N4 or Cu@g-C3N4 produced only a modest
cathodic (40 mV) shift in onset potential. The potential
decreased from 0.41 V for pure TiO2 to 0.37 V. Differently, a
significant advance in onset potential of about 260 mV (onset at
0.15 V) was produced for TiO2/Ni@g-C3N4 and TiO2/CuNi@
g-C3N4, demonstrating that the presence of Ni(OH)2 sheets
grown on g-C3N4 highly improve the oxygen evolution kinetics,
as already shown for NiOx on α-Fe2O3 and BiVO4 photan-

Figure 6. Representative SEM image (a) and TEM micrographs (b) of CuNi@g-C3N4 flakes deposited on TiO2 nanorod array. (c) UV−vis diffuse
reflectance spectra, (d) linear sweep voltammetry curves, and (e) chronoamperometry plots measured at 1.5 V vs RHE in 1 M NaOH under AM 1.5G
illumination and (f) photoluminescence spectra for TiO2 NRs (black), TiO2/g-C3N4 (red), TiO2/Cu@g-C3N4 (magenta), TiO2/Ni@g-C3N4 (blue),
and TiO2/CuNi@g-C3N4 (green). Inset shows the region at low intensity to the highlight difference in PL among the samples.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.8b00078
ACS Appl. Nano Mater. 2018, 1, 2526−2535

2532

http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b00078/suppl_file/an8b00078_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.8b00078/suppl_file/an8b00078_si_001.pdf
http://dx.doi.org/10.1021/acsanm.8b00078


odes48,49,55 finally also reducing the recombination losses at the
g-C3N4 surface.
Amore quantitative comparison picture can be drawn from the

chronoamperometry plots (Figure 6e) showing the steady-state
photocurrent recorded at fixed potential of 1.5 V vs RHE. The
maximum photocurrent densities of 0.108, 0.377, 0.530, 0.612,
and 0.890 mA/cm2 were obtained for the bare TiO2, TiO2/g-
C3N4, TiO2/Cu@g-C3N4, TiO2/Ni@g-C3N4, and TiO2/CuNi@
g-C3N4, respectively. The drastically enhanced PEC activity can
be assigned to different reasons depending on the compositions
of g-C3N4-based photocatalysts deposited on TiO2 NRs. In the
case of TiO2/g-C3N4 and TiO2/Cu@g-C3N4, the creation of an
efficient heterojunction system consists of TiO2 and g-C3N4

induced an increased absorption of light in the visible region and
reduced charge carrier recombination (see photoluminescence
spectra in Figure 6f), which is more pronounced for TiO2/Cu@
g-C3N4 because of the intimate interactions between Cu species
and the C3N4, as evidenced by XPS results. This in turn
translated into a 5-fold better photocurrent density in
comparison with the reference TiO2 NRs photoanode. Once
Ni(OH)2 is instead present in the photoanode (TiO2/Ni@g-
C3N4), the photocurrent enhancement is even higher (5.7
times), highlighting the important role played by the co-catalyst
in suppressing charge recombination at the g-C3N4−electrolyte
interface. If both Cu and Ni were present in TiO2/CuNi@g-
C3N4, a synergistic effect due to enhanced charge separation
(Cu) and surface catalysis (Ni) finally led to a remarkable 8.2-
fold improvement in the behavior in comparison with the
pristine TiO2 nanorod array. The combination of these two
phenomena effectively reduces the recombination of generated
electron and hole pairs. It has been presented that the valence
(VB) and conductive bands (CB) of GCN are higher than those
corresponding to TiO2.

33,56 Therefore, a well-matched hetero-
junction is formed when these twomaterials are in contact. Upon
the simulated sunlight irradiation, the electrons are photoexcited
from the valence band of the g-C3N4 into its conduction band
and further transferred into the CB of TiO2 and then through
suitable 1D nanorod morphology directly to the FTO contact.
Finally, the electrons arrived to the platinum electrode via the
external circuit where they promote the H+ reduction generating
molecular H2. On the other side, minority carriers (i.e., holes) left
in the VB of g-C3N4 can be efficiently collected in the Ni(OH)2
that decrease the energetic requirement for the oxygen evolution.
Simultaneously, the generated holes in TiO2 can participate
directly in water splitting or be transferred though vectorial
charge transfer to the VB of g-C3N4 and then to Ni(OH)2. The
stability of all photoanodes fabricated was estimated by repeating
the photoelectrochemical measurements after 2 months during
which the photoanodes were left under standard laboratory
environment (in air and under daylight exposure). All the
samples showed only a very little decrease of the activity. Figure
S9 displays a chronoamperometry scan of the 2month old TiO2/
CuNi@g-C3N4 sample. The overall activity decrease was 7% and
hence the prepared photoelectrodes were rather stable in time.

■ CONCLUSIONS

We have outlined a facile preparation of copper−nickel co-doped
g-C3N4 hybrid nanocomposites by using inexpensive precursors.
The as-prepared graphitic carbon nitrides samples were
deposited onto TiO2 nanorod array by spin-coating. The g-
C3N4-based hybrid nanostructures were tested for photocatalytic
decomposition of rhodamine B and for PEC water splitting.
Notably, CuNi@g-C3N4 nanocatalyst appears to be the best

catalyst for rhodamine B photocatalytic degradation under
visible-light irradiation as compared to other components
showing the photocatalytic activity almost 3-fold and 5-fold
higher than the bare g-C3N4 and TiO2 NR photocatalysts,
respectively. In photoelectrochemical studies, TiO2 NRs, g-
C3N4, Cu@g-C3N4, and Ni@g-C3N4 photoanodes displayed the
photocurrent densities of 0.108, 0.377, 0.530, 0.612, and 0.890
mA/cm2, respectively. The excellent PEC activity of the CuNi@
g-C3N4 system can be ascribed to several cooperation effects
resulting from the constituents including the creation of a
heterojunction between TiO2 and g-C3N4 photocatalysts, which
improved optical absorption and enhanced charge separation
due to Cu species and the co-catalytic effect of Ni(OH)2 toward
oxygen evolution reaction. The approach to use low-dimensional
hybrid nanostructures to increase light absorption and reaction
kinetics can be extended to other semiconductor photo-
electrodes that suffer from poor light harvesting and slow surface
kinetics such as hematite, ZnO, and so on.
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A B S T R A C T

Titanium dioxide (TiO2) represents one of the most active photocatalysts among metal oxides for the degradation
of pollutants and for solar water splitting to produce hydrogen. The most critical drawbacks hindering its broad
practical use are the absorption majorly in the UV part of solar spectrum and slow charge dynamics.
Combination of TiO2 with a suitable partner in a hybrid nanostructure can effectively address these drawbacks.
Here we report a novel nanocomposite system based on one-dimensional TiO2 nanorods wrapped with a sulfur-,
nitrogen-, and oxygen-doped carbon (SNOC) nanosheets. The SNOC nanosheets are synthesized by a cost-ef-
fective and facile route using eco-friendly carrageenan as a sulfur, oxygen, and carbon source and urea as a
nitrogen source. Silica was used as the templating agent that leads to large surface area materials after its
removal at the end of the synthesis. Therefore, the synthesized material exhibits superior photocatalytic per-
formance for decoloring representative Rhodamine B (RhB) under visible light irradiation. SNOC shows the
apparent rate constant of 7.6×10–3min–1, which is almost 3 times higher than that of a SNOC material without
using silica (2.8× 10–3min–1). This performance of doped carbon material can be assigned to the effect of large
surface area and effective visible light adsorption. The TiO2 NRs / SNOC nanocomposite was investigated for
photoelectrochemical water splitting showing much higher photocurrent densities (0.85mA cm–2) than pure
TiO2 nanorod arrays (0.35mA cm–2), which was due to significant improvement in the charge transfer dynamics
and co-catalytic effect of SNOC. All the materials prepared were evaluated on the basis of physical properties
such as crystalline structure, optical absorption, surface topography, and electronic properties.

1. Introduction

Nowadays, there is a great interest in studying energy conversion
systems due to environmental issues and due to the ever-increasing
energy demand. Continuous effort is devoted to finding alternative
sources of energy to fossil fuels with a low impact on the environment.
Furthermore, suitable photocatalytic materials having ability to convert
industrial harmful emissions such as CO2 to other high value chemicals
or fuels including hydrogen peroxide, and hydrocarbons are intensively
being sought [1]. In this context, semiconductor-based photocatalytic
systems and photoelectrochemical (PEC) cells represent central solar-
powered technologies [2]. The photocatalytic splitting of water using
solar light is a potentially renewable source for hydrogen fuel. A series
of metal oxides such as WO3, α-Fe2O3, BiVO4, etc., have extensively
been investigated to serve as photoanodes in the PEC cells [3–9].
Among them TiO2 still remains as one of the most promising owing to

its low cost, photostability, and chemical inertness [10–12]. Especially
one-dimensional (1D) titanium dioxide nanostructure arrays represent
widely studied morphological arrangement for applications such as
photocatalysis and photoelectrochemistry [13,14]. To improve the
photocatalytic and water splitting efficiency of TiO2 it is necessary to
extend its absorption into visible part of solar spectrum and to increase
the separation efficiency of photogenerated electron-hole pairs on its
surface [15–17]. A promising approach to overcome these limitations is
to use hybrid nanostructures showing improved activity and physico-
chemical properties when compared with single components [18–20].

Functionalized carbon-based materials have proven to be fasci-
nating candidates for preparation of these hybrid nanostructures with
many applications such as photocatalysis [21], photoelectrochemical
water splitting [22], electrocatalysis [23], or Li-ion batteries [24]. The
porosity, surface area, and stability are the most important character-
istics of the carbon materials for the aforementioned applications [25].
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Recently, the use of biomass-based precursors for the preparation of
porous materials attracted great interest, especially in the synthesis of
heteroatom-doped carbon by using eggshell membranes [26], crabshell
[27], fermented rice [28], or sodium alginate [29].

In our approach the tri-doped carbon was prepared by heating the
precursors with silica (assigned as SNOC1) in order to obtain high
porous material and also without using silica (SNOC2) for comparative
reasons. Herein we further introduce a photocatalytic nanocomposite
system based on one-dimensional TiO2 nanorod arrays wrapped with S-,
N-, O-doped carbon (TiO2/SNOC1). To obtain the relative catalytic
performance of each individual component of the developed hybrid
photoanodes, we first present the photocatalytic activity of TiO2 NRs,
TiO2 (P25), SNOC1, SNOC2 and g-C3N4 used as the reference to un-
dpoped carbon material, with respect to the decomposition rate of
Rhodamine B as a model dye contaminant. Thereafter, the photoelec-
trochemical (PEC) measurements of SNOC1-based TiO2 NRs systems are
also presented. The use of hybrid nanostructures leads to a decrease in
charge carrier recombination, which induces improved performance
both in photocatalysis and photoelectrocatalysis. These performances
are discussed in terms of nanostructured morphology and physico-
chemical properties probed through different characterization methods.

2. Experimental

2.1. Preparation of tri-doped mesoporous carbon

The homogeneous precursor solution was prepared by dissolving
carrageenan (3 g) in 80ml of water at 80 °C. Then 40ml of water
containing 16 g of urea was slowly added into the solution under vig-
orous stirring followed by addition of 10ml of TEOS (Scheme S1 in
Supplementary Information). The mixture was left under stirring at
80 °C until the volume reduced to 50ml and then immediately cooled
down by deep-freezing, which resulted in strong gel formation. The gel
was vacuum-dried at 70 °C and then transferred to a covered crucible
and heated at 550 °C for 2 h (2 °Cmin–1) under nitrogen atmosphere.
The as-prepared composite was washed using NH4HF2 for 48 h to re-
move silica and this material was named SNOC1. For comparison rea-
sons the material was synthesized by the same method (with the same
proportion) without using silica in the initial gel formation and named
SNOC2.

2.2. Preparation of TiO2 nanorod arrays and TiO2/SNOC nanocomposites

TiO2 nanorods were directly grown on commercially available

conductive fluorine-doped tin oxide (FTO) by hydrothermal method
described elsewhere [30]. Briefly, hydrochloric acid and distilled water
were mixed in volume ratio of 1:1 and titanium n-butoxide was added
dropwise under vigorous stirring. This solution was placed into Teflon-
lined stainless steel autoclave together with cleaned FTO glass and
heated at 150 °C for 20 h. Finally, titania nanorods were annealed at
500 °C for 1 h (5 °Cmin–1) in air atmosphere. The TiO2 NRs were prior
the coatings of the SNOC plasma activated using radio frequency
plasma with Ar/O2 gas mixture for better loading of SNOC material.

All produced SNOC samples were hand-ground with a mortar, dis-
persed in isopropanol with the concentration of 0.1 mgmL–1, and ex-
foliated by ultrasonic treatment for 2 h. The produced mixture was
centrifuged at 3000 rpm for 10min. The supernatant was collected by
pipette and mixed with Triton X-100 in the volume ratio of 1:1. The
samples were then deposited onto TiO2 NRs by spin-coating method
followed by thermal treatment at 150 °C and were named TiO2/SNOC.

2.3. Physical characterization

X-ray powder diffraction (XRD) patterns were recorded at room
temperature using an X’Pert PRO MPD diffractometer (PANalytical) in
the Bragg–Brentano geometry, with iron-filtered, Co-Kα radiation
(40 kV, 30mA, λ= 0.1789 nm). The angular range of measurement
was set as 2θ=0.5–105°, with a step size of 0.017°. The identification
of the crystalline phases in the experimental XRD pattern was obtained
using the X’Pert High Score Plus software that includes a PDF-4+ and
ICSD databases. Raman spectra were measured by a DXR Raman
spectroscope (Thermo Scientific, USA) furnished with a laser func-
tioning at a wavelength of 633 nm. Nitrogen adsorption isotherms at
77.4 K were measured up to the saturation pressure of nitrogen and
obtained by the static volumetric technique on the Autosorb iQ analyser
(Quantachrome Instruments). Prior to the measurement, samples were
degassed at room temperature for at least 10 h. Specific surface area
(BET) was calculated using the multipoint BET
(Brunauer–Emmet–Teller) model. The best linear fit was obtained using
adsorption data in the relative pressures of 0.1–0.3 P/P0. The analyses
were performed with the ASiQwin software package (Quantachrome
Instruments). High-resolution TEM (HRTEM) images were captured by
TITAN 60–300 with X-FEG type emission gun, operating at 80 kV. This
microscope is equipped with Cs image corrector and a STEM high-angle
annular dark-field detector (HAADF). The elemental mappings were
obtained by STEM-energy dispersive X-ray spectroscopy (EDS). X-ray
photoelectron spectroscopy (XPS) was performed on the PHI 5000
VersaProbe II XPS system (Physical Electronics) with monochromatic
Al-Kα source (15 kV, 50W) and photon energy of 1486.7 eV. UV–vis
diffuse reflectance absorption spectra were collected on a FLS980
fluorescence spectrometer (Edinburgh Instruments) equipped with an
integrating sphere with its inner face coated with BENFLEC. The stan-
dard BENFLEC plate was used as reflectance standard.

Fig. 1. (a) XRD and (b) Raman spectra of SNOC materials.

Table 1
Textural properties of SNOC materials.

Sample SBET/[m
2 g−1] VTotal/[cm

3 g−1]

SNOC1 383 1.2
SNOC2 46 0.5

H. Kmentová et al. Catalysis Today 328 (2019) 111–117

112



2.4. Evaluation of photocatalytic activity and PEC properties

Photocatalytic activity of the prepared samples was evaluated by
decoloration rate of Rhodamine B as a model organic pollutant. In each
experiment the photocatalytic reactor comprised 10mg of sample and
20ml of 10mg L–1 RhB solution. Before light irradiation, the suspen-
sions were kept in the dark for 30min to ensure the ad-
sorption–desorption equilibrium. A 150W xenon lamp was located
approximately 5 cm from the reactor. At 30min time interval, the
photocatalyst was separated from the sample solution by centrifugation
and the light absorbance spectrum of clear solution was detected using
a UV–Vis spectrophotometer.

The PEC experiments were carried out using a conventional three-
electrode cell system with Gamry Series G 300 Potentiostat. The as-
prepared photoanodes containing TiO2 nanorods and TiO2 nanorods
wrapped with SNOC served as working electrode. An Ag/AgCl in 3M
KCl and a Pt wire were used as the reference and counter electrode,
respectively. 1M sodium hydroxide (pH 13.5) solution acted as the
electrolyte. The measurements were performed under simulated solar

light illumination of 1.5 A.M. with the intensity of 100mW/cm2 light
intensity.

3. Results and discussion

In the first part of this work the synthesized SNOC1 and SNOC2
materials were characterized and compared. The crystal structure of the
as-prepared samples was investigated by XRD analysis and the results
are shown in Fig. 1a. The XRD patterns of the two products show a
strong and broad characteristic peak located at 2θ= 30.5°, which is
assigned to (002) plane (Fig. 1a), representing the hexagonal structure
of carbon material (JCPDS X-ray Powder Diffraction Database no. 75-
1621) [31]. The broad peak, which can be seen in the case of SNOC1
material (Fig. 1a inset), confirms its mesoporous structure [32]. From
the Raman spectrum in Fig. 1b we can find the characteristic D and G
bands of carbon located at around 1350 cm–1 and 1580 cm–1, respec-
tively. The D band is a common feature of amorphous carbon and
arising from imperfection as the A1g mode. Whereas the G band is re-
levant to a graphitic carbon phase and corresponds to the first-order

Fig. 2. (a) TEM images of SNOC1 and (b) SNOC2 materials at different magnification (see insets); (c) High-angle annular dark field (HAADF) image and (d–h) EDS
elemental mapping of C, N, O, S and joined SNCO taken from the SNOC1 sample.
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scattering of the E2g mode. Besides the D and G bands, the 2D band
located around 2750 cm–1 is associated with disorder feature of carbon-
based materials [33].

The specific surface area and pore structure characterizations are
summarized in Table 1. The surface area calculated by BET method is
detected to be 383m2 g–1 and 46m2 g–1 for SNOC1 and SNOC2, re-
spectively.

The microstructures and morphologies of the SNOC samples were
characterized by transmission electron microscopy (TEM). The TEM
images captured further verified the porous and non-porous nature of
the SNOC1 and SNOC2 materials (Figs. 2a,b and S1). The TEM images
of SNOC2 sample show more transparent and interconnected carbon

sheets forming a network. While in the case of SNOC1 we see a meso-
porous sponge-like morphology. To investigate the structure and mor-
phology due to the S, N, O introduction, we used additional dark-field
TEM analysis (Fig. 2c) and elemental mapping of the SNOC1 sample.
Elemental mapping shows the presence and homogeneous distributions
of all the elements (C, N, O, and S) throughout the SNOC1 materials
(Fig. 2d–h).

X-ray photoelectron spectroscopy (XPS) of the SNOC1 sample re-
vealed the presence of oxygen and nitrogen along with carbon in the
materials (Fig. 3a–c). The elemental compositions of nitrogen, oxygen,
and carbon in the material was found to be 28.6, 17.4, and 47.9 at%,
respectively, indicating different heteroatoms have been effectively
incorporated into the carbon. The high resolution XPS spectra of ma-
terial in C1s region can be deconvoluted into four peaks components
with binding energy 284.75, 285.84, 286.81, 288.58, and 289.90 eV
corresponding to eC]Ce sp2, eCeCe sp3, CeO/CeN, C]O, and
O]CeO type of carbons, thus showing the graphitic nature of carbon
material (Fig. 3a). The presence of specific N1s peaks at 398.43 eV
(54.48 at%) and 400.34 eV (45.52 at%) confirm the presence of pyr-
idinic and pyrrolic type of nitrogen (Fig. 3b). The two peak components
at 531.08 eV and 533.28 eV in O1s spectrum originated due to the
presence of C]O and CO, which reveal that graphitic carbon is doped
with oxygen. (Fig. 3c).

Fig. 4 summarizes the main physical properties of the TiO2 NRs
/SNOC1 composite photoanode. More detailed description was given in
our previous contributions [30,34,35]. The crystalline structure of the
composite was evaluated based on Raman spectroscopy and the results
are depicted in Fig. 4a. The two strong Raman bands at 448 cm–1 and
611 cm–1 are assigned to Eg and A1g vibration modes of well-developed
rutile crystalline phase of TiO2, respectively. The rutile phase is pre-
ferentially grown due to the highly crystalline FTO substrate with iso-
crystalline tetragonal structure. The inset of Fig. 4a shows the cross-
section image of bare TiO2 NRs vertically grown on the FTO substrate.
The length of the nanorods was around 1 μm and the width around
100 nm as it was determined by SEM analysis. The UV–vis absorption
spectrum of bare TiO2 NRs shows typical trend with the main absorp-
tion in the UV region; the slight shift into the Vis part is due to the
scattering by the nanorods. Very different situation was observed for
the TiO2 NRs /SNOC1 composite exhibiting a broad absorption in the
visible part apparently due to the SNOC1 component. It also confirms a
successful loading of SNOC1 over the titania nanorods. This was further
evidenced by a thorough analysis done using high-resolution transition
electron microscopy (HRTEM). The homogenous coating of SNOC over
the nanorod was observed either from the HRTEM image in Fig. 4c as
well as it is evident from the elemental (Ti, O, N, S) EDS mapping
provided in Fig. 4e–i.

SNOC-based and TiO2-based samples were applied to the degrada-
tion of RhB under visible light irradiation in order to evaluate the
photocatalytic activity of prepared materials. The changes in degrada-
tion efficiency of RhB are displayed in Fig. 5a. A blank test was per-
formed without photocatalyst for comparison and to exclude the role of
photolysis. No degradation of RhB is observed in the absence of pho-
tocatalyst so that the photolysis of RhB is negligible. As we expected,
SNOC1 exhibits highest photocatalytic activity among all measured
samples. About 70% of RhB is degraded in the presence of SNOC1 after
210min of irradiation, while 40% of RhB is decomposed by SNOC2,
32% by g-C3N4 (reference representing undoped carbon based material,
see Fig. S2), 25% by TiO2 P25, and 20% by TiO2 NRs. The better
photocatalytic activity is due to the higher specific area of mesoporous
SNOC1 sample, which brings much more photocatalytically active
centers. Another reason for the boosted photoactivity is the much
higher absorption of visible light for the SNOC1 and SNOC2 samples
comparing to TiO2 samples, which as pristine absorbed only the UV
light. To further understand the reaction kinetics, the experimental data
are fitted according to the pseudo-first-order mechanism and the results
are shown in Fig. 5b. The apparent reaction rate constants were

Fig. 3. XPS spectra of SNOC1: (a) C1s, (b) N1s, (c) O1s.
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calculated and increase in the range of TiO2 NRs (0.0822 s–1)< TiO2

P25 (0.1002 s–1)< g-C3N4 (0.134 s–1)< SNOC2 (0.168 s–1)< SNOC1
(0.4554 s–1). The lowest photocatalytic activity for TiO2 is attributed to
the visible light activation used for the reaction.

In the following experiments the PEC activity of the materials was
tested under simulated solar light (AM 1.5 G, 100mW cm–2) illumina-
tion. In these experiments the bare TiO2 NRs and TiO2 NRs hybridized
with SNOC materials were used as the photoanodes. From the linear
voltammetry scans in Fig. 5c it is seen that the bare TiO2, TiO2/SNOC2
and TiO2/gC3N4 (see Fig. S2, 379 μA cm–2) photoanodes showed rela-
tively similar photoactivity with an increase of the photocurrent density
from 372 μA cm–2 to 435 μA cm–2 at 0.5 V vs. Ag/AgCl, which denoted
an improvement of about 17%. Much higher photocurrent density of
795 μA cm–2 at the same applied voltage was observed for the TiO2/
SNOC1 composite photoanode. In both cases the SNOC serve as the
oxygen evolution reaction (OER) co-catalyst [36] as well as it improves
the separation of photogenerated charges due to the band-bending
developed at the interface between TiO2 and SNOC [37]. The possible
mechanism of the heterojunction and therefore better photoactivity is
schematically illustrated in Fig. S3. The transfer of photogenerated

charges is then boosted via the high conductive carbon material and
especially due to its doping by sulfur and nitrogen increasing the charge
density. However, the higher activity of SNOC1 can be attributed to its
mesoporous nature, which is beneficial for the co-catalytic performance
as well as it allows more light to reach the TiO2 surface. In contrast non-
porous SNOC2 sample apparently blocked the TiO2 surface towards the
light irradiation and the contact with the electrolyte, which resulted in
the lower photoactivity. The blocking effect was verified by the PEC
amperometry measurements, i.e. the photocurrents recorded at fixed
potential of 0.5 V vs. Ag/AgCl, performed with back and front sides’
illumination geometry. As it is seen in Fig. S4 the back side illumination
of SNOC2 sample led to the increase of the photoactivity by 18%, while
for SNOC1 it was only around 5%. The amperometry scans of all sample
are further shown in Fig. 5d. The bare TiO2 photoanode generated a
current spike, i.e., a transient when the light was switched on, which
then gradually decreased to a steady state photocurrent value. The
current spike generally denotes a certain level of surface recombination
of photoexcited electron-hole pairs. Any transients were not detected
for the TiO2/SNOC composite photoanodes, which confirms the above-
described effect of SNOC constituent in reducing the recombination of

Fig. 4. (a) Raman spectrum with TiO2 NRs with deposited SNOC1 with the insert showing the cross-section SEM image of TiO2 nanorods grown on FTO substrate ; (b)
UV–vis absorption spectra of bare TiO2 and TiO2/SNOC1 composite; (c,d) HR-TEM and HAADF images of TiO2/SNOC1 composite photoanode, respectively; (e–h)
EDS mapping of Ti, O, N, S elements in the TiO2/SNOC1 composite photoanode; (i) EDS O, Ti, S summary element map of the TiO2/SNOC1 sample.
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charges. Finally, the amperometry method was used to examine the
stability of the TiO2/SNOC1 composite photoanode. The sample was
measured for 210min during which a negligible decrease of the pho-
toactivity by 25 μA cm–2 was observed (see Fig. S5).

4. Conclusions

In this work we have introduced a novel synthesis of non-porous
and mesoporous N-, S-, O-doped carbon material. They both showed
graphitic crystalline nature, which was verified by XRD and Raman
spectroscopy. The porosity of the structures was evaluated based on
BET measurements and a remarkable surface area of 383m2 g–1 was
identified for the porous doped carbon sample. Consequently this ma-
terial also showed the highest photocatalytic activity towards decom-
position of Rhodamine B. Accordingly the highest photoelectrochemical
activity was obtained for a composite photoanode constituted of TiO2

nanorods and conformally coated porous doped carbon. The enhanced
activity was attributed to several beneficial features of porous doped
carbon; namely its co-catalytic activity for oxygen evolution reaction
and improvement of photogenerated charge dynamics due to a het-
erojunction developed between the TiO2 and carbon as well as its high
electrical conductivity originated from the S and N doping. We believe
that this carbon material can be generally used as a platform for com-
binations with other semiconductors such as, e.g., WO3 and/or ZnO,
etc., to boost their PEC performance.
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a b s t r a c t

Photoelectrochemical (PEC) water splitting with TiO2 photoanodes is a promising technique for con-
verting solar energy into a clean chemical energy. The key drawbacks of titania involve still a low PEC
performance and its large band gap energy allowing absorption only in the UVregion. Plasmonic
nanostructures such as Au and Ag represent a powerful tool towards the light harvesting enhancement
with the efficiency dependent on their size and loading. Here, the unique nanostar morphology of
plasmonic particles is presented as a new principal factor allowing the significant improvement of the
incident photon-to-current conversion efficiency (IPCE) and the extension of light absorption over the
broadband UVeViseNIR region. A plasmonic metal/semiconductor heterostructure synthesis is based on
ex situ deposition of multispiked gold nanostars (Au-NSs) onto hydrothermally grown TiO2 nanorods.
Compared to bare TiO2 nanorods, the Au-NSs-decorated TiO2 exhibits 350% and ca. 20% increase in the
photocurrent density under visible light and simulated sunlight irradiation, respectively. Importantly, a
significant enhancement of IPCE over the Vis-NIR region is observed with single-phase Au-NSs, the value
two times higher compared to the spherical morphology. This is largely attributed to the long-
wavelength plasmon resonances of Au-NSs and their ability to promote surface plasmon resonance
(SPR)-mediated hot electron transfer.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen production by solar water splitting has been identi-
fied as a promising way of meeting the increasing demand for clean
and sustainable energy. Photoelectrochemical (PEC) water splitting
on the semiconductor TiO2 was first reported by Fujishima and
Honda in 1972, and has been studied extensively because TiO2 is
non-toxic, abundant, and photostable [1e6]. However, because of
its intrinsic band gap of 3.0e3.2 eV, it can only absorb light in the
UV range of the solar spectrum. Attempts to remove this limitation
and extend its optical absorbance into the visible (or even near-

infrared) range have been made by using element doping [7e11],
quantum dots [12e14], dye sensitization [15,16], and/or by
combining it with other narrow-band gap semiconductors [17,18].
Recently, nanostructures of noble metals such as Au and Ag, have
received considerable attention due to their unique localized sur-
face plasmon resonance (SPR) properties, which could potentially
be exploited in solar water splitting [19e22]. Importantly, Au
nanostructures exhibit better photostability than quantum dots or
dyes, which frequently suffer from photocorrosion issues [23]. The
increase in the solar energy conversion efficiency of TiO2 systems
upon incorporating plasmonic nanostructures has been attributed
to three factors: (1) effective light scattering, (2) extension of light
absorption to longer wavelengths, and (3) direct charge injection
from the metal to the semiconductor [24,25]. The performance of
plasmonic nanoparticles with respect to all three factors depends
strongly on their size and shape. For example, the photocatalytic

* Corresponding author.
** Corresponding author.

E-mail addresses: stepan.kment@upol.cz (S. Kment), radek.zboril@upol.cz
(R. Zboril).

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier .com/locate/e lectacta

https://doi.org/10.1016/j.electacta.2017.11.106
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

Electrochimica Acta 260 (2018) 212e220

mailto:stepan.kment@upol.cz
mailto:radek.zboril@upol.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.11.106&domain=pdf
https://doi.org/10.1016/j.electacta.2017.11.106
https://doi.org/10.1016/j.electacta.2017.11.106
https://doi.org/10.1016/j.electacta.2017.11.106


activity of AueTiO2 nanocomposites is governed by the size of the
Au nanoparticles because this parameter determines the efficiency
of electron transfer to the conduction band of TiO2 and thus con-
trols the system's reduction potentials [26]. Similarly, the light
harvesting ability of TiO2 nanocomposites incorporating Au nano-
rods can be extended deep into the visible range by manipulating
the rods' length-to-width ratios [27,28]. Thus, previous studies on
surface plasmon-mediated photoelectrochemical water splitting
have predominantly focused on the effects of varying the size and
loading of Au nanoparticles [26,29e32] or the aspect ratios of Au
nanorods [27,28,30,33]. However, to our knowledge, there are no
published studies on the effects of using branched gold nanostars
as photosensitizers for adjacent semiconductors in PEC water
splitting.

Here, we demonstrate that Au nanostars (AuNSs) are superior to
other Au nanostructures in PEC applications, strongly increasing
the overall photoelectrochemical performance of TiO2 nanorod
arrays (NRs) under both visible light irradiation and simulated solar
light. A Mott-Schottky analysis showed that decoration with Au-
NSs improved the system's carrier density and thus increased the
photocurrent. Interestingly, the Schottky junction at the Au-NSs/
TiO2-NR interface could be modified to facilitate charge transfer by
annealing the assembled heterostructures (Au-NSs/TiO2-NRs) at a
low temperature. The improved performance induced by such
treatment was demonstrated by electrochemical impedance spec-
troscopy (EIS) measurements and the fact that it increased the
lifetime of excited electrons in the heterostructure. The long-
wavelength plasmonic effect of Au-NSs resulting in enhanced
incident photon-to-current conversion efficiency (IPCE) demon-
strates that Au-NSs are good photosensitizers for increasing the PEC
performance of semiconductors. The increase in the IPCE value
observed for the Au-NSs/TiO2 composite in the UV region was
mainly attributed to the photon scattering effect of the Au-NSs,
while the long-wavelength plasmon resonances of Au-NSs and
their ability to promote SPR-mediated hot electron transfer may be
primarily responsible for the increase in IPCE over the entire visible
and NIR spectrum upon visible light illumination.

2. Experimental

2.1. Materials

The following materials were obtained from Sigma-Aldrich and
used without further purification: titanium n-butoxide (97%), hy-
drochloric acid (HCl, 37 wt%), auric acid (HAuCl4$3H2O), trisodium
citrate dihydrate (Na3C6H5O7$2H2O), 3-Mercaptopropionic acid
(MPA, �99%), L-ascorbic acid (AA), silver nitrate (AgNO3).

2.2. Synthesis of TiO2 nanorod arrays

TiO2 nanorod arrays were fabricated on a fluorine-doped tin
oxide (FTO) glass substrate by a hydrothermal method [34]. Typi-
cally, 14 mL of concentrated HCl was mixed with 14 mL Milli-Q
water (18.2 MU cm), and 0.46 mL of titanium n-butoxide was
mixed into the aqueous solution. The resulting clear solution was
then placed in a Teflon-lined stainless steel autoclave (50 mL in-
ternal volume), and an FTO glass substrate (surface resistivity: 7 U
sq�1, Solaronix) that had been pre-cleaned with DI water, acetone,
and 2-propanol was placed in the solution with the conductive FTO
side facing downwards. The resulting system was heated in an
electronic oven at 150 �C for 8 h and then cooled under flowing
water for 15 min, after which the sample was rinsed with DI water
and ethanol before being air-dried. The as-prepared TiO2 nanorod
film was then annealed in air at 450 �C for 1 h to improve the
nanorods' crystallinity.

2.3. Synthesis of Au nanostars

We first synthesized a solution of Au NPs to serve as the seed
material for the preparation of Au NSs. To this end, 20 mL of 1.0 mM
aqueous HAuCl4 was placed in a 50 mL flask and the solution was
heated to 100 �C under refluxing conditions. 2 mL of 1% aqueous
trisodium citrate dihydrate was then quickly added to the rapidly-
stirred boiling solution, which gradually became deep red. After
10 min stirring at high temperature, the hot plate was removed and
the mixture was stirred for further 15 min. The resulting suspen-
sion of Au NPs was stored in the fridge until needed. Au nanostar
synthesis was performed using a surfactant-free wet chemistry
method as previously reported [35]. Briefly, 100 mL of the Au NPs
seed suspension was added to 10 mL of a 0.25 mM auric chloride
solution at room temperature under vigorous stirring. Then, 100 mL
of 1 mM silver nitrate and 50 mL of 0.1 M ascorbic acid were quickly
added together. The solution rapidly changed color from light red to
blue. As soon as this occurred, it was centrifuged at 6000 rpm for
15 min, after which the precipitated purple Au NSs were redis-
persed in Milli-Q water and stored in fridge for future use.

2.4. Preparation of Au NSs-decorated TiO2 nanorod arrays

The film of TiO2 NRs on FTO was pre-treated with a solution of
concentrated H2SO4 for 5 h to modify the nanorods. The substrate
bearing the nanorods was then immersed in a 1M aqueous solution
of MPA overnight to functionalize the nanorods' surfaces with thiol
groups, after which the rods were washed with ethanol and dried
under a flow of N2. Finally, the sample was immersed in a sus-
pension of Au NSs for 24 h to obtain the Au NSs-decorated TiO2NRs.
The resulting samples were washed with DI water to remove
loosely bound Au NSs and dried under a flow of N2 before being
characterized and subjected to PEC measurements.

2.5. Material characterization

The samples were dispersed in ethanol and sonicated for 5 min,
after which one drop of the resulting suspension was placed on a
copper grid with a holey carbon film. After drying in air at room
temperature, the samples were imaged using a Titan G2 high res-
olution transmission electron microscope (HRTEM) (FEI) with an
image corrector at an accelerating voltage of 80 keV. Images were
acquired using a BM UltraScan CCD camera (Gatan). Energy
dispersive spectrometry (EDS) was performed in scanning TEM
(STEM) mode using a Super-X system with four silicon drift de-
tectors (Bruker). X-ray diffraction (XRD) patterns were collected on
an X'Pert diffractometer (PANalytical, Netherlands) using iron-
filtered Co-Ka (l ¼ 1.78901 Å) radiation. The samples' morphol-
ogies were determined using a Hitachi SU6600 field-emission
scanning electron microscope (FESEM). UVeVis absorption
spectra were acquired using a UVeVis spectrophotometer (Lambda
35, PerkinElmer) using BaSO4 as a reference standard.

2.6. Photoelectrochemical measurements

Photoelectrochemical performance measurements were per-
formed in a standard three-electrode PEC cell, with either TiO2

nanorods (bare or functionalized with Au nanomaterials), Ag/AgCl
in a 3 M KCl solution, and Pt wire as the working electrode, refer-
ence electrode, and counter electrode, respectively. A 1 M NaOH
solution (pH¼ 13.6) was used as the electrolyte, and was deaerated
with N2 for 20 min prior to each measurement. An O-ring was used
to ensure that the area of the photoanode that was exposed to
illumination did not vary during these measurements, and was
held constant at around 0.785 cm2. A 150WXenon lamp fittedwith
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an AM 1.5 G filter was used as the light source, and the power in-
tensity was held at 1 sun (100 mW cm�2) using a silicon reference
cell (Newport). PEC performance was recorded on a Gamry Series G
300 Potentiostat. The incident photon-to-current conversion effi-
ciency (IPCE) was measured with a 300 W Xenon lamp coupling
with an aligned monochromator (Newport, Oriel TLS-300 X). The
IPCE was calculated following the equation given by

IPCE% ¼
JSC
Pin

�
1240
l

� 100% (1)

where Jsc refers to the photocurrent density (mA cm�2) measured at
1 V vs. normal hydrogen electrode (NHE) at a given wavelength (l),
and Pin is the irradiance intensity (mW cm�2) of monochromatic
light incident on the electrode. Mott-Schottky (M-S) analysis was
conducted at an AC frequency of 1 kHz with an amplitude of 5 mV.
Electrochemical impedance spectroscopy (EIS) was performed in
the dark or under AM 1.5 G solar illumination at open circuit
voltage over a frequency range of 0.1e105 Hz with an AC voltage of
10 mV. The potentials measured vs. Ag/AgCl reference electrode
were converted to the reversible hydrogen electrode (RHE) scale
according to the Nernst equation: ERHE ¼ EAg/AgCl þ 0.059 pHþ E

�

Ag/

AgCl, where ERHE is the converted potential vs. RHE, E
�

Ag/

AgCl ¼ 0.207 V at 25 �C, and EAg/AgCl is the measured potential vs. Ag/
AgCl.

3. Results and discussion

The process developed in our laboratory for fabricating rutile
TiO2-NRs on fluorine-doped tin oxide (FTO) glass and then coating
themwith Au-NSs to create photoanodes is illustrated in Fig.1 (for a
detailed description of the methods used, see the Experimental
section). In brief, vertically aligned TiO2-NRs were initially grown
on an FTO substrate using a hydrothermal method that is described
elsewhere [34]. The as-prepared TiO2-NRs were then annealed in
air to improve their crystallinity and the contact between the film
and the FTO substrate (step 2 in Fig. 1). Conventionally, deposition-
precipitation [30,34] or photodeposition [31,36] methods are used
to deposit Au nanostructures onto or over semiconductors to form
metal/semiconductor Schottky contacts. However, although the
size and morphology of the Au nanostructures strongly influences
photocatalytic and PEC performance, neither of these two methods
permit effective control of these parameters; both typically yield
simple spherical nanoparticles. We therefore developed a different
approach in which the synthesis of the Au-NSs is separated from
their deposition. Because Au-NSs can be prepared quickly (see
below), we combined freshly synthesized Au-NSs (Fig. S1 in Sup-
plementary material) with TiO2 NRs in the presence of the organic

ligand 3-mercaptopropionic acid (MPA). Thus, after air annealing,
the TiO2 rodswere pre-treatedwith concentrated H2SO4 to increase
the number of hydroxyl groups on their surfaces and their surface
roughness (step 3). The activated TiO2 NRs were then immersed in
an MPA solution, causing the formation of bonding interactions
between their surface hydroxyls and the ligand's carboxylic acid
groups, and covering the rods' surfaces with free thiol groups that
enabled efficient Au-NSs decoration (step 4).

Fig. 2 presents scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM) images of
bare TiO2 nanorods and rods decorated with Au-NSs, respectively.
The TiO2-NRs were grown vertically on an FTO substrate, and had
average lengths and diameters of 1.6 mm and of 80e140 nm,
respectively (Fig. 2a and b). The uppermost SEM image (Fig. 2a)
shows their well-developed tetrahedral morphology. The core and
total sizes of the Au-NSs (Fig. 2c,d and Fig. S1) were 34.5 ± 3.5 nm
and 58.0 ± 5.5 nm, respectively. SEM images (Figs. S2a and S2b) and
HRTEM images of the material obtained after combining the Au NSs
with the TiO2 NRs (Fig. 2c and d) show that the Au-NSs retained
their star-like shapes and formed good contacts with the TiO2-NRs.
A well-defined sharp interface between the TiO2-NRs and Au-NSs
favors hot electron injection from the gold nanoparticles to TiO2

via SPR excitation [30]. The formation of such an interface is
demonstrated by the HRTEM images shown in Fig. S2 in Supple-
mentary material. Fig. 2e shows a high-angle annular dark-field
imaging scanning TEM (HAADF-STEM) image of Au NSs on a sin-
gle TiO2 nanorod along with an energy dispersive X-ray spectros-
copy (EDS) elemental mapping that clearly shows the presence of Ti
and O (corresponding to the TiO2 NR) and Au (i.e., Au NSs) in the
nano-heterostructure. The latter image confirms that the nanostars
consist entirely of gold. Further evidence supporting this conclu-
sion is provided in Fig. S3 in Supplementary material, which pre-
sents the same elemental mapping as in Fig. 2e but with the
distributions of the individual elements overlaid upon oneanother
(Fig. S3 in Supplementary material), as well as an EDS cross-
sectional compositional line scan profile of a different Au-NSs/TiO2-
NRs assembly, together with the full corresponding EDS spectrum.
All of these results confirm that the photoanodes prepared as
described above consist exclusively of Au-NSs and TiO2-NRs with
no contaminants, that they exhibit the desired morphology, and
that the Au-NSs are bound to the TiO2-NRs. Lattice spacings of
0.12 nm and 0.32 nm corresponding to the (222) plane of the Au fcc

structure and the (110) crystalline plane of rutile TiO2, respectively,
were determined by analyzing the HRTEM images shown in Fig. 2f
and the corresponding selective area electron diffraction (SAED)
patterns (the insets in Fig. 2f). Additionally, the XRD pattern for the
composite nanostructures (Fig. S4 in Supplementary material)

Fig. 1. Depiction of the process used to fabricate Au NSs/TiO2 photoanodes.
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confirms that TiO2 NRs retained their rutile structure. However, the
signal from the Au-NSs was too weak (or the corresponding peaks
overlapped too extensively with those of the nanorods) to be
detected by the X-ray diffraction system that was used.

Aqueous dispersions of the Au-NSs clearly exhibited a broad-
band UVeViseNIR absorbance in the region between the wave-
lengths of 400e800 nm as shown in Fig. S5 in Supplementary
material. This figure also contains the absorption spectrum corre-
sponding to the spherical Au NPs for comparison. It is seen that the
Au NPs exhibited only an absorption peak at around 500 nm, which
for higher wavelengths sharply decreased. Fig. 3 shows the light

absorption and scattering spectra of TiO2 with and without Au-NSs
decoration. Notably, the amount of light absorbed or scattered by
the Au-NSs/TiO2 heterostructure is between 20 and 40% greater
than that for bare TiO2 over the entire visible to NIR range, pre-
sumably because of the long wavelength plasmon resonances of
the Au NSs, which strongly enhance the local electric field [37,38].

The photoelectrochemical properties of AuNSs/TiO2 were stud-
ied using a conventional three-electrode configuration, with the
Au-NSs/TiO2 heterojunction, Ag/AgCl (in 3 M KCl), and a Pt wire as
the working, reference, and counter electrodes, respectively (see
below). The bare TiO2-NRs and Au-NSs/TiO2 were first illuminated

Fig. 2. SEM and HRTEM analysis of the nanostructure. (a, b) SEM images of bare TiO2 NRs, (c, d) HRTEM images of TiO2 NRs decorated with Au NSs, (e) HAADF-STEM image and EDS
elemental mapping of a single Au NSs/TiO2 rod, showing the distributions of Ti (blue), O (green), and Au (red), and (f) HRTEM images of Au NSs/TiO2, with SAED patterns shown in
the insets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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by visible light using an AM 1.5 G solar simulator fitted with a cut-
off filter (>420 nm). As shown in Fig. 4a the photocurrent density
for the Au-NSs-decorated TiO2-NRs under visible light irradiation
was 28 mA cm�2, which was substantially higher than that of bare
TiO2-NRs yielding the photocurrent density of 11 mA cm�2 (both

read at 1 V vs. NHE). The photocurrent density further considerably
increased to 38 mA cm�2 due to the thermal treatment of the Au-
NSs/TiO2 at 150 �C. The Schottky junction between the metal and
the semiconductor strongly influences the ease of electron trans-
port between them, and it has been demonstrated that a close
interface is important for enhancing the visible activity of plas-
monic nanostructures. Consequently, the ligand (MPA) that was
used to facilitate the binding of the nanostars to the TiO2 rods could,
to some extent, retard direct charge transfer or reduce the intensity
of localized SPR-induced electromagnetic fields [27]. Therefore, we
subjected the Au-NSs-decorated nanorods to mild thermal
annealing at 150 �C to remove MPA in order to establish closer
Schottky contacts between the Au-NSs and the TiO2-NRs. The
relevance of this strategy and thus the successful formation of a
closer interface following this procedure is demonstrated by the
aforementioned increase of the photocurrents and the TEM results
presented in Fig. S2 in Supplementary material.

To better characterize the charge transport properties of these
systems, their electron lifetimes (tn) were determined using the
open-circuit voltage decay (OCVD) technique [39,40]. Upon
continuous visible light irradiation, a steady open-circuit voltage
(Voc) (Fig. S6) of around 1.7 V vs. NHE was detected; when the light
sourcewas deactivated, the Voc decreased rapidly as the electrons in
the conduction band (CB) recombined with holes trapped on the
Au-NSs. The average electron lifetime was computed from the rate
of change in the Voc upon deactivation of the light source using
equation given by

Fig. 3. Absorption plus scattering (%) spectra of TiO2 and Au NSs/TiO2.

Fig. 4. Photoelectrochemical characteristics under visible light irradiation. (a) Transient photoresponse at 1 V vs. NHE under visible light (l > 420 nm) with repeated light on-off
cycles; (b) Electron lifetimes for bare TiO2, Au NSs/TiO2, and Au NSs/TiO2 after annealing at 150 �C, determined by the open circuit voltage decay technique; (c) Mott-Schottky plots
for TiO2 and Au NSs/TiO2 measured at a frequency of 1 kHz.
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tn ¼ �
kBT

q

�

dVoc

dt

��1

(2)

where kB is Boltzmann constant, T is the temperature, and q is the
elementary charge. This method represents an effective in situ

technique for studying the recombination kinetics of interfacial
charge transfer processes at the semiconductor-liquid junction
[36]. As shown in Fig. 4b, in the absence of annealing, the average
electron lifetime of Au-NSs/TiO2 was lower than that for the bare
nanorods at higher Voc values, which can be attributed to the sep-
aration of the Au-NSs and the TiO2-NRs by surface ligands, which
would tend to restrict electron transfer. In contrast, the annealed
heterostructures have substantially higher electron lifetimes (for
both free and trapped electrons) than bare nanorods: at 1.4 V vs.

NHE, the tn of TiO2was ~8 s whereas that for Au-NSs/TiO2_150� was
42 s. This indicates that closer Schottky contacts favor hot electron
transfer and efficiently reduce the rate of charge recombination.

The Mott-Schottky analysis was performed to determine the
flat-band potential and carrier density of TiO2 and Au-NSs/TiO2. The
resulting plots are shown in Fig. 4c; positive slopes are observed for
both materials, indicating that they are both n-type semi-
conductors. Their flat-band potential and carrier density were
estimated using equation given by

1

C2
SC

¼
2

εr ε0 A2 e Nd

�

E � Efb �
kT

e

�

(3)

where CSC is the capacitance of the space charge, εr is the relative
permittivity of rutile TiO2 (εr ¼ 170), ε0 is the permittivity of vac-
uum (ε0¼ 8.86� 10�12 Fm�1), e is the electron charge (1.6� 10�19),
Nd is the carrier density, E is the applied potential, Efb is the flat-
band potential, k is the Boltzmann constant, and T is the temper-
ature. The calculated flat-band potentials of TiO2 and Au-NSs/TiO2

were 0.18 and 0.17 V vs. NHE (i.e., �0.83 and �0.84 V vs. Ag/AgCl),
while the carrier densities were 9.5 � 1017 and 3.2 � 1018 cm�3,
respectively. Decorating the TiO2 NRs with Au nanostars thus
caused a slight negative shift of 10 mV in the flat-band potential
and a negative shift of the onset potential in the linear sweep
voltammetry plot (see Fig. 5a and discussion below). This was
attributed to a negative shift of the Fermi level resulting from
charge equilibration that occurred when the metal-semiconductor
systems were submerged in the electrolyte solution, which is
consistent with the findings of earlier studies on Au nanoparticles
[34]. The smallness of the negative shift can be explained by the
size of Au nanostars. According to Subramanian et al. [41] and the
results presented herein, larger metal nanoparticles give rise to
smaller shifts because (compared to smaller nanoparticles) they
require a greater number of electrons to induce a shift of a given
amplitude. In the same study, it was also noted that the negative
shift in the Fermi level improved the charge separation in the nano-
heterostructure system [41]. In addition, the carrier density for TiO2

NRs decorated with Au-NSs (3.2 � 1018 cm�3) is substantially
higher than that for the bare nanorods (9.5 � 1017 cm�3), which
increases the electron concentration in the conduction band and
thus also increases the photocurrent density. Finally, the presence
of the nanostars shifts the Fermi level closer to the edge of the
conduction band, facilitating charge separation at the semi-
conductor/electrolyte interface [10]. All these outcomes are fully
consistent with our observation of improved PEC activity in the
AuNSs/TiO2NRs.

Fig. 5a shows the linear sweep voltammetry (LSV) behavior of
bare TiO2-NRs and Au-NSs/TiO2-NRs in the dark and under simu-
lated solar light illumination (AM 1.5 G, 100 mW cm�2). The
photocurrent density generated by the Au-NSs/TiO2

heterostructure under white light irradiation (0.95 mA cm�2) was
substantially greater than that for bare TiO2 (0.80 mA cm�2) at 1 V
vs. NHE. The transient photoresponse curves (i.e., chro-
noamperometry scans) for the two samples recorded at 1 V vs. NHE
under repeated light on-off cycles (Fig. 5b) further confirmed that
the Au-NSs increased the photoactivity of the TiO2 NRs by around
18%.

The properties of the interface between the electrolyte and
photoanodes were characterized by electrochemical impedance
spectroscopy (EIS), yielding the results shown in Fig. 5c. It is noted
that the arc diameter for Au-NSs/TiO2 was smaller than that of bare
TiO2, indicating that the introduction of Au-NSs reduced the
interfacial resistance and charge transfer resistance. Impedance
spectra were also acquired under illumination with simulated
sunlight to confirm that the formation of a closer Schottky junction
between the Au-NSs and TiO2 after mild annealing favors charge
transfer. Interestingly, the Nyquist plots shown in Fig. 5d feature
two distinct semicircles. The smaller semicircles in the high fre-
quency range (shown more clearly in the inset of Fig. 5d) were
attributed to charge transfer processes in the depletion layer, while
the arc in the low frequency range was ascribed to electron transfer
in the Helmholtz layer [42,43]. The heterostructure annealed at
150 �C yielded the smallest semicircle in the high frequency region
and thus had the lowest impedance, confirming that close Schottky
contacts reduced the charge resistance in the bulk of the Au-NSs/
TiO2_150� heterostructure. This result is also consistent with the
observation that the annealed material had the longest electron
lifetime within the nanostructure, and with the results of HRTEM
analyses (see Fig. S2 in Supplementary material). The semicircle
due to the annealed material in the low frequency region was
somewhat larger than that for the non-annealed heterostructure,
which may indicate that the annealing process slightly increased
the charge transfer resistance at the heterostructure/electrolyte
interface. However, electronic processes in the semiconductor bulk
are generally more important than charge transfer processes in the
electrolyte [42], which explains why the PEC properties of the
annealed material (Au-NSs/TiO2_150�) were superior to those of
the non-annealed heterostructure. The Au-NSs/TiO2_150� photo-
anodes were also tested on their long-term PEC stability. It is seen
in Fig. S7 that the heterostructure did not undergo any significant
degradation and kept more than 95% of its PEC activity after 4 h of
uninterrupted illumination.

The incident photon-to-current conversion efficiency (IPCE) was
calculated for bare TiO2 and Au-NSs/TiO2_150� at specific wave-
lengths (see the Experimental section, Supplementary material);
the corresponding spectra are shown in Fig. 6. The IPCE value for
Au-NSs/TiO2_150� in the UV region is substantially higher than that
for TiO2, increasing from 38.4% to 49.4% at 380 nm. This is mainly
due to the high efficiency of photoconversion of UV light by TiO2

NRs. Importantly, decoration with Au-NSs extends the photo-
activity of TiO2 into the visible and even NIR regions; as a result, the
IPCE values for the heterostructure are 0.1e0.4% higher than those
for the bare nanorods between 400 and 800 nm (see the inset in
Fig. 6). This phenomenon is consistent with the presence of ab-
sorption peaks across the entire Vis and NIR regions for Au-NSs/
TiO2 (Fig. 3), which are due to the long wavelength plasmon reso-
nances of AuNSs.

Pu et al. [30] have previously shown that decorating TiO2 with
Au nanostructures can lead to plasmon-enhanced photoactivity
over specific wavelength ranges. However, in the systems studied
by these authors, the extension of photoactivity depended heavily
on the shape of the Au nanostructures [30]. Thus, decoration with
Au nanoparticles yielded enhancement in the Vis range, while
decorationwith Au nanorods enhanced activity in the NIR range; to
achieve enhancement over both ranges, it was necessary to
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separately decorate the TiO2 with Au nanostructures of both kinds.
An important advantage of the method we present herein is that
the Au nanostars confer strong IPCE enhancement in both the Vis
and NIR spectral regions. Moreover, if the ratios of the highest IPCE
values in the Vis-NIR and UV regions are considered (0.4/50 in this
work, compared to 0.015/25 in the work of Pu et al. [30]), it be-
comes clear that the overall IPCE efficiency in the Vis-NIR range

achieved with the Au-NSs is over 10 times greater than that ach-
ieved with the mixture of Au nanoparticles and nanorods reported
by Pu et al. [30] The absorbed photon-to-current conversion effi-
ciency (APCE), or internal quantum efficiency, was computed for
the Au-NSs/TiO2-NR system by dividing its IPCE value at a given
wavelength by its absorption at the same wavelength (Fig. S8 in
Supplementary material). The Au-NSs/TiO2_150� system exhibited
APCE values between 0.3 and 1.5% over the entire Vis and NIR re-
gion, with a maximum of 1.5% at 600 nm, which is consistent with
the SPR absorbance peak of Au-NSs.

On the basis of the analysis and discussion presented above, a
mechanism was proposed to explain the improvement in PEC
properties resulting from the incorporation of Au-NSs (see Fig. 7).
The cores and elongated arms of the Au-NSs each play different and
important roles in this mechanism. Because the Au-NSs are large
plasmonic nanostructures, having diameters of more than ~50 nm,
they are very effective at trapping light and increasing the system's
optical path length [44]. The photon scattering induced by these
particles increases the rate of electron-hole pair formation in the
semiconductor and is responsible for the enhancement of the
heterostructure's IPCE values across the UV region. Moreover, the
Au nanostars' long wavelength plasmon resonances, together with
the enlarged cross section for plasmon excitation due to the plas-
mons from their cores and arms, cause significant increases in the
local electric field strength [38,45], which helps to increase the rate
of carrier creation. We therefore suggest that the long-wavelength
plasmon resonances promote SPR-mediated hot electron transfer
and are also primarily responsible for the observed IPCE enhance-
ment over the visible and NIR region upon visible light illumina-
tion. As shown in Fig. 7, visible light irradiation caused hot electrons
to be directly injected from the Au-NSs into the adjacent

Fig. 5. Photoelectrochemical characteristics under simulated solar light irradiation. (a) Linear sweep voltammetry behavior; (b) Chopped light chronoamperometry curves recorded
at 1 V vs. NHE under AM 1.5 G solar illumination; (c) Nyquist plots of TiO2 and Au NSs/TiO2 measured at the open circuit potential over frequencies of 0.1e100 kHz with an
amplitude of 10 mV in the dark and (d) under AM 1.5 G solar light illumination. The inset in panel (d) shows a magnification of the high frequency region enclosed in the dashed
pink frame. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. IPCE plots for TiO2 and Au NSs/TiO2_150� (The IPCE plot in the inset is a
magnification of the main plot over the wavelength range of 400e800 nm).
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conduction band of TiO2-NRs through the Schottky barrier. It
should also be noted that direct contact between the metal and
semiconductor facilitates the rapid transfer of charge carriers [44],
which explains the improvement in the heterostructure's perfor-
mance after thermal annealing. Finally, the energetic holes left
behind in the Au-NSs are suggested to promote water oxidation
[44].

4. Conclusions

In summary, we fabricated heterostructured plasmonic metal/
semiconductor photoanodes by ex situ deposition of Au-NSs onto
TiO2-NRs. The resulting Au-NSs/TiO2-NRs exhibited improved PEC
properties under both visible light illumination and simulated
sunlight. Mild thermal treatment at 150 �C improved the Schottky
contacts within the heterostructures; this improvement was veri-
fied by an OCVD analysis, which showed that the thermal annealing
increased the system's electron lifetime, and EIS measurements
showing that annealing reduced a resistance to the charge transfer.
The IPCE values for the heterostructure in the UV region and across
the visible and NIR regions were both higher than those for bare
TiO2. The improvement in the UV region was attributed to the
photon scattering effects of the Au-NSs. The drastic enhancement
in the visible and NIR regions was attributed to long wavelength
plasmon resonances and promotion of SPR-mediated hot electron
transfer upon visible light illumination, which is facilitated by the
developed Schottky junction. Importantly, the overall IPCE effi-
ciency of the Au-NSs/TiO2 system in the Vis-NIR range is over ten
times higher than that previously reported for a related system
based on mixtures of gold nanoparticles and gold nanorods [30].
We believe that this work paves the way for new applications of
plasmonic nanoparticles with unique nanostar morphologies as
tools for enhancing the photoelectrochemical performance of
photoanodes allowing to exploit the entire solar spectrum in the
direct photochemical water splitting.
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a  b  s  t  r a  c t

Very  thin TiO2 blocking layers (BLs) are  important  components  for  achieving  high solar power  conversion

efficiencies (PCEs) in  the  dye-sensitized  solar  cells,  and  particularly perovskite solar cells  (PSCs).  When

reasonably thin,  TiO2 BLs  prevent  recombination  of  photogenerated charges  at the  conductive  fluorine-

doped  tin oxide (FTO) glass substrate used  in  these  devices.  However, all  previous  attempts  to  generate

efficient  TiO2 BLs have been  hampered  by an  insufficient  charge transfer  rate  at quasi-amorphous TiO2

and  very  low thermal  stability,  leading  to  the  loss  of blocking  properties after  thermal  calcination.  In  this

work,  we report the  deposition of homogenous  very  thin  (∼30  nm) TiO2 BLs  by  combining  advanced high

impulse power  magnetron  sputtering  (HiPIMS)  and additional bipolar  medium-frequency  (MF)  mag-

netron co-sputtering. The  as-deposited  TiO2 films  were shown  to  provide excellent  blocking  properties

which  were preserved  even  after  thermal  treatment  at  450 ◦C. Moreover,  TiO2 BLs thermally  treated  at

450 ◦C  show  a well-developed  rutile structure and  70 times higher  photocurrents  compared  to the  as-

deposited  layers.  This  work opens possibilities  for  the  utilization  of  very  thin TiO2 layers  in solar cell

technologies  providing  a double mode of action: blocking  functionality  and efficient  electron  transport.

©  2017 Elsevier Ltd.  All  rights  reserved.

1. Introduction

Since dye-sensitized solar cells (DSCs) based on the photo-

sensitization of TiO2 nanoparticles were first designed by  Grätzel

and O’Regan in  1991  [1],  the  concept has become one of the

most promising alternatives to silicon-based photovoltaic cells. The

simplest type of DSCs are constructed from a  TiO2 photoanode,

adsorbed dye molecules and a  redox mediator in an electrolyte. In

contrast, in solid-state dye-sensitized solar cells (SSDSCs), which

represent the next generation or  of DSCs, charge transport is  real-

ized by a solid hole-conductive material [2].  This concept has been

further modified by  using an organo-lead halide perovskite as

the light absorber in so-called perovskite solar cells (PSCs) rep-

resenting a “younger sister” of DSCs [3]. PSC-based devices have

yielded breakthrough results, with solar power conversion efficien-

cies (PCEs) of 15.7% [4], 16.2% [5], and 21.1% [6] achieved only within

the last three years. It  is  expected that  the efficiency will be  further

∗ Corresponding authors.

E-mail addresses: stepan.kment@upol.cz (S. Kment), kavan@jh-inst.cas.cz

(L. Kavan), radek.zboril@upol.cz (R. Zboril).

improved by e.g. applying various interalyers based on graphene

and/or other 2D materials [7,8].

One of the key  limitations of DSCs, SSDSCs and PSCs  is  back

recombination of the photogenerated charges owing to  the dif-

ferent  types of materials (e.g., perovskite layer, nanoparticulate

photoanode, hole transport layer, etc.) and interfaces that the

charges have to pass through before their extraction to the  elec-

trodes. The recombination of photoinjected electrons with oxidized

mediator (e.g., triiodide in  the  electrolyte) or the hole-transporter

is  one of  most detrimental processes that occurs at both the TiO2

surface and uncovered surface of  the  conductive charge collector

layer (typically a  transparent film of fluorine-doped tin oxide, FTO)

[2,9]. The extent of recombination over the FTO substrate is  rel-

atively low in  liquid-type DSCs but leads  to serious PCE losses in

SSDSCs and PSCs [10].  To  prevent the photogenerated charge car-

riers from  contacting the conductive FTO substrate directly, and

thereby shunting the device, an individual compact (nonporous)

blocking layer (BL) can  be deposited between the FTO substrate

and the light-absorbing layer [11].

Ideally, the BL should be pinhole-free whilst completely cov-

ering the relatively rough FTO surface. Furthermore, it should be

thick enough to prevent charge tunneling from the FTO into the

http://dx.doi.org/10.1016/j.apmt.2017.05.008

2352-9407/© 2017 Elsevier Ltd. All  rights reserved.

http://www.sciencedirect.com/science/journal/23529407
mailto:stepan.kment@upol.cz
mailto:kavan@jh-inst.cas.cz
mailto:radek.zboril@upol.cz


S. Kment  et  al.  /  Applied Materials Today 9  (2017) 122–129 123

electrolyte but, at the  same time, reasonably thin to maintain a

sufficient charge transfer rate from the mesoporous TiO2 into the

FTO [12].  However, synthesis of perfectly compact films of  very

low thickness (below 50 nm)  to preserve their blocking functional-

ity even after thermal treatment at elevated temperature (∼500 ◦C)

remains an unsolved and highly challenging task [13,14].

Very thin coatings of  TiO2 are the most frequently used blocking

layers (BLs) [9,14–16],  although other oxides, including zinc  oxide

[4],  aluminum oxide [17],  cesium carbonate [18], and very recently

also tin oxide [19],  have also been studied as viable options and

other materials based on TiO2-based BLs have been fabricated using

a broad range of methods. The approach based on a spray pyroly-

sis described by Kavan and Grätzel [20] in 1995 has been routinely

applied in most  of the reported SSDSCs and PSCs. Spray pyrolysis

and the sol–gel method [15] represent top-down strategies that

are  usually hampered by  difficulties in  controlling homogeneous

formation of  the blocking  film. In these approaches, a  sufficient

and homogeneous coverage of the FTO substrate is  usually accom-

plished by increasing the film thickness, which simultaneously

increases the  undesired internal resistance of the device. In con-

trast, bottom-up approaches, involving atomic layer deposition

(ALD) [21],  DC magnetron sputtering [22,23] or electrochemical

deposition [11],  have  been shown to improve the  homogeneity

of very thin BL coverage of  the FTO support. Kavan, Grätzel et al.

comprehensively tested all the abovementioned techniques and

concluded that, independently of the method used, all the TiO2

films lost their blocking ability when thermally treated at a  tem-

perature of 500 ◦C  owing to  the formation of  cracks and/or pinholes

[9].  This is a significant limitation because SSDSC and PSC photoan-

odes often consist of a  mesoporous TiO2 layer whose preparation

commonly requires a thermal sintering step.

In this work, we successfully addressed the thermal instability

issue of TiO2 BLs by  applying a  very high-energy plasma-assisted

deposition method based on a  combination of reactive high impulse

power magnetron sputtering (HiPIMS) and reactive medium fre-

quency (MF) pulsed magneton sputtering techniques. HiPIMS is a

novel state-of-the-art technique that utilizes working conditions

capable of producing crystalline films during the deposition cycle

while keeping the temperature of the substrate very low (∼150 ◦C)

[24]. Further, it has been shown that  the properties of the films,

e.g., crystallinity, texture, grain size, density, porosity, etc., can be

readily controlled by adjusting the energy of ions from the HiP-

IMS discharge [25]. It  is  also known that HiPIMS can ionize a  high

fraction of sputtered particles and a  high magnitude of  ion flux

toward the substrate is generated during the “on” time of the HiP-

IMS pulse [26–29].  By combination of HiPIMS and MF sputtering

discharges, very thin, dense rutile TiO2 buffer layers were grown

on a FTO surface at a low temperature (below 150 ◦C). Most impor-

tantly, both the as-deposited films and those thermally treated  at

450 ◦C  exhibited excellent blocking properties toward the FTO sur-

face. Moreover, the annealed films substantially outperformed the

function of all BLs developed to date. Further, electrochemical data

showed that these films provide a highly rectifying interface for

charge-transfer reactions of model redox probes and  contribute to

a high performance of  developed photoanodes.

2.  Material and methods

2.1. Preparation of the  TiO2 very thin blocking layers

The experimental apparatus for the TiO2 reactive high impulse

power magnetron sputtering (HiPIMS) combined with mid-

frequency (MF) magnetron sputtering deposition can be seen in

Fig. S1. A circular unbalanced magnetron system with Ti target with

diameter 50 mm  was placed in  the continuously pumped vacuum

reactor. The floating unheated substrate was  placed 70 mm from

the target surface. A  working gas mixture of Ar +  O2 was  used for the

reactive sputtering process. The mass flow of Ar  was  QAr = 20 sccm

and the mass flow of oxygen was  QO2
= 10 sccm. The total gas pres-

sure was  held on the value 0.8  Pa  during the deposition process.

The  HIPIMS power supply together with MF bipolar source were

connected to the magnetron cathode. The frequency of MF  source

was 300 kHz. The “ON” time of  HiPIMS pulse was TON =  100 �s  and

the pulsing period was Tper = 10 ms.  The  average discharge current

was held on  the constant value of IAV =  800  mA.  The TiO2 films were

deposited on  fluorine doped tin oxide (FTO) coated glass (TCO22-7,

Solaronix, Switzerland) with the constant thickness around 30 nm.

Two specific cases of  TiO2 deposition conditions are  presented in

this paper. These are the  bare HiPIMS deposition without addi-

tional MF  plasma excitation (THiPIMS)  and the HiPIMS deposition

with bipolar additional MF plasma excitation (TMF). The films were

investigated in the form of as-deposited samples and also after  their

annealing at 450 ◦C for 1 h.  These films were labeled in  the text

in  accordance to  the as-deposited samples as THiPIMS(c) and TMF(c),

respectively.

Fig. S2 shows typical current and voltage waveforms in  HiPIMS

as well as HiPIMS + medium frequency (MF) reactive  sputtering of

TiO2 thin films. Fig. S2a shows bare HiPIMS waveforms without

an additional MF  discharge between HiPIMS pulses. The pulse dis-

charge current is  in  this  case Ip = 80 A and it corresponds for our

titanium target with diameter 50 mm  to  the pulse discharge cur-

rent density of jp = 4.2 A cm−2. In Fig. S2a,  the short delay between

the onset of voltage pulse and the onset of the discharge current

can be  seen. It  is a  typical phenomenon for molecular gasses where

it is more complicated to  start the discharge without any preioniza-

tion.  This delay is not observed in  Fig. S2b denoting the MF plasma

excitation between HIPIMS pulses. This  feature results from  the

MF  plasma excitation causing the preionization before the start of

high power pulse. The magnitude of positive voltage maximum is

Upos = 400 V in  case of  the bipolar MF plasma excitation (Fig.  S2b).

Generally, it can be stated that the average heating flux to the

substrate in  the bare HiPIMS is quite low but the flux  of ionized

sputtered particles during the HiPIMS pulse when the films grows

is high [30].  When the bipolar MF plasma during the “OFF” time of

HiPIMS pulses is  added the substrate will be bombarded by argon

ions during this “OFF” time and this bombardment will increase

average heating flux to  the substrate but the flux of ionized sput-

tered particles during the “ON” time of HiPIMS pulse will be  similar

like in the case of bare HiPIMS [31–33].

2.2. Characterization of  the films

Crystalline structure of the films  was  analyzed by Raman spec-

troscopy. The spectra were measured at room temperature with

an unpolarized beam in  back-scattering mode using an RM 1000

Renishaw Raman microscope. The spectra were excited with the

514.5 nm line of an Ar+ laser, and the Raman response was recorded

in  the spectral range of 100–1000 cm−1 with a resolution of

∼1 cm−1. The area of  the focused laser on the sample was ∼4 �m2.

Surface images were captured by scanning electron microscope

(SEM) Hitachi SU6600 with accelerating voltage 10 kV.  The  elemen-

tal analysis was  performed using energy dispersive spectrometry

(EDS) that was  acquired in SEM by Thermo Noran  System 7 with

Si(Li) Detector. Surface topography images were also captured  by

atomic force microscope (AFM) INTEGRA Aura.

2.3. Electrochemical and  photoelectrochemical properties of the

films

Photoelectrochemical and electrochemical experiments were

carried out in a  one-compartment cell using Autolab Pgstat 101
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controlled by the  NOVA software with three electrodes in the sys-

tem. The TiO2 thin film on FTO was the working electrode, the

reference electrode was Ag/AgCl (sat. KCl) and a platinum rod

was the counter electrode. 0.1 M solution of Na2SO4 (pH  10)  was

used as the electrolyte for photoelectrochemical experiments The

electrolyte pH was carefully controlled and adjusted by  adding

H2SO4 or NaOH. The TiO2 films were illuminated from the front

side (from film/electrolyte interface) and the TiO2 film  area (1  cm2)

was defined by a  teflon tape. As the source of radiation the Hg

lamp (Oriel) was  used. Optical filter ensured range of wavelength

320–380 nm.  The light intensity was 6.5 mW cm−2.  Furthermore,

the films were tested under the illumination of solar ligh  simulator

AM  1.5 G with the intensity of 100 mW cm−2.  Chopped-light polar-

ization curves were measured with 10  s dark/light interval and scan

rate 5 mV  s−1.

Cyclic voltammetry (CV) measurements in  aqueous electrolyte

containing [Fe(CN)6]3−/[Fe(CN)6]4− redox probe were performed

for evaluation of  blocking effect of the deposited layers. The scan

rate was 100 mV  s−1 and the electrolyte solution was 0.5  mM

K4[Fe(CN)6] + 0.5  mM  K3[Fe(CN)6] in  aqueous 0.5 M KCl, pH 2.5.

Impedance spectra were measured at potentials from 1.3 V to

−0.3 V vs Ag/AgCl in acidic medium (pH  2.5). The electrolyte pH

was carefully controlled and adjusted  by  adding HCl. The elec-

trolyte solution was purged with Ar and the measurements were

carried out under argon atmosphere in  the hermetically closed elec-

trochemical cell. Impedance spectra were evaluated using Zview

(Scribner) software.

The measured potentials vs. Ag/AgCl were converted to  the

reversible hydrogen electrode (RHE) scale  following the Nernst

equation:

ERHE = EAg/AgCl +  0.059 pH +  E
◦

Ag/AgCl (1)

where ERHE is the  converted potential vs. RHE, E
◦

Ag/AgCl
= 0.207 V at

25 ◦C, and EAg/AgCl is  the  experimentally measured potential against

the Ag/AgCl (sat KCl) reference.

3. Results and discussion

In this work, we firstly combined the HiPIMS mode with medium

frequency (MF) pulsed magneton sputtering. Coupling of HiPIMS

magnetron sputtering with MF  pulsed  excitation can increase the

heating flux toward the substrate whilst simultaneously main-

taining a high ion flux  on the substrate. This substrate treatment

reduces the internal stress of the deposited films, which is  an essen-

tial property governing the compactness after thermal annealing.

All described films had a comparable thickness of around 30 nm

(see below) and were strongly adherent to  the FTO substrate and

highly transparent. Raman spectra of the  as-deposited films  and

films after annealing at 450 ◦C in  air for 1 h are presented in Fig.  1.

The as-deposited layers (THiPIMS and TMF) exhibited polycrystalline

structures with varying content of anatase and rutile phases. The

TMF sample showed a much higher crystallinity (mixture of anatase

and rutile phases) compared to  the THiPIMS sample, which was

almost amorphous with only traces of rutile structure. The crys-

talline structure achieved in  the TMF sample was attributed to  the

high ion flux (energetic bombardment) and increased heating flux

toward the substrate surface. To examine the structural changes

upon thermal treatment, the films were annealed at 450 ◦C  in  air

for 1 h. It  is widely reported in  the literature that recrystallization

due to post deposition thermal sintering strongly depends on the

microstructure and crystallinity of the as-deposited sample [34,35].

As expected, the thermodynamically more stable rutile structure

was identified as  the single phase in the TMF(c) sample due to  the

polymorphous transformation of anatase. The sample  THiPIMS(c) did

not undergo any structural changes due to  the thermal annealing, as

Fig. 1.  Raman spectoscopy results. Raman spectra of very thin TiO2 blocking films:

(a)  as-deposited TiO2 films; (b) TiO2 films annealed at 450 ◦C  in  air  for 1  h.  Reference

spectra of anatase and rutile crystalline phases are also  shown. The contributions

of Raman peaks originating from the FTO substrate have been extracted for better

clarity. Spectra  are offset for clarity  in  the intensity scale.

reflected by almost identical Raman spectra (compare THiPIMS and

THiPIMS(c) in Fig. 1a and b)  of the as-deposited and annealed samples.

This  was likely because the still low temperature (450 ◦C)  prevented

any significant crystallization and there was  a limited amount of

rutile nuclei in the as-deposited amorphous layer. The strong vari-

ation in  the Raman band intensities between the thermally treated

and  as-deposited layers can be attributed to  the different texture of

the films induced by calcination, as discussed in our previous work

[25].

The AFM profile scan in  Fig.  2a indicates that the thickness of

the TiO2 BL  was  30  nm.  For  this measurement, the TiO2 film was

deposited under identical plasma conditions as the other samples

but on a  highly flat fused silica substrate to  avoid experimental

error due to  the very rough FTO surface. Fig.  2b–d presents sur-

face SEM images of a blank FTO substrate and FTO covered by TiO2

blocking overlayers after thermal annealing. A rough surface due to

the FTO grains containing highly asymmetrical shapes with diam-

eters in  the range of several tens of nanometers was  a  common

feature of  this type of substrate (Fig. 2b). After coating of the TiO2

blocking films, the FTO pattern remained unchanged with clearly

recognizable FTO grains. These images also verified the extremely

low  thickness (∼30 nm)  of the films and their compactness over

the support. Importantly, the films prepared without MF discharge

(THiPIMS(c)) suffered from cracks and pinholes after the thermal

annealing, as shown by the  insets in  Fig. 2c and Fig. S3, which was

presumably caused by high internal stress. No  observable defects

were identified for the HiPIMS +  MF deposited films (TMF), indicat-

ing  homogeneous coverage of the FTO support. With regard to  the

elemental composition, no differences were observed among  the

films. Besides the main elements, including titanium, oxygen and

tin (originating from the FTO substrate), residual nitrogen due to

plasma substrate treatment/activation was  detected in  the energy

dispersive X-ray spectroscopy (EDS) spectra, as  shown in Fig. S4.

The surface topography was  also monitored by AFM. Corre-

sponding 2D and 3D  surface topography images  are shown in

Figs.  S5 and S6. The images were analyzed to  assess surface

roughness (RMS). Owing to the very low thickness of  the TiO2

films homogeneously covering the  relatively rough surface of

FTO (RMS = 150 nm), only a  slight decrease in  the RMS  values

(50–100 nm)  was identified upon thermal annealing (see descrip-

tion in Fig. S6), in  good agreement with the SEM results.
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Fig. 2. AFM and SEM observations. (a) Thickness of TiO2 BL measured from AFM cross-section depth profile scan. Top-view SEM  images of calcinated TiO2 blocking layers:

(b) blank FTO, (c) THiPIMS(c) layer, and (d) TMF(c) . The  insets in (c) show magnified regions containing homogeneity defects, such as pinholes (upper image) and cracks (lower

image), of the  THiPIMS(c) BL.  The  scale bar of 500  nm  applies to all the SEM images.

Electrochemical and photoelectrochemical experiments were

carried out to  test the functional properties of the TiO2 BLs.

Cyclic voltammetry (CV) was considered a suitable method for

evaluating the blocking effect of the studied TiO2 films. CV  measure-

ments were carried out in aqueous electrolyte solution containing

[Fe(CN)6]3−/[Fe(CN)6]4− redox couple as a model pH independent

redox probe with a  simple one-electron transfer reaction [9,15].  The

redox potential of [Fe(CN)6]3−/4− (0.595 V vs. RHE) is  sufficiently

positive of the  flatband potential of TiO2 (both anatase and rutile)

at all pH values in aqueous electrolyte solutions [36].  The flatband

potential, ϕFB,  of a  rutile single-crystal electrode can be calculated

from the Nernstian pH-dependence (Eq. (1)):

ϕFB = −0.16 − 0.059 pH (rutile,  V vs. Ag/AgCl)

= −0.047 −  0.059 pH V vs. RHE (2)

Thus, TiO2 behaves as an electrochemically rectifying material

against the [Fe(CN)6]3−/[Fe(CN)6]4− redox couple. In other  words,

a good quality TiO2 BL  fully covering the FTO substrate will pre-

vent the flow of any anodic currents corresponding to  the oxidation

of ferrocyanide. The onset of cathodic current due  to ferricyanide

reduction occurs at  more negative potentials than the TiO2 flat-

band potential. Under such conditions, the TiO2 electrode is in

the accumulation regime and shows metallic-like behavior. There-

fore, defects in the BL, such as cracks and/or pinholes, can be

directly and sensitively identified by  monitoring the anodic cur-

rent, which is  related to  ferrocyanide oxidation taking place solely

at the uncovered (naked) parts of the FTO layer. Fig. 3 compares

cyclic voltammograms of the reference blank FTO  substrate and

TiO2 BLs fabricated by  the HiPIMS method (THiPIMS) and HiPIMS

with additional MF  sputtering discharges (TMF). Fig. 3a shows the

blocking ability of the as-deposited TiO2 layers. The films fabricated

by the  HiPIMS method (THiPIMS)  and with additional bipolar MF  sig-

nal (TMF)  both showed excellent blocking properties, i.e. there were

no indications of anodic currents in  the voltammograms. It  should

be mentioned that  high quality BLs at low temperatures have been

reported by other authors. However, preserving the blocking prop-

erties after thermal treatment still remains the key challenge.

To evaluate the thermal stability with respect to blocking perfor-

mance, the FTO/TiO2 electrodes were thermally treated  at 450 ◦C in

air for 1 h.  These tests were conducted because fabrication of typical

photoanodes for DSCs or electron collecting layers in  PSCs usually

requires thermal sintering of  a  mesoporous TiO2 layer as one of the

constituents forming the electrodes. The TMF(c) sample maintained

its properties after the thermal procedure, i.e., the blocking capa-

bility was fully  preserved (Fig. 3b). In contrast, the as-deposited

TiO2 layer prepared by HiPIMS  (THiPIMS) completely lost  its block-

ing function  after thermal annealing (THiPIMS(c)). The peak current

densities of the THiPIMS(c) sample were lower than those  of bare FTO

and showed considerably larger peak-to-peak separation, indicat-

ing larger charge transfer resistance due to the surface covering

[9,37].  This can be  explained by the different structure of the two

types of films tested. The microstructure of HiPIMS films produced

under  a high energy flux  toward the substrate have  been shown

to  feature a  high density of  nanoscale grains, which are associated

with a relatively high internal stress generated due to densification

of the grain boundaries of the film [38,39].  The as-deposited HiP-

IMS  films (THiPIMS) exhibited considerably lower crystallinity than

the TMF films. Thus, rather than improving the crystallization (see

Raman spectra in  Fig. 1),  thermal annealing, of  the THiPIMS, sample

caused relaxation of the interstitial stress, most likely accompanied

by the creation of  defects in the form of pinholes and cracks over

the film, thereby disrupting its blocking  properties (Fig. 2c).  From

our tests (not shown here) the blocking ability started to  decrease

at the temperature of annealing of ∼250 ◦C. In contrast, the TMF

films were prepared by using a  very high energy ion flux (HiPIMS)

in  combination with  considerably higher heating flux (MF) on the

substrate, minimizing the internal stress in the film and increasing

the  overall extent of crystallization. Therefore, the HiPIMS mode

coupled with the bipolar MF  sputtering signal  was identified as

the optimal plasma deposition conditions for preserving the block-

ing functionality of the TiO2 layer after  thermal treatment. The

efficiently balanced energetic ion and heating fluxes yielded high

quality crystalline films  with sufficient density to provide excellent

blocking properties in  both  the as-deposited (TMF)  and thermally

annealed (TMF(c)) films.

To  probe the ability of the films  to  withdraw photogener-

ated electrons toward the FTO substrate, and thus to  work as
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Fig. 3.  Cyclic voltammetry analyses. Cyclic voltammograms of bare FTO and TiO2 electrodes prepared by  HiPIMS and HiPIMS with additional MF signal on FTO. (a) As-

deposited films without heat treatment and (b)  films calcined at  450 ◦C for 1 h  in air. Schematic of a  high-quality fully blocking film  (c) and a  damaged counterpart lacking

blocking  ability (d).

Fig. 4. Linear sweep voltammetry and chopped light chronoamperometry measurements. Linear sweep voltammetry of TiO2 blocking layers. Linear sweep voltammograms

of  (a) as-deposited films and (b)  films after thermal annealing at 450 ◦C  for 1 h. The experiments were carried out  under chopped light  UV light irradiation (c) linear sweep

voltammetry and (d) chopped light chronoamperometry scans recorded at 1.3  V vs. RHE. The experiments were  carried out with annealed TiO2 BLs  under solar simulator AM

1.5  light illumination.

an electron transport layer  (ETL), measurements of current den-

sity versus applied potential were  performed. Fig. 4 displays

J–V polarization curves under chopped light conditions. The as-

deposited TiO2 films (Fig.  4a) showed comparable photoactivity

with plateau-like dependency of the J–V curves. The maximum

current density reached for HiPIMS deposition alone (THiPIMS)  was

very low (8.5 �A  cm−2) but even  lower for the HiPIMS mode with

additional MF  applied voltage (TMF,  5.5 �A cm−2). Both these val-

ues were recorded at 1.55  vs. RHE reference electrode. One reason

for such low photocurrents might be that  the interface required

for  efficient charge transfer between the TiO2 layers and the  FTO

charge collector was  not properly developed. This would be  espe-
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Fig. 5.  Circuit representation and Mott–Schottky plots. (a)  Equivalent circuit used for fitting the electrochemical impedance spectra. Mott–Schottky plots of FTO electrode

covered with TiO2 film fabricated under (b) HIPIMS alone (THiPIMS(c)) and (c) HiPIMS + MF  additional plasma discharge (TMF(c)). The  TiO2 photoanodes were annealed at 450 ◦C

for  1 h in  air.

cially pertinent for the sample THiPIMS because it  exhibited the

lowest thermal as well as energetic ion flux on the  substrate during

plasma deposition, which also resulted in the lowest crystallinity

of the films, as  verified by Raman spectroscopy. The low extent of

crystallinity most likely also contributed to  the poor photoactivity.

In the case of the TMF film, the presence of an  anatase admixture

may be another factor contributing to  such low photoefficiency.

This contaminant may  induce electronic states within the TiO2 band

gap that act as recombination centers for the photoelectrochemical

(PEC) process.

This hypothesis was supported by the following PEC analysis

of TiO2 layers  thermally treated at  450 ◦C for 1 h. After thermal

annealing, the anatase Raman scattering peak vanished entirely

from the spectrum of TMF(c) film and simultaneously the PEC activity

rose dramatically (see  Figs. 2b and 4b, respectively). A photocur-

rent of 388 �A  cm−2 at 1.55  V vs. RHE was  recorded, suggesting a

70-fold enhancement for the TMF(c) film. A maximum photocur-

rent of 490 �A  cm−2 was  recorded at  2.3 V  vs. RHE. Conversely,

only a slight improvement of the PEC performance was observed

for the THiPIMS(c) sample, reaching a photocurrent of  42 �A cm−2

at 1.55 V  vs.  RHE, which was  only four  times higher than that of

its as-deposited counterpart (THiPIMS). This supports our previous

conclusion that thermal annealing of the (THiPIMS)  films contributed

to better charge transfer dynamics but did not improve the crys-

tallinity, which was very poor and the main restriction on  PEC

performance. The annealed films were further tested by linear

sweep voltammetry and chronoamperometry under standard solar

simulating conditions of AM 1.5 (intensity 100 mW cm−2)  light irra-

diation. A current density of 110 �A cm−2 at 1.3  V vs. RHE was

obtained for the TMF(c) films (Fig. 4c and d). It  is  worth noting that

this value was very similar to  the PEC activity of recently reported

very thin TiO2 films (comparable thickness ∼20 nm) deposited

by an ALD technique [40,41].  Further, in  line with the  previous

PEC experiments, under standard solar simulating conditions, the

TMF(c) films outperformed the THiPIMS(c) BLs by a  factor of five. The

chronoamperometry scans recorder at constant applied potential

of 1.3 V vs. RHE also show a very fast response on the light/dark

periods as well  as sufficient stability of the produced films (Fig. 4d).

Electrochemical impedance spectroscopy (EIS) was  applied to

further evaluate the properties of the TiO2 BLs. The tests were per-

formed with acidic (pH 2.5) aqueous electrolyte solution free from

any other redox couples. The recorded EIS spectra were best-fitted

to the equivalent circuit shown in Fig. 5a, where RS characterizes

the ohmic resistance of the electrode, electrical contacts  and elec-

trolyte solution, RCT denotes the charge transfer resistance and CPE

represents a  constant phase element modeling the space charge

capacitance. More detailed description is  given elsewhere [9,15].

Proton insertion into TiO2 is usually assumed to  be a faradaic

reaction with rate proportional to  the reciprocal value of charge

transfer resistance (Eq. (2)):

TiO2 +  e−
+ H+

→ TiOOH+ (3)

In the absence of  an external potential, the interface

TiO2/aqueous electrolyte solution is  usually characterized by

upwards band bending. This is caused  by adjustment of the Fermi

level of TiO2 with the corresponding energy level in solution. Elec-

trons are  depleted from the space  charge region and the  interfacial

capacitance is  given  by the Mott–Schottky equation (Eq. (3)):

1

C2
SC

=

(

2

eε0εrND

)  (

ϕ − ϕFB −
kT

e

)

+
1

C2
H

(4)

where εr is the dielectric constant of the semiconductor (in the  case

of rutile, εr = 160) [42], ε0 is the permittivity of free  space, CSC is  the

capacitance of the space-charge (depletion) region normalized to

the electrode area, ND is the number of donors  per unit volume, ϕ is

the  applied potential, ϕFB is the flatband potential, k  is Boltzmann’s

constant, T is the temperature, and e is the electronic charge [43].

CH is the Helmholz capacitance of the electrochemical double layer

and is usually much larger than CSC for low donor concentrations.

Thus, the last part of  the equation can be  neglected [44,45].

Measurements were recorded by scanning from positive to

negative potentials over the range 1.3  V to  −0.3 V vs. Ag/AgCl

(1.655–0.55 V vs. RHE). Fig 5b and c shows Mott–Schottky plots

for the calcined BLs (THiPIMS(c) and TMF(c)). Mott–Schottky plots cor-

responding to  the  as-deposited (without thermal treatment) films

are presented in Fig. S7. It  can be seen from these plots that all three

systems showed a  linear zone with  a positive slope, which can be

attributed to  n-type semiconductor behavior.  From extrapolation

of the linear region and the slope of the plots, the flatband poten-

tial  (ϕFB) and apparent majority carrier density (ND), respectively,

were obtained. The resulting values are  summarized in Table 1.  The

main finding was that the as-deposited films contained a  signifi-

cantly larger number of surface defects, such as oxygen vacancies

and crystallinity imperfections, in  line with the aforementioned

results (Raman spectroscopy, crystallinity and linear voltamme-

try, PEC performance). In  particular, Mott–Schottky curves for  the

as-deposited TiO2 films exhibited nonlinear behavior (Fig. S7) at
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Table 1

Flatband potentials ϕFB and number of donors ND for the tested layers.

Electrode ϕFB (V) vs. RHE ND (cm−3)

THiPIMS 0.64 8.81 ×  1018

THiPIMS(c) 0.41 9.77 ×  1018

TMF 0.35 3.56 ×  1019

TMF(c) 0.31 9.17 ×  1017

the highest voltages applied. Such non-ideal characteristics have

been directly linked to the presence of surface states in  the work by

Schrebler et al. [46]. The films deposited without additional MF  sig-

nal (THiPIMS and THiPIMS(c)) showed a noteworthy shift of the flatband

potential toward the cathodic region. This phenomenon has been

linked to specific ion adsorption due to the surface states presented

[47]. The role of surface states on  the  flatband potential was also

studied by Ge et  al., who observed a similar shift [48].  These states

can be related to  the low crystallinity of the THiPIMS and THiPIMS(c)

films and may  be responsible for the generally low PEC activity of

the  as-deposited films owing to a high extent of charge recombi-

nation. Lastly, the carrier density (ND) was considerably lower for

the TMF(c) films than the as-deposited TMF counterpart owing to  the

reduced number of  oxygen vacancies over the  samples as a  result of

the thermal treatment in  air. In other words, the density of recombi-

nation centers (e.g., oxygen vacancies) was effectively suppressed.

In contrast, the number of donors was slightly increased for TiO2

deposited under HiPIMS conditions alone (compare ND values for

THiPIMS and THiPIMS(c) in Table 1). This corresponds well to  the  results

obtained from the linear and cyclic  voltammetry measurements.

As shown in Figs. 3 and 4 for the TMF(c) films, thermal annealing

caused a considerable increase in  the photocurrent densities as

well as  improved their blocking ability. In contrast, the photocur-

rents remained almost unchanged and the blocking  function was

entirely lost in the THiPIMS and THiPIMS(c) films, respectively.

4. Conclusions

Highly efficient and thermally stable TiO2 BLs were prepared

by combining high impulse power magnetron sputtering (HiPIMS)

and bipolar medium frequency (MF) magnetron co-sputtering. The

MF discharge was generated during the “OFF” periods of the main

HiPIMS deposition discharge. Owing to the very high ion flux (i.e.,

ion bombardment) commonly associated with  HiPIMS discharge

and additional high thermal flux generated by  MF co-sputtering

toward the FTO substrate, growth of very thin TiO2 films (∼30 nm)

was achieved. TiO2 films deposited by  the combined HiPIMS/MF

approach showed reasonable crystallinity and excellent blocking

ability in the as-deposited state. Most importantly, the blocking

functionality of the films was fully preserved even after thermal

treatment at  450 ◦C, whereas the blocking function was completely

lost in films prepared by HiPIMS alone. Moreover, the photocur-

rent density of newly developed TiO2 BLs was estimated to be

about 70 times higher than that of as-deposited films. Finally, the

PEC behavior was shown to be  consistent with EIS measurements,

which revealed the presence of surface states (e.g., oxygen vacan-

cies, crystalline defects) that most probably act as recombination

centers. These states  were passivated by thermal calcination in the

case of films prepared by  HiPIMS + MF.  Overall, our results suggest

that very thin TiO2 films prepared by HiPIMS + MF may  not only

function as BLs but also as highly efficient electron transfer layers.

Titania films with such a double mode of action may  offer a  promis-

ing option for improving the performance of current dye-sensitized

and perovskite-based solar cells.
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a  b  s  t  r a  c t

The  fabrication of  crystalline  �-Fe2O3 hematite thin  films  by means of  novel  high power  impulse mag-

netron sputtering  (HiPIMS) and high  power  hollow  cathode plasma  jets system is reported. The  coatings

are based  on low temperature  pulsed-plasma reactive  sputtering.  These  methods were compared  with  a

more common method  of  medium  frequency (MF)  pulsed reactive DC magnetron  sputtering. Although

both  high power  methods  yielded  crystalline structure of  the films already  during the depositions,  the

films had  to  be  thermally  treated  at elevated  temperature  in order  to improve their physical (crys-

tallinity) and  electronic  properties.  The  deposition methods used and  the  effect  of the post deposition

thermal annealing were  judged on the  basis of physical properties such as  crystalline  structure,  optical

absorption,  surface  topography,  electronic  properties,  and  electrical behavior. The functional  proper-

ties  were  investigated  under simulated photoelectrochemical water splitting conditions. Despite the

revealed hematite  phase of the as-deposited  films, these  were almost photoelectrochemically  inactive.

The  annealing  improved  crystal structure  of  the deposited films and  increased  their  dark  conduc-

tivity.  Furthermore the  annealing  initiated  the  diffusion of tin atoms from FTO  (fluorine  doped tin

oxide) substrate  into the  film increasing its  extrinsic conductivity.  These  improvements  lead  to  higher

photoefficiency.

©  2013  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Hydrogen is highly attractive environmentally friendly fuel that

might significantly help supply  rapidly increasing global demand

for energy. One of the most promising approaches how to  sustain-

ably produce hydrogen is photoelectrochemical water splitting.

Hematite iron oxide (�-Fe2O3)  has been identified as a  suitable

photoactive material to  be applied as a photoanode in  a  pho-

toelectrochemical cell (PEC). The advantages of hematite lay in

its chemical stability in  aqueous environment, nontoxicity, abun-

dance, and low cost. Moreover, hematite possesses a band gap

between 2.0 eV and 2.2 eV, which allows absorbing a  substantial

fraction of solar spectrum. With this band gap and assuming the

standard solar illumination conditions (AM 1.5 G, 100 mW cm−2)

theoretical maximal solar-to-hydrogen (STH) conversion efficiency

can be calculated at  15% [1].  However, among the most discussed

limitations of hematite preventing to  reach such a high efficiency

∗ Corresponding author. Tel.: +420 585634365; fax: +420 585634958.

E-mail address: kment@jointlab.upol.cz (S. Kment).

are  listed the low absorptivity (especially for longer wavelengths)

and very short diffusion length of  photogenerated holes. There-

fore, the aim  of this  work  was  to  investigate these drawbacks in

the hematite films fabricated by unique and sophisticated plasma-

assisted methods. The dependence of  physical properties of the

deposited films on thickness (100–25 nm)  was  also studied. It  was

already demonstrated that  hematite films in this thickness range

can be  described as physically thin but capable of  obtaining rela-

tively  high photoefficiency [2,3].

The majority of  hematite coatings have been fabricated by

chemical methods such as colloidal doctor blading [4],  anodic

electrodeposition [5,6], and chemical vapor deposition (CVD) [7],

with a  common target to achieve a very high surface area via the

nanostructuring (nanoporous, nanowires, nanorods, cauliflower-

like nanostructures, etc.) of  the films. However, very often these

structures suffer from poor adhesion to the substrate. Only few

works have proposed using DC magnetron sputtering for hematite

deposition (e.g. [8]) although it is  a commonly used technology

for production of  a  wide range of semiconductor functional thin

films. What is more, the  approach of RF sputtering of  a Fe2O3 target

in  Ar/O2 atmosphere has been  mostly used  [9].  This work  reports

0920-5861/$ – see front matter ©  2013  Elsevier B.V. All rights reserved.
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Fig. 1. Pulsed hollow cathode plasma jet sputtering system for the deposition of hematite  thin films.

on application of  state-of-the-art low temperature plasma assisted

methods including high power impulse magnetron sputtering (HiP-

IMS) and DC pulsed dual hollow cathode plasma jets system for the

deposition of highly adherent hematite thin films.

The HiPIMS discharges are operated in pulse modulated regime

with a low repetition frequency (typically about 100  Hz) and a  short

duty cycle (∼1%) with applying high peak  powers (∼ kW/cm2)  dur-

ing the active part  of the modulation cycle [10].  A  distinguishing

feature of HiPIMS is  its high degree of ionization of the  sputtered

metal and a high rate of molecular gas dissociation due  to  very

high plasma density near the target (order of 1013 ions cm−3). Fur-

thermore, the energy of impinging metal ions can be tuned e.g. by

external substrate bias  to improve thin film adhesion, homogene-

ity, density, crystallinity and/or texture. HiPIMS was also applied

for reactive sputtering processes [11,12].

The plasma jet sputtering system consists of insulated water-

cooled cylindrical nozzles made from the material to be sputtered

(in our case iron), which simultaneously work as the hollow

cathodes. As a  consequence of so-called hollow cathode effect

highly dense sputtering plasma is generated inside the nozzle when

DC and/or RF voltages are  being applied [13].  The hollow cathode

discharges (HC) are also pulse modulated with various repetition

frequencies, which are,  however, generally higher than in  HiPIMS

(in the order of kHz) and thus with corresponding duty cycles of

tens of percent. The in-house developed hollow cathode system

used for this study is in  more  details described elsewhere [14,15].

Both these methods have  been recently the subject of an initial

study focused on measuring the ratio of ionized to neutral fluxes

of depositing particles (parameter r) on the substrate during the

deposition of  Fe2O3 hematite films [16].  The first study of physi-

cal properties of  hematite Fe2O3 thin  films (crystalline structure,

surface morphology) deposited by  HiPIMS magnetron and pulsed

hollow cathode was already done in this work. It was  shown that

both methods provided a  high degree of ionization of the sputtered

particles (r = 0.44 and r = 0.18, for HiPIMS and HC, respectively) for

the highest pulse powers applied (HiPIMS –  3.5 × 104 W and HC –

5 × 103 W).  In this continuing work the main  attention was paid to

the investigation of the properties of the fabricated hematite films

in terms of the crystallinity, optical properties, surface morphology,

electrical properties and particularly water splitting photoactivity.

In  order to  demonstrate the advantages of the introduced high

power plasmatic methods a more common medium frequency (MF,

50 kHz) DC pulsed reactive sputtering was also applied for  the

hematite thin  films  deposition. This method in  the previous study

[16] showed very  small ionization of the sputtered particles.

2. Experimental

The films depositions were carried out in  an ultra-high vacuum

(UHV) reactor continuously pumped down by a  turbo-molecular

pump providing the base  pressure of 10−5 Pa. The hematite films

were deposited onto carefully cleaned fused-silica (SiO2) and

fluorine-doped tin oxide (FTO,  TCO-7, Solaronix) glass  substrates

at  room temperature. The HiPIMS deposition employed a metal-

lic  target  of pure iron (99.995%, Plasmaterials) with outer diameter

50 mm  and an Ar–O2 atmosphere as working gases mixture. Since

the  iron target exhibits a  ferromagnetic behavior the  thickness

of the target  was  reduced to 1.8  mm  in order to  be  magnetically

saturated and the magnetic field lines could be present with suf-

ficient intensity at the surface of the  magnetron target. The gases

were fed  to the reactor with the flow rates of 30 sccm (standard

cubic centimeters per minute)  and 12 sccm corresponding to  argon

and oxygen, respectively. The operating pressure of 1 Pa was set.

The pulsing frequency of DC HiPIMS discharge was  in  the range

70–1000 Hz with the  “ON” time of 100 �s and the maximal current

density achieved in  a pulse was 5 ≈  A  cm−2 at  70 Hz.

Analogously, the dual hollow cathodes made from pure iron

(99.995%, Plasmaterials) were  sputtered by the plasma discharge

generated inside the  nozzles. The hollow cathode plasmatic

arrangement is seen in Fig. 1.  Argon was  delivered to the system

through the nozzles with the flow rate of 80 sccm in  each  of them.

Whereas oxygen as the reactive gas was  fed to  the reactor by a lat-

eral enter with the flow  rate of 40 sccm. The deposition pressure

was also 1 Pa. The plasma discharge was  pulse modulated with the

frequencies in the range 1–2.5 kHz and the “ON” time of 100 �s. The

maximum attained pulsed current density in such hollow cathode

discharge was approximately ≈3  A  cm−2.

Additionally the iron  oxide thin films were also deposited by

DC pulsed magnetron sputtering with a  medium repetition puls-

ing frequency of  50  kHz with “ON” time of 15 �s. In terms of the
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Fig. 2.  (a) Raman spectra of the as-deposited films.  (bi) Raman intensity map  of the 225 cm−1 hematite Raman peak  –  HiPIMS. (bii) The intensity map – HC. (c) The  Raman

spectrum and a photograph of the HiPIMS hematite film deposited onto a polymer substrate.

degree of the ionized particles and the  energy, with which they

are impinging the substrate, this method is close to standard DC

magnetron sputtering. However, since also in this case the reactive

sputtering of the  iron target was used, the MF pulsing mode had to

be used in order to  discharge oxidized target surface and suppress

the generation of  undesirable arc events on  the  target surface, and

to stabilize the reactive sputtering process.

The crystalline structure of the layers was determined using XRD

by an X’Pert MRD  powder diffractometer (parallel beam geometry

realized with Goebel mirror in the primary beam and parallel plate

collimator and graphite monochromator in  the secondary beam)

and Raman spectroscopy by  Renishaw Raman Microscope RM 1000

(unpolarized beam in back scattering mode of a  514.5 nm Ar+

laser). Under these conditions also  Raman mapping was  done by

scanning the surface area of  10 �m  ×  10 �m. The surface images

were captured by SEM (Hitachi S-520). The 3D topography scans

were performed by AFM (Thericroscopes) and further analyzed

to  assess the surface RMS  roughness. The optical properties were

Fig. 3. (a)  The  XRD spectra of the films deposited on  the  fused silica substrates. (b)  Optical properties of the hematite films.
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measured by Photothermal Deflection Spectroscopy (PDS) based on

the deviation of  the laser beam collinear with the sample surface

[17]. The X-ray photoelectron (XPS)  spectra were recorded by the

ESCA Probe P photoelectron spectrometer (Omicron Nanotechnol-

ogy Ltd., Germany) using monochromatic AlK�  X-ray source under

the CAE (Constant Analyzer Energy) mode with the constant pass

energy of 50 eV.

The photoelectrochemical measurements were performed

using a standard three-electrode configuration, in  which  hematite

films deposited onto the FTO substrates served as the working elec-

trode, the Ag/AgCl (3 M KCl) introduced the reference electrode, and

platinum plate was employed as the counter electrode. As the elec-

trolyte 1  M NaOH was used. The system utilized simulated AM 1.5

(100 mW cm−2) illumination. The measured potentials vs Ag/AgCl

were converted to  the reversible hydrogen electrode (RHE) scale

according to the Nernst equation:

ERHE = EAg/AgCl +  0.059 pH + EAg/AgCl
◦

where ERHE is  the converted potential vs. RHE, EAg/AgCl
◦

= 0.205 V at

25 ◦C, and EAg/AgCl is  the experimentally measured potential against

Ag/AgCl reference.

3. Results and discussion

Both applied methods provided highly adhered transparent

layers with typical brown-red color (see Graphical abstract). The

thickness of the films for the physical characterization was  100 nm.

The crystalline structure of as-deposited samples was  assessed

by Raman spectroscopy (Fig. 2). The Raman spectra in  Fig. 2a denote

that the hematite crystalline phase was achieved already during the

depositions. The  database hematite spectrum is presented for the

reference and it unambiguously matches the measured HiPIMS and

HC Raman spectra [18]. The Raman mapping of the most intense

hematite Raman peak at 225 cm−1 was also performed with the

aim to evaluate the extent of the crystallization over a larger area

of the samples (Fig. 2bi and ii).  It was revealed that only slightly

better crystallinity was obtained via  the hollow cathode plasma jet

(see Fig. 2bii). Corresponding 2D Raman map  embodied superior

homogeneity over the scanning area of the samples and also higher

intensity.

Hematite films were also deposited onto a polycarbonate sub-

strate having the melting temperature below 150 ◦C  by HiPIMS.

Fig. 2c illustrates that  even such thermally sensitive substrate was

not damaged by the deposition itself, and moreover, the hematite

crystalline film was still accomplished. The  experiment was  done

in order to demonstrate the very low temperature of the substrate

during the deposition process as well as to verify the capability

of the method to  provide crystalline films onto a  thermally sensi-

tive but flexible and predominantly low-weight polymer substrate

useful for further applications. However, in  this case the second

plasmatic source to  provide doping of the films will have  to be

added, since the thermally driven doping is  obviously not possible

(see next paragraphs).

The films were further annealed at 650 ◦C  for 30 min  and char-

acterized using XRD with the aim to  explore the effect of the

thermal treatment. In Fig. 3a the XRD spectra of the as-deposited

and annealed films are seen  along with the  characteristic database

diffractogram of hematite (hexagonal �-Fe2O3 – JCPDS 33-0664).

Almost all database peaks are distinguishable in  the XRD spectrum

of the HC annealed film.  The film was slightly textured show-

ing the preferential orientation of the plane (0 1 2). This preferred

plane orientation, however, was not recognized for as-deposited HC

samples. Instead the (0 2  4) plane was dominant. The  preferential

orientation of  the HC films may  result from the glancing angle sput-

tering [19] caused by one of the nozzles, which was not positioned

Fig. 4. The  surface properties of the  films.  (a) HC and (b)  HiPIMS films.  (c) The Sn 3d

XPS spectra of the films annealed at 650 ◦C  for 30 min.

perpendicularly to  the  substrate (see Fig.  1). The angle between

the nozzles was 45◦.  The HiPIMS film exhibited the polycrystalline

nature more than a  texture regardless of some missing peaks, which

were probably due to the low XRD  intensity.

The absorption spectra are  shown in Fig. 3b. These data also

served to examine the optical band gap. The indirect band gap

energy width of almost identical values (HiPIMS –  1.99 eV and HC –

2.02 eV), which are from the region of the theoretical values, were

estimated based on a  Tauc plot [4].

With help of SEM and AFM the surface morphology of the films

were visualized (Fig. 4a  and b). From the captured images it is

clearly seen that the HiPIMS films  consist of  very  small  densely

packed particles. Nevertheless, such organizations are  a common

feature of  HiPIMS produced thin  films in general. Contrary the

HC films  embodied much bigger grains arranging a  nanograss or

nanopyramids patterns. The different grain size  was reflected in the
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Fig. 5.  Photoelectrochemical characteristics of hematite films recorder at  conditions: 1 M NaOH  solution (pH 13.2), 5  mV  s−1 scan rate, AM  1.5 100 mW cm−2 simulated

sunlight. (a) Chopped light  illumination I–V photocurrent curves of as-deposited films;  (b) chopped light illumination I–V photocurrent curves of  the annealed films at  650 ◦C

for  30 min; (c) continuous light illumination I–V photocurrent curves of annealed hematite films at 650 ◦C  for 30 min; (d) electrical properties of the films.

measured surface RMS  roughness, which was 19.5 nm and 1.8 nm

for the HC and HiPIMS films, respectively.

To verify the successful tin doping of hematite via the thermal

diffusion from the FTO substrate XPS sputtering depth profile was

done of the samples annealed at  650 ◦C.  Fig. 4c  represents XPS Sn

3d peaks at  the surface of the films after a  short surface sputtering

to eliminate the contaminants such as e.g. carbon.

Fig. 5a–c  shows photoelectrochemical performance of hematite

films under the  conditions simulating the PEC water splitting. As

stated in the introduction the hematite films struggle with short

diffusion length of the holes. Hence in order to moderate this draw-

back and to maximize the absorption the very thin films were

fabricated for PEC water splitting [1,20,21]. Although both types of

as-deposited films were  crystalline, they behaved almost inactive

in the PEC system. It is also generally known that hematite suf-

fers from a small electrical conductivity, which is  most commonly

addressed by adding impurities to  hematite increasing scattering

of carriers. Some impurities behave like  donors and generate N type

conductivity [1,4,8,9,20,22].  The  high density of defects and imper-

fections in crystalline structure, and thus a  high extend of backward

electron-hole pairs recombination of as-deposited hematite films,

is probably the main reason for the poor photoactivity. The phe-

nomenon is seen as the high and sharp  photocurrent spikes under

chopped light I–V characteristic (Fig. 5a,  HC films). The positive

photocurrent spikes represent the accumulation of holes at  the

hematite–electrolyte [23].

Thus, in the next step  the  films were annealed in air at 650 ◦C  for

30 min. It is already known that such  high temperature is  needed

for the diffusion of tin from the FTO substrate into hematite to

occur [24]. The  diffused tin  ions provide for the extrinsic doping

of hematite improving its  electronic properties [4,25]. The pres-

ence of the  tin in  the films was  proved by XPS (see Fig. 4c). Fig. 5b

represents the chopped light PEC photoresponses of the annealed

films whereas the Fig. 5c denotes the photocurrent curves in dark as

well as under continuous illumination. A  considerable increase of

the photoactivity is evident in  both cases of  the methods used, but

the HiPIMS led  to  significantly enhanced photocurrents (HiPIMS –

0.09 mA  cm−2 and HC – 0.015 mA  cm−2, at 1.23 V vs. RHE). One of

the  possible explanations is  apparently related to  a very high energy

of ions and sputtered particles (can be higher than 20 eV [26]) bom-

barding the  substrate during the deposition by means of HiPIMS.

As  a  consequence the interface and electrical conductivity between

the FTO and hematite film is significantly enhanced. The ion flux

energy toward the substrate is  considerable lower and substan-

tial  shorter in  time when HC is  used. A common feature of HiPIMS

systems is  a relatively slow deposition rate caused by  positively

ionized sputtered metal particles traveling backwards to  the  cath-

ode. To the contrary, the very high flow rate of  the working gas  (up

to  supersonic) through the nozzles, results in  much  higher depo-

sition rate in  case of  the  HC based deposition. Therefore, in  order

to  obtain 25  nm hematite films the depositions lasted 25 min and

below 1 min  for HiPIMS and HC,  respectively [16].  Second reason for

the boosted photoactivity of  HiPIMS is  apparently attributed to  the

much smaller grains, which are beneficial for the process in terms

of  reduced electron-hole recombination due to optimal match-

ing  of nanoparticle size with the hole diffusion length [1,18,27].
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Fig. 6. The characterization of MF  pulsed DC magnetron sputtering hematite thin film. (a)  XRD spectra, (b) optical properties and the AFM image as the inserts and (c)  SEM

surface image; (d) photoelectrochemical behavior  of  the films investigated under the same conditions as  described in  Fig. 5.

Furthermore, as  stated in  the introduction the HiPIMS produces a

great portion of the sputtered particles to  be ionized. This might

particularly be  beneficial for effective ionic  plasma doping [28]

under significantly lower temperature of the substrate compar-

ing to the thermal diffusion. In this way also the concentration of

dopants would be more effectively controlled.  Moreover a deposi-

tion of photoactive materials onto polymeric substrates (see  Fig. 2c)

would be generally possible. In case of the HC system the current

configuration of two plasmatic jets enables of using one nozzle to

be made from the main material (iron) and second one made from

the desired dopant (tin) to  also accomplish the plasmatic doping.

Temperature dependence of electrical conductivity (�) was

measured by van  der Pauw method and the  results are presented in

Fig. 5d.  The activation energies Ea were calculated from the gradi-

ent of the linear fit of Arrhenius plot  and for all samples were in the

range 0.57 eV  (annealed HiPIMS) to  0.93 eV (unannealed HC) with

experimental error less than 0.02 eV. These energies are close to

previously reported values of hematite thin films prepared by high

temperature processes [29,30] but approximately twice higher in

comparison with values reported by Miller et al. [31] who stud-

ied low-temperature sputtering of iron oxide thin films. Obtained

results can be summarized in following conclusions: (i)  Conduc-

tivity of annealed samples is higher in  comparison with samples

without thermal treatment, which is  mainly due to improving of

crystalline structure and  increased mobility due to lower concen-

tration of defects. (ii)  Activation energy is significantly lower for

annealed samples.

Since the described high power plasma deposition methods are

still at the beginning of their research in  relation to the fabrication

of photoactive hematite thin films, these layers were also deposited

by more widespread technology of medium frequency (MF) pulsed

DC magnetron sputtering for the  comparison. One  of the main and

crucial differences is that the as-deposited films in this case did

not reveal any crystallinity as it is seen from the XRD spectrum

in  Fig. 6a. When the films were thermally annealed at 650 ◦C  for

30 min  the polycrystalline nature  of hematite was also achieved.

By means of Tauc analysis of absorption spectra (Fig. 6b), the band

gap  was  assessed to be 2.04 eV, which is  very close  to the HiPIMS

and HC methods and also within the tabulated region. Surface prop-

erties were again analyzed by AFM (Fig. 6b  insert) and SEM  (Fig. 6c).

From the obtained surface pictures it is  evident that the MF films

form bigger grains, which are still smaller than in  the HC films. This

also resulted in  the surface roughness RMS  of 3.8 nm. However,

what is the most  important is the  assessment of  the solar driven

photoelectrochemical activity. As it was  expected due  to  the amor-

phous structure, the as-deposited MF  films were PEC inactive as

it is  shown in  Fig.  6d. To  keep the  same  experimental steps the

films were further thermally treated  at 650 ◦C for 30 min and then

chopped light I–V dependence was  recorded. As same as in  the pre-

vious  cases the annealing caused an obvious photoactivity of the

films with the current density of  0.06 A cm−2 at  1.23 V against RHE.

The  photoactivity is  smaller than in  case of the HiPIMS films (see

Fig. 6d), but on the  other  hand  higher than for  HC films. The worst

functionality of  the HC films is  apparently the consequence of  the

biggest grains. The HiPIMS hematite films also showed better PEC

functionality than the films prepared by magnetron sputtering used

as the literature references [8,9].

4. Conclusion

This contribution aimed at introducing two very promising new

methods for hematite iron oxide fabrication. Hematite thin films

were deposited by means of  low temperature HiPIMS and HC plas-

matic systems as well as more established method of  medium
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frequency DC reactive magnetron sputtering. Both high power

methods were capable of producing crystalline films during the

coating cycle under the low temperature of substrates. Contrary

the MF technique provided only amorphous iron  oxide thin films.

Despite the used deposition technique all the as-deposited films

were almost PEC inactive. Since the as-deposited HiPIMS and HC

films were crystalline the main reason for the  poor photoresponse

was apparently a high rate of  electron-hole pairs’ recombination.

The photoactivity was remarkably enhanced by annealing the films

at 650 ◦C, which provided for  the  films doping by tin increasing

their conductivity. The highest overall photoactivity was  identified

for the HiPIMS generated films.
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a b  s  t  r a  c t

The  work  deals  with fabrication of iron  oxide  (�-Fe2O3)  hematite  films by a novel high-power  impulse

magnetron  sputtering method (HiPIMS).  Hematite  is  regarded as a  highly promising material  for  sustain-

able production  of  hydrogen via  photoelectrochemical  (PEC)  water splitting. Some of the  crucial  issues

of hematite are  a large overpotential needed to develop the  water  oxidation  photocurrent onset, high

extent  of surface defects acting as traps, and a  short diffusion  length (2–4 nm) of photogenerated  holes. We

report on minimizing  these  limits by  deposition  of highly photoactive  nanocrystalline very thin  (∼30  nm)

absorbing  hematite  films by  HiPIMS and  their  passivation  by ultra-thin (∼2 nm)  atomic  layer deposited

(ALD)  isocrystalline  alumina  oxide  (�-Al2O3) films. A  new approach of  one-step  annealing  of  this bilayer

system is introduced.  The films  were  judged  on  the  basis of physical  properties  such  as  crystalline  struc-

ture,  optical absorption,  surface  topography,  and  electronic  properties.  The functional  properties  were

investigated  under  simulated  photoelectrochemical  (PEC)  water-splitting  conditions.  The  shift by  1 V  vs.

RHE  and  the  maximal  photocurrent  value of 0.48 mA  cm−2 at  1.23  V vs.  RHE  were  achieved.

©  2014  Elsevier  B.V.  All rights  reserved.

1. Introduction

Iron oxide (�-Fe2O3) in hematite crystalline structure has

recently attracted much attention as possibly convenient mate-

rial to be used for hydrogen production via photoelectrochemical

(PEC) water splitting. It  is  due to its favorable properties such as a

band gap between 2.0  and 2.2 eV, which allows absorbing a sub-

stantial fraction of solar spectrum, chemical stability in  aqueous

environment, nontoxicity, abundance, and low cost. For  such band

gap and assuming the standard solar illumination conditions (AM

1.5 G, 100 mW cm−2)  theoretical maximal solar-to-hydrogen (STH)

conversion efficiency has been calculated at 15% [1].

On the other hand, hematite also possesses certain handicaps

hindering to  reach such high efficiency. Among the most cited lim-

itations are [1–3]: (i)  the nonideal position of hematite’s conduction

band, which is too low for spontaneous water reduction; (ii) the low

absorptivity (especially for longer wavelengths) near its band-edge

∗ Corresponding author. Tel.: +420585634365; fax: +420585634958.

E-mail addresses: stepan.kment@upol.cz, kment@fzu.cz (S. Kment).

due to an indirect nature of the band gap; (iii) poor majority car-

riers concentration leading a  low electrical conductivity and (iv)

the penetration depth of photons in hematite is ˛−1 =  118  nm at

�  =  550, however, due to  extremely high bulk recombination rate

(time constants in the range of 10 ps), the majority of  the photo-

generated holes undergo bulk  recombination before reaching the

semiconductor liquid junction (SCLJ), which causes very short dif-

fusion length of the holes (LD 2–4 nm)  [4].

For each of these drawbacks, several more or  less effective

solutions have been proposed. The first limitation mentioned can

be  addressed by applying photovoltaic cell (e.g. dye-sensitized

solar cell—DSSC) and/or a  p-type semiconductor acting as the  pho-

tocathode to provide the additional energy needed. In order to

optimize solar photon harvesting, the cell can be placed on the top

of hematite electrode or vice versa to work in a  tandem ensur-

ing that photons not  absorbed by the first cell are  transmitted to

and subsequently absorbed by the second [5,6].  Doping with ele-

ments such as Sn, Ti, Si, Pt, etc. [7–10]  can significantly increase

the electronic conductivity by increasing the number of  majority

carriers’ concentration. The  negative effect of the short diffusion

length of photogenerated holes can be suppressed by using very

http://dx.doi.org/10.1016/j.apcatb.2014.10.015

0926-3373/© 2014 Elsevier B.V. All rights reserved.
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thin films of hematite or their careful nanostructuring in various

dimensions and architectures (wormlike structure [11], nanorods

[12],  nanowires [13],  etc.).

A large overpotential with respect to  the flat band potential,

Vfb,  necessary to promote water oxidation is  another key issue.

For hematite Fe2O3,  the flat band  potential has been found to  be

around 0.5 V [1,14] versus the reversible hydrogen electrode (RHE).

In the ideal case, the photocurrent is observed at all potentials more

anodic than Vfb. The hematite, however, does not  usually gener-

ate water oxidation photocurrent until the potential of 0.8–1.0 V

vs. RHE [15].  Of course a  certain external bias is consumed to

suppress the energy deficit due to  the aforementioned unsuit-

able energy level of the valance band. The remaining overpotential

(0.5–0.6 V) has been  attributed to two main reasons. The first one

is the slow oxygen evolution reaction kinetics (OER), which has

been addressed by  anchoring various OER catalyst nanoparticles

(IrO2, Co–Pi, etc.) onto the hematite surface [15,16].  The second

one suggests the presence of electronic surface states originated

from oxygen vacancies and crystalline defects, which serve as traps

for photogenerated holes. As a  consequence, the so-called Fermi-

level pining has been observed. The corundum isocrystalline oxide

structures (Al2O3,  Ga2O3, or In2O3) have been  applied to effectively

passivate these surface states and thus reduce the overpotential

[17–19].

In this contribution, the attention was paid to the photoelec-

trochemical (PEC) processes with respect to the photogenerated

holes. We  clearly demonstrate the synergic effect of very thin

nanocrystalline hematite films overlaid by passivating atomic layer

deposition (ALD) Al2O3 ultra-thin (2 nm)  coatings. This approach

suppresses the negative impact of the short diffusion length of

the holes, decrease the required overpotential for the photocurrent

onset, and increase the overall current density value due to elimi-

nating the charge backward recombination.

The hematite films were prepared by a novel low-temperature

plasma deposition technique known as high-power impulse mag-

netron sputtering (HiPIMS). Generally, HiPIMS discharges work

under pulse-modulated regime with a  low repetition frequencies

(typically about 100 Hz) and very short duty cycles (∼1%), during

which very high  peak power powers are  applied (∼kW/cm2) to the

cathode (metal deposition target). A  distinguishing feature of HiP-

IMS  is its  high degree of ionization of the sputtered metal and a

high rate of molecular gas dissociation owing to very high plasma

density near the target (order of 1013 ions cm−3) [20,21]. This

method is thus particularly convenient to implement the highly

active hematite films in more complex and sophisticated 1D nano-

structures (i.e. nanotubes) and the so-called host scaffold–guest

absorber structures recently applied for  PEC water splitting reac-

tions. Such organizations provide a significant enhancement of the

absorbed photon to current efficiency (APCE) due to a high sur-

face area [22,23] simultaneously suppressing recombination of the

holes in bulk.

Very thin hematite films  demonstrating enhanced carrier col-

lection and the APCE have been previously fabricated by spray

pyrolysis [24] and ALD method [25].  Hisatomi et al. [24] demon-

strated the maximum photocurrent density of 0.7 mA  cm−2 at

around 1.6 V vs.  RHE and around 0.25 mA  cm−2 at 1.23 V  vs. RHE

obtained by the system consisting of hematite (20 nm)  electrode

modified by an Nb2O5 underlayer (2.0 nm)  and deposited at  520 ◦C.

To the best of  our knowledge, the combination of very thin hematite

electrode and passivating overlayer has not  been introduced yet.

2. Experimental

The preparation of hematite films was carried out in an ultra-

high vacuum (UHV) chamber continuously pumped down by a

combination of rotary and turbo-molecular pumps providing the

base pressure of 10−5 Pa. The depositions were performed as  the

low-temperature HiPIMS reactive sputtering of pure iron target

(99.995%, 50 mm  outer diameter, Plasmaterials). Owing to a  fer-

romagnetic behavior of the iron target, its thickness had to  be

reduced to 18 mm in order to  ensure magnetic field of a  suffi-

cient intensity present at the surface of the magnetron target.

The Ar–O2 working gas mixture with the flow rates of  30 and

12 sccm (standard cubic centimeters per minute), respectively, was

used. The operating pressure was 1 Pa. The average discharge cur-

rent was always held constant on the value IAV = 600 mA for the

described experiments with HiPIMS magnetron. The pulsing fre-

quency of HiPIMS discharge was  varied in the range fP =  70–1000 Hz

and the “ON” time  when the discharge was active was  held

on constant value TON =  100 �s and the maximal current density

achieved in a pulse was  5  A cm−2 at 70 Hz. The distance between

the magnetron target and the substrate was  lS =  60 mm.  All  these

deposition conditions were kept constant during each  deposition.

The same technique has been  used for photoactive hematite coat-

ing recently [26]. In that previous work, the ratio of  ionized to

neutral fluxes of depositing particles (parameter r) on the sur-

face of substrate during hematite deposition was  investigated. It

was shown that the HiPIMS provides a  high degree of ioniza-

tion of sputtered particles (r = 0.44) for  the highest pulse power

applied (3.5 × 104 W).  As the substrates carefully cleaned (combi-

nation of acetone, ethanol, and deionized water ultrasonic baths)

transparent conductive fluorine-doped tin oxide (FTO,  TCO-7, Sola-

ronix) coated glass slides were applied. The HiPIMS deposition

was carried at room temperature. However, a slight increase in

the temperature of the substrate (∼100 ◦C)  can be  expected owing

to  the sputtering process itself. The film thickness was  measured

by a  set of techniques including optical ellipsometry, XPS, and

SEM.

The depositions of Al2O3 overlayers were performed by means

of Cambridge Nanotech–Fiji commercial ALD system. As the  precur-

sors ,  trimethylaluminum and water were used. The temperature

raised up  to  150 ◦C due to  the ALD itself. Coatings consisted of

4 (∼4 Å), 6 (∼6 Å), 10 (∼10 Å), and 20 (∼20 Å) ALD cycles were

compared. The ALD process was in-situ monitored by  optical ellip-

sometry.

The crystalline phase of the Fe2O3 films was determined by

Raman spectroscopy using Renishaw Raman Microscope RM  1000

(unpolarized beam in back scattering mode of a  514.5 nm Ar+ laser).

Optical properties were investigated by means of photothermal

deflection spectroscopy (PDS) based on  the deviation of the laser

beam collinearly propagated with the sample surface [27].  The sur-

face topography images were obtained with help of  SEM (Hitachi

S-520) and AFM (Thericroscopes). The 3D AFM scans served to esti-

mate the surface RMS  roughness.

The photoelectrochemical measurements were carried with

help of a  standard three-electrode arrangement, which has been

previously applied for testing other photoresponding coatings

[28,29].  In this configuration, the hematite-coated FTO substrate

served as the working electrode, the Ag/AgCl (3  M KCl) introduced

the reference electrode, and platinum plate was  employed as the

counter electrode. As the electrolyte, 1 M  NaOH solution (pH 13.6)

was used.

The measured potentials vs Ag/AgCl were converted to the

reversible hydrogen electrode (RHE) scale according to the Nernst

equation:

ERHE =  EAg/AgCl +  0.059pH +  E◦

Ag/AgCl

where ERHE is the converted potential vs. RHE, E◦
Ag/AgC =  0.207  V

at 25 ◦C,  and EAg/AgCl is  the experimentally measured potential

against Ag/AgCl reference. The Mott–Schottky characteristics were
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Fig. 1.  HiPIMS-deposited Fe2O3 thin  films annealed at 650 and 750 ◦C for 40 min: (a) Raman spectra and (b)  the band gap energy width estimation based on  Tauc analysis.

Inset: the photograph of HiPIMS as-deposited film  deposited onto FTO transparent substrate.

recorded using Zahner IM6  (Zahner Elektrik, Kronach, Germany).

The measurements were performed under dark conditions at fre-

quency of 500 Hz in 1 M  NaOH electrolyte, with an amplitude of

±10 mV.

The time stability of the hematite photoanodes as well as the

concentration of produced hydrogen were tested by  the following

set-up. A two-chamber glass  cell with 1 M NaOH water solution

working as the electrolyte was used. Anode and cathode chambers

were separated by the glass  frit to prevent mixing of the electrolyte.

Potential of +1.5 V vs. RHE was applied to the sample (working

electrode). Platinum sheet was applied as the counter-electrode.

Each chamber was bubbled by argon gas (1 ml/min) separately.

The illuminated area of the photoanode was 2 cm2.  The cham-

bers were open to  air  by  glass capillary to avoid mixing with air.

Output gas from cathode chamber (platinum counter electrode)

was analyzed by a gas chromatograph (Master, Dani) equipped

with a plot column (Rt®-Msieve 5A, Restek) and a mTCD detector

(Vici).

3. Results and discussion

3.1. Physical properties

The HiPIMS method was  capable of reproducibly producing

highly adherent iron oxide thin films. In our previous work, we

have shown that the hematite crystalline structure can be obtained

already during the deposition process although the temperature of

the substrate does not exceed 150 ◦C  [30]. This ability is a signifi-

cant feature of the HiPIMS method. Regardless of this phenomenon,

the films have to be annealed at elevated temperature in  order

to  provoke interdiffusion of Sn from the FTO substrate into the

hematite leading to  Sn-doping. Besides increasing the donor den-

sity and thus the conductivity, the annealing also enhances the

crystallinity itself and orderliness, which reduces the amount of

the surface states and consequently the electron–hole pairs recom-

bination [30].  In this study, two sets of bare hematite standards

were prepared. Keeping the identical deposition conditions, the

Fig. 2.  Surface SEM (left column) and AFM (right column) images of hematite films: (a) films annealed at 650 ◦C  and (b) films annealed at 750 ◦C, both for 40 min.
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as-deposited hematite films were in  the first case annealed at  650 ◦C

and in the second at 750 ◦C  always for 40  min. Fig. 1a  shows the

Raman spectra of the films prepared in  this way. It is  not  observed

a big difference between films calcinated at various temperatures.

Both types exhibited only hematite Fe2O3 crystalline structure. The

spectra show typical Raman bands of hematite, which are: A 1g (222

and  496 cm−1), E g  (242, 291,  408, and 610 cm−1),  and the 2-magnon

scattering band at  1313 cm−1. Fig. 1b depicts the optical band gap

estimation based on the Tauc analysis of the absorption coefficient.

Similarly, the temperature of the annealing did not cause a signif-

icant distinction of the optical characteristics since both types of

films revealed the band gap energy around 2 eV, which is in  the

region of the tabulated values.

On the other hand, a  certain difference was observed by exam-

ining surface morphology as it is seen from SEM and AFM  images

shown in Fig.  2.  While the annealing at 650 ◦C led to very smooth

surface of densely packed hematite nanoparticles, the increase

of  the temperature up  to 750 ◦C initiated forming of slightly

bigger grains obviously providing a  higher surface area. This phe-

nomenon was reflected also in the surface RMS  roughness, which

was assessed from AFM scans as 2 and 3.5  nm for 650 and 750 ◦C

annealed films, respectively.

3.2. Photoelectrochemical water-splitting activity

Simulated PEC water-splitting activity was  explored via the

measurement of water oxidation photocurrent density as a

function of applied potential under standard AM 1.5 (intensity

100 mW cm−2)  illumination. The polarization curves are  presented

in Fig. 3.  Our preceding studies have demonstrated relatively high

value of photocurrent density (0.45 mA  cm−2 at  1.7 V vs. RHE) for

very thin planar hematite films deposited by HiPIMS and annealed

at 650 ◦C for 40 min  [30]. Identically fabricated films representing

the same physical properties as foreshown were used as the refer-

ence for this continuous work. These films, however, also undergo

the typical weaknesses such as  too anodic photocurrent onset

potential at  1.09 V vs.  RHE and thus relatively low water oxidation

photocurrent density at  1.23 V (the thermodynamic potential for

water splitting) vs. RHE of 0.08 mA cm−2 (see  Fig. 3). In the next step,

therefore, the as-deposited HiPIMS Fe2O3 films were coated with

Al2O3 overlayers using the ALD technique. The number of 10 ALD

coating cycles was kept the same for this type of experiment, which

corresponded to the 1 nm thick Al2O3 film (calibrated by optical

ellipsometry). Such prepared bilayer systems were then annealed

Fig. 3. Photoelectrochemical water-splitting activity of bare and ALD  Al2O3 overlaid

hematite films thermally treated at different temperatures. The bare (without ALD

Al2O3 coating) hematite film annealed at  650 ◦C  was  used as the reference. The

HiPIMS Fe2O3/ALD Al2O3 films were then annealed at  450, 550, 650,  and 750 ◦C

always for 40 min.  The PEC characteristics were recorded under solar light AM 1.5

simulated conditions with the intensity of 100 mW cm−2 , using 1 M NaOH solution

as the electrolyte, and with the  scan rate 5 mV s−1 .

at different temperatures (450, 550, 650, and 750 ◦C).  This intro-

duces other strategy than commonly used two-phase annealing,

in  which the as-prepared iron oxide films are calcinated first fol-

lowed by the ALD coating and their subsequent thermal treatment.

As  it  is  evident from Fig. 3 when the bilayer system was  annealed

at 450 ◦C, the photocurrent values did not  even reach the max-

ima of the bare hematite photoelectrode. This temperature level

is probably still too low to  improve the hematite crystallinity and

more importantly owing to  poor charge transfer among hematite

particles themselves as well as between the FTO charge collecting

substrate and the hematite film [31]. The polarization curve also

showed more cathodic water oxidation dark current onset, which

has been previously attributed to the photoelectrode imperfec-

tion such as inhomogeneity, low crystallinity, surface defect states,

etc.  After annealing at 550 ◦C, the photocurrent raised consider-

ably but the applied overpotential remained almost unchanged.

It emerges from this that the extent of surface photogenerated

holes traps is  effectively reduced. The increased photocurrent is

hereupon a consequence of minimizing backward recombination

of the charges. While the photogenerated holes still undergo, the

slow OER  kinetics reflected in  the unshifted photocurrent onset.

Fig. 4.  Electrochemical characteristics of  bare hematite films without ALD alumina passivation layer: (a)  transient photocurrents measured under chopped light illumination

(solar light AM 1.5,  intensity 100  mW cm−2) with periods of 5 s  light/5 s  dark;  (b) Mott–Schottky plots of  the films measured in dark, in 1 M NaOH electrolyte at frequency

500  Hz.
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Fig. 5.  PEC activity of the hematite films—the effect of ALD  passivation Al2O3 overlayers: (1)  the as-deposited hematite films annealed together with the as-deposited ALD

Al2O3 overlayers—the effect of number of ALD coating cycles: (a) annealed at  650 ◦C/40 min; (b)  annealed at  750 ◦C/40 min. (2) The annealing of as-deposited hematite prior to

the  ALD coatings—(c) as-deposited hematite annealed at 650 ◦C/40 min;  (d) as-deposited hematite annealed at 750 ◦C/40 min. Photocurrent then measured with as-deposited

ALD  2 nm alumina overlayers (green curve) and 2 nm ALD alumina overlayers annealed at 350 ◦C for 20 min  (red curve). The blue curves represent the hematite/2 nm  ALD

alumina overlayers annealed at 650  and 750 ◦C for 40 min, respectively (reference). The PEC characteristics were recorded under solar light AM 1.5  simulated conditions

with  the intensity of 100 mW  cm−2 ,  using  1 M NaOH solution as  the electrolyte, and with the scan rate 5 mV  s−1 . The dark current curves represent the  polarization curves

recorded  without illumination.

Further increase in the annealing temperature to 650 and 750 ◦C

led to the targeted polarization curves characteristics. Not only the

overall photocurrent maxima were increased, but simultaneously

their onset potential were also radically shifted catholically. Sev-

eral favorable effects apparently contributed to this phenomenon.

Firstly, the crystallinity of hematite is  enhanced, meaning that  more

organized nanocrystals providing boosted charge transfer among

the grain boundaries are developed. This assumption is  supported

by the SEM and AFM investigations and it is also in  good agree-

ment with other previously reported studies [4,31,32].  Secondly,

less undesirable surface states are  generated and these  are  fur-

ther sufficiently passivate in  a  high extent by the ALD  coatings.

Consequently, the OER kinetics is improved and recombination of

electron–hole pairs is eliminated. This is  evident from the mea-

surements of dynamic polarization curves of bare hematite films

(without the alumina overlayers). The photocurrents displayed in

Fig. 4  were recorded on  the hematite films annealed at 650 and

750 ◦C for 40  min  under the chopped light illumination. The  effect

of surface recombination is  seen as the transient current response

(the spikes) when the light is  turned on  and off. It has been proposed

previously that the anodic current spikes are the consequence of

the accumulated holes at the electrode/electrolyte interface. These

holes are not injected to  the electrolyte due to  the slow water oxi-

dation kinetics. On the contrary, they have ability to oxidize the

trap states in the bulk as well as on  the surface. Conversely, the

cathodic transient spikes are  generated upon the light-off, denot-

ing  the back recombination of the accumulated holes at  the  SCLJ

by  the electrons diffusing from the external circuit [18,33].  Since

the extent of generation of the current spikes is much  lower for the

films annealed at 750 ◦C (Fig. 4a, the upper graph) also a lower con-

centration of the surface states can apparently be expected in case

of these films. It significantly contributes to  the enhanced over-

all PEC efficiency (see Fig. 3). Thirdly, one have to also take into

consideration the doping of hematite by  tin due to the thermally

driven diffusion from FTO substrate, which increase the conduc-

tivity of hematite electrode. The  presence of Sn in the films was

verified by providing the XPS measurements data in  our previous

paper [30]. Additionally, the role of the Sn-doping was investigated

by Mott–Schottky analysis as presented in Fig. 4b.  From the plot of

experimental capacitance data, C−2 as a  function of applied poten-

tial V,  the carrier density and flat band potentials can be  assessed

according to the Mott–Schottky equation [34] using the slope and

intercept, respectively. Whereas the flat band  potential of 0.5 V vs.

RHE was the same for both types of the films, the donor densities

of the hematite were calculated to be 1.35 × 1018 for 650 ◦C and

1.05 × 1019 cm−3 for 750 ◦C  annealed hematite films. These data

confirmed the increase in electron donors at higher temperature

treatment owing to enhanced Sn-doping [35].
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In the following experiments, the role of number of ALD cycles

was scrutinized. Fig. 5a and b denotes the polarization curves

recorded for 4, 6, 10 and 20 ALD coatings onto as-deposited iron

oxide films, which correspond closest to  0.4, 0.6, 1 and 2 nm

thin alumina overlayers, respectively. These systems were again

annealed at 650and 750 ◦C for 40 min. The graphs also include

dark polarization curves obtained without the films exposure by

the light. In the case  of layers (meaning the Al2O3/Fe2O3 assem-

blies) annealed at 650 ◦C, merely a  slender shift of the photocurrent

potential onset is  seen with respect to the number of ALD alumina-

coating cycles. The most apparently is  shifted the system with 20

ALD cycles by 50–0.9 V vs. RHE comparing to rest of ALD-treated

hematite films. It  means that the maximum shift of the photo-

current onset potential achieved was by  100 mV from 1 to 0.9 V vs.

RHE for the 650 ◦C annealed assembly of ALD Al2O3/HiPIMS Fe2O3.

A substantially positive effect of the ALD passivation layers on the

overall PEC activity characterized by the photocurrents is  evident

(see Fig.  5a). More than double increase of the photocurrent den-

sity  was identified. Interesting features revealed the measurements

of the bilayer system annealed at 750 ◦C. From Fig. 5b, it can be

concluded that the ALD coatings did not influence the position of

the photocurrent onset potential. The passivation of surface traps

resulted only in slightly higher obtained photocurrents. However, if

we compare the bare hematite coatings without the ALD treatment,

the photocurrent onset is already for  750 ◦C annealed film shifted

cathodically. Moreover, much higher photocurrent was achieved.

One of the sources of the surface traps is the crystallinity imper-

fection. It seems that the calcination at  the temperature level of

750 ◦C had a  certain self-limiting effect towards the surface defects

similarly to the work by Morrish et  al. [36].  This finding corre-

sponds well with afore-described photocurrent transient behavior,

which revealed the less concentration of surface states for the

hematite films thermally treated at 750 ◦C. The very high photo-

current achieved (0.48 mA  cm−2,  at 1.23 V vs. RHE, 20 ALD alumina

cycles) pushes these types of films among the champions of ultra-

thin hematite photoelectrodes.

A different approach was next used. First, the reference hematite

films were prepared by the annealing of as-deposited HiPIMS films

at 650 and 750 ◦C analogously to previous experiments for 40 min.

These films were overlaid by the alumina 20 cycles ALD coatings,

which showed the best performance in the precious tests, and these

were annealed once more at 350 ◦C for 20 min  or left  as-prepared.

The photocurrent characteristics of these  films are available in

Fig. 5c and d, including the bare hematite films and the most active

photoanodes previously identified for both temperatures used. It  is

clearly evident that  the as-deposited alumina ALD  coatings affected

both reference hematite coatings strongly negatively. The reason is

that the amorphous alumina films apparently suffer from a high

degree of disorder inhibiting the hole injection from  Fe2O3 into the

electrolyte [18]. From the graphs, it can also be  concluded that the

simultaneous annealing of hematite and the ALD alumina passiv-

ation layers is more beneficial as always higher photocurrent at

1.23 V vs.  RHE was reached. The presence of the alumina overlayer

helps releasing the stress in the hematite films during the calci-

nation and thus also much more minimizes the amount of defects

than if  the thermal treatments are separated [37].

The photocatalytic H2 evolution was measured under simulated

solar irradiation in 1 M NaOH electrolyte. Fig. 6 shows the time

course for  hydrogen evolution over hematite photoanodes with and

without ALD passivation coatings. The  results very well correspond

to  the preceding findings and discussions. We  observed a  similar

stabilization stage as referred by Carraro et al. During this begin-

ning period, an equilibrium of the evolving hydrogen in  the PEC cell

is established. Next, the PEC cell worked in  a  steady-state regime

producing almost constant concentration of hydrogen over a long

testing time. The highest concentration of evolved hydrogen was

Fig. 6. Time course of hydrogen evolution using the bare hematite films annealed at

650 and 750 ◦C for 40 min and the hematite films coated by  20 ALD cycles (2  nm)  of

Al2O3 followed by  the annealing at 650 and 750 ◦C  as  the photoanodes. The systems

were illuminated by  simulated solar light AM 1.5 with intensity 100 mW  cm−2 , the

applied potential to  the  photoanodes was 1.5 V vs. RHE, and the  electrolyte was 1  M

NaOH (pH ∼  13.6). The illuminated area of  the photoanode was 2  cm2 .

achieved of the hematite photoanode annealed at  750 ◦C together

with 2 nm (20 ALD cycles) Al2O3 overlayers. To the contrary, the

lowest concentration of produced hydrogen was  measured for bare

hematite photoelectrode annealed at 650 ◦C. Moreover, this mea-

surement proved the long-term stability of both untreated and

treated hematite photoanodes. It  is obvious that alumina was  not

dissolved in  the electrolyte despite problematic thermodynamic

stability at such high pH (∼13.6 for 1 M NaOH). The scans lasted 3 h

during which the hydrogen evolution remained highly stable.

4. Conclusion

The HiPIMS method was successfully applied for reactive depo-

sition of photoactive very thin (∼30 nm)  hematite films. The

as-deposited hematite films were annealed at 650 and 750 ◦C

always for 40 min. The  Raman spectra revealed only the hematite

crystalline structure for both types. The band gap was  estimated

to  be around 2 eV in  both cases. Hematite films annealed at 750 ◦C

showed more developed crystal grains and higher surface rough-

ness. In order to increase the overall photoefficiency by suppressing

the negative effect of surface states serving as the traps for photo-

generated holes as well as by shifting the oxidation photocurrent

onset potential more catholically the hematite films were overlay-

ered by ultra-thin (0.4–2 nm)  Al2O3 films using the ALD method.

Several annealing steps were applied on these bilayer systems.

We have demonstrated for the first time that  the one annealing

step of the as-deposited Fe2O3/as-deposited Al2O3 is more effec-

tive due to relaxation of the hematite film stress reducing the

generation of the surface defects. The  maximal shift of the pho-

tocurrent onset potential by 0.1 V vs. RHE was achieved for system

of HiPIMS hematite/ALD (2 nm)  alumina passivation layer annealed

simultaneously at 650 ◦C for 40 min. On  the other hand, the highest

photocurrent value reached at 1.23 V vs. RHE was  0.48 mA  cm−2 of

the identical system but annealed together at 750 ◦C for 40 min.
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F
uture needs for electric power genera-

tion driven by sustainable energy

sources require a focused shift from

fossil fuels to a combination of wind, water,

solar and other renewable sources.1 Hydro-

gen production from photoelectrochemical

(PEC) water splitting driven by solar power

is one such clean technology that can be

used for environmentally friendly fuel pro-

duction.2 In a standard PEC cell, at least one

of the electrodes comprises a photoactive

material to simultaneously allow solar light

harvesting and oxidation (taking place on a

so-called photoanode) or reduction (on the

photocathode) half reactions.3 Iron oxide

(R-Fe2O3) with hematite crystalline struc-

ture possesses many advantageous pro-

perties for use as a photoanode material.4

The material's substantial light absorption,

offering potential conversion of up to 17%

of the sun's energy into hydrogen (band

gap energy between 2.0 and 2.2 eV),5 non-

toxicity, high stability in aqueous envi-

ronments, ample abundance and low cost

are generally superior compared to other

photoanodes. On the other hand, factors
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radek.zboril@upol.cz (R. Zboril).
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ABSTRACT Hematite, R-Fe2O3, is considered as one of the most promising

materials for sustainable hydrogen production via photoelectrochemical water splitting

with a theoretical solar-to-hydrogen efficiency of 17%. However, the poor electrical

conductivity of hematite is a substantial limitation reducing its efficiency in real

experimental conditions. Despite of computing models suggesting that the electrical

conductivity is extremely anisotropic, revealing up to 4 orders of magnitude higher

electron transport with conduction along the (110) hematite crystal plane, synthetic

approaches allowing the sole growth in that direction have not been reported yet. Here,

we present a strategy for controlling the crystal orientation of very thin hematite films

by adjusting energy of ion flux during advanced pulsed reactive magnetron sputtering technique. The texture and effect of the deposition mode on the film

properties were monitored by XRD, conversion electron Mössbauer spectroscopy, XPS, SEM, AFM, PEC water splitting, IPCE, transient photocurrent

measurements, and Mott�Schottky analysis. The precise control of the synthetic conditions allowed to fabricate hematite photoanodes exhibiting fully

textured structures along (110) and (104) crystal planes with huge differences in photocurrents of 0.65 and 0.02 mA cm�2 (both at 1.55 V versus RHE),

respectively. The photocurrent registered for fully textured (110) film is among record values reported for thin planar films. Moreover, the developed fine-

tuning of crystal orientation having a huge impact on the photoefficiency would induce further improvement of thin hematite films mainly if cation doping

will be combined with the controllable texture.

KEYWORDS: Hematite . iron oxide . texture . PEC water splitting . pulsed magnetron sputtering .

conversion electron Mössbauer spectroscopy
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limiting high performance include its nonideal con-

duction band edge energy with respect to reductive

hydrogen evolution, poor absorptivity, short charge

diffusion length and large overpotential required to

promote water oxidation. Several approaches have

been used to address such nonideal optical and elec-

tronic behavior, e.g., nanostructuring photoanodes,6

application of a tandem cell approach,7 and deposi-

tion of ultrathin isocrystalline films to passivate surface

traps.8,9

Efficient transport of majority charge carriers

through hematite is another key factor affecting the

overall PEC performance of hematite. Substitutional

doping increases the donor density, and thus carrier

conductivity,10 which is otherwise very poor. The ear-

liest studies on the electrical properties of hematite

were conducted byMorin.11,12 Unusually, low values of

basic electronic characteristics, including the mobility

of charge carriers (∼10�2 cm2/(V s)), electrical conduc-

tivity (∼10�14
Ω

�1 cm�1), conduction electron con-

centrations (∼1018 cm�3 at 1000 K) and activation-

energy type electron mobility (∼10�2 cm2 V�1 s�1)

were reported in these works. The electrical conduc-

tivity was shown to be related to Fe2þ/Fe3þ valence

alternation on spatially localized iron (3d) orbitals,

leading to electron transfer from one iron atom to

another.13 Later, computed modeling approaches re-

liably matched empirical data with a small polaron

model that considered both the effect of the relatively

large size of the Fe2þ ion and associated lattice distor-

tion (polaron).13�15 On the basis of this concept, the

conductivity of electrons or holes is ascribed to hop-

ping of polarons from site to site, which is conditional

to a certain activation energy.15,16 The temperature

dependent activation energy, Eg, affects both the

carrier generation and hopping mobility. The mobility

of carriers has been shown to increase with increasing

temperature, and therefore has been attributed to a

phonon-assisted transport mechanism.17 Pure hema-

tite is ostensibly antiferromagnetic at room tempera-

ture (or weakly ferromagnetic owing to slight spin

canting). The iron cations are in a high-spin d5 con-

figuration, in which the spins are coupled ferromagne-

tically along (001) basal planes and antiferromagneti-

cally along the [001] direction, both assembled in

so-called iron bilayers. Detailed investigations of he-

matite conductivity have revealed that, although the

shortest Fe�Fe distance is along the [001] direction,

the electrical conductivity is highly anisotropic, exhi-

biting up to 4 orders of magnitude higher electron

transport with conduction along the iron bilayer (001)

basal plane.18 Interestingly, the perpendicular direc-

tion (parallel to [001]) was identified as the least facile

transport pathway. This discrepancy was ascribed to

the magnetic structure of hematite and explained

on the basis of the Hund's rule. Specifically, electron

transport (n-type conductivity) is allowed throughout

the environment of parallel spins of the iron bilayers

(along the same (001) plane), but it is forbidden to hop

across the oxygen planes to an iron layer with opposite

spins (moving along [001] direction). The only possible

movement along the [001] direction is that of holes,

defined as Fe3þ f Fe4þ electron transfer (p-type

conductivity), which is slower than the movement of

electrons in hematite.17 Therefore, it is evident that

methods to generate a specific and controllable tex-

ture may significantly improve the overall PEC activity

of hematite photoanodes, as previously suggested by

Grätzel et al.19 However, this challenging aim has not

yet been accomplished.

In the present work, we attempted to tune the

crystal orientation and texture of hematite photo-

anodes by carefully controlling the energy of particles

bombarding the substrate during a plasma assisted

deposition procedure, i.e., a magnetron sputtering

process. Although the effect of deposition plasma

parameters on the crystal structure of functional coat-

ings has partially been discussed in several works,20�22

none of them dealt with textured hematite photo-

anodes for PEC hydrogen production. The texture

effect is generally associated with the surface chem-

istry, which influences the relative growth rates of the

preferred crystal phases. The surface chemistry in

sputtering based deposition processes is determined

by the energy and nature (ionized or neutral metal

species and ion-to-neutral flux ratio) of the impinging

species.23

RESULTS AND DISCUSSION

The highly oriented hematite films examined in this

study were fabricated by DC pulse reactive magnetron

sputtering of a pure iron target working as a cathode

in an Ar/O2 gas mixture. Detailed description of the

plasma deposition system and characterization tech-

niques used is provided in Methods and Supporting

Information Figure S1. Three different pulsing regimes

of deposition magnetron discharge were used: (i) high

impulse power magnetron sputtering mode (HiPIMS,

0.1 kHz), (ii) pulsing sputtering mode (PS, 1 kHz), and

(iii) medium frequency sputtering mode (MFS, 50 kHz).

As a result of different pulsing frequencies, fP, and duty

factors of a pulsing cycle, du, used, various cathode

pulse current densities were reached. During each

deposition, the average current, IAV, and, conse-

quently, average current density, jAV, were kept con-

stant at 600 mA and 32 mA/cm2, respectively. The

deposition plasma properties of each coating mode

applied are summarized in Table 1. Except the X-ray

powder diffraction (XRD) investigation, for which the

hematite films were deposited onto amorphous fused

silica and commercial Pt/TiO2/SiO2/Si substrates, for

all the remaining experiments presented, the hema-

tite films were fabricated onto tin doped fluorine

oxide substrates (FTO). After plasma coatings, all the
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as-deposited films were thermally treated at the same

temperature of 650 �C for 30 min in air to improve

the crystallinity and charge transfer between hema-

tite and charge collecting back contact (FTO) of the

photoanode.

XRD patterns of films are presented in Figure 1 and

Supporting Information Figure S2. It can be seen that

the main variation was in the two most intense diffrac-

tion peaks corresponding to (110) and (104) reflections

(in hexagonal coordinates) due to hematite, R-Fe2O3

(Figure 1). Only in the case of the MFS films, both these

diffraction peaks occurred, suggesting the common

polycrystalline hematite form. The main reflection ob-

served in the spectrum for the PS film was from the

(104) plane, whereas the desired preferential phase

orientation along the (110) plane was unambiguously

identified in the XRD pattern of the HiPIMS film. The

(110) reflection peak broadening suggested that the

HiPIMS films were composed of nanocrystalline grains

when compared to the remaining types of tested

photoanodes (MFS, PS).

Generally, the short duty cycles and low repetition

frequency of the HiPIMS discharge (see Table 1) re-

sulted in a high power density (∼2 kW/cm2) and high

plasma density (∼1018�1019 m�3) in the pulse; how-

ever, the values averaged over the whole period were

much smaller (comparable or even lower than in the

DC mode).24 Owing to the high power of the HiPIMS

pulse, a large fraction of the sputtered metal (here Fe)

particles were ionized in the target region. Thus, the

high energy ion flux, bombarding the substrate, was

considerably enhanced, potentially hugely affecting

the film crystallinity, texture, grain size, microstructure,

density, adhesion, etc., by influencing surface dif-

fusion.25 Surface diffusion is one of the most crucial

parameters affecting the crystal growth. Energetic

bombardment in the HiPIMS mode removes adsorbed

impurities and facilitates surface diffusion and migra-

tion, allowing adatoms to be accommodated in certain

preferential plane orientation,26,27 in this study, orien-

tation along the (110) plane. In comparison with the

HiPIMS approach, the energy of particles impinging

the substrate is negligible in the case of the MFS

mode.28 Thus, this mode resulted in formation of

polycrystalline grains without any preferential plane

orientations, which was consistent with XRD data of

natural isotropic hematite powder (JCPDS 33-0664).

On the other hand, the reflection peak at 2Θ = 33.3�,

presented in the PS photoanode XRD spectrum, was

attributed to (104) reflection. As reported in Table 1,

the pulse discharge current during the PS deposition

was 10-fold smaller than that for the HiPIMS mode.

Thus, the energy of particles bombarding the sub-

strate surface was lower in the former case but still

much higher than expected in the MFS method.

As a result, hematite adatoms tended to assemble

in a different way, ultimately leading to the (104)

texture. It is worth noting that, to the best of our

knowledge, the majority of textured hematite films

described in the literature were not obtained inten-

tionally but most likely produced as a side effect of

addition of metal dopants,29�31 variation of the

temperature,32 and formation of 1D R-Fe2O3 nano-

architectures.33 The only direct approach leading

to highly oriented hematite films along the (110)

direction was proposed by Seki et al.34 They used

R-Al2O3(110) oriented substrates to epitaxially grow

Rh doped hematite films by pulsed laser deposition

method. However, the almost suppression of (104)

TABLE 1. Properties of Plasma Discharges during

Deposition of the Hematite Photoanodes

sample

acronyma

pulse discharge

cathode current

density

discharge

pulsing

frequency

duty factor

of pulsing

cycle

discharge

current in

pulse

j/[A/cm2] fp/[kHz] du/[%] [A]

HIPIMS 3.2 0.1 1% 60

PS 0.32 1 10% 6

MFS 0.046 50 70% 0.9

a HiPIMS, high impulse power magnetron sputtering; PS, pulse sputtering; MFS,

medium frequency sputtering.

Figure 1. (a) X-ray diffraction patterns of hematitefilms deposited on the amorphous fused silica substrates; (b)models of the
hematite crystal lattice with (104) and (110) preferentially oriented planes displayed.
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alignment in favor of the (110) orientation and its

impact on the hematite PEC activity has not pre-

viously been reported.

The hematite crystal structure of the films depos-

ited on the FTO substrates was further verified using

Raman spectroscopy. In Supporting Information

Figure S3, all seven predicted Raman active phonon

modes (2A1gþ 5Eg) of the hematite structure without

any admixtures are clearly observed. The lowest A1g

mode at ∼223 cm�1 exhibited largest intensity for

HiPIMS samples, whereas the intensities of other

modes are more comparable. This phenomenon can

also be attributed to the (110) texture of the HiPIMS

films. The obtained Raman data were analyzed simi-

larly to the work by Munisso et al.35 Preliminary

simulations of the Raman response of A1g and Eg
modes in a crystal of D3d symmetry in backscatter-

ing configuration seem to indicate that, for a broad

choice of model parameters, the ratio between the

averaged response of A1g and Eg modes tends to be

larger in case of prevailing (110) orientation of the

surface than for other situations where the scattering

vector is not perpendicular to the c-axis. This is

particularly the case of the HiPIMS hematite films.

More details about the model applied are given in

Supporting Information.

Further evidence for strong preferential orientation

of the crystallites was provided by 57Fe conversion

electron Mössbauer spectroscopy (CEMS).36,37 CEMS

spectra of the HiPIMS, MFS and PS samples are pre-

sented in Figure 2, which shows that all the spectra

could be fitted with one magnetically split (sextet)

component with hyperfine parameters typical for well

crystalline hematite (Supporting Information Table S1).

Considering the detection limit of Mössbauer spectros-

copy (∼3% of relative spectrum area), hematite was

the only iron containing phase in all three analyzed

samples. Preferential orientation of the magnetic mo-

ments (i.e., texture effect) could be identified and

quantified by evaluation of the relative intensities of

the spectral lines. Generally, the intensities of spectral

lines in a sextet are in the ratio of 3:x:1:1:x:3, where

x varies from 0 to 4. The texture effect can be

quantified through angle θ, which is defined as the

average angle between the magnetic moments and

direction of the γ-ray beam originating from the

Mössbauer source. The angle θ can be determined

directly by using the equation x = [4(1 � cos2 θ)/(1 þ

cos2 θ)]. In the absence of the texture effect (x = 2), the

value of θ is ∼55�. Smaller values of θ imply that

magnetic moments are preferentially oriented along

the γ-ray beam, which is perpendicular to the layer

surface. In contrast, θ values larger than 55� indicate

preferential orientation of the magnetic moments

along the layer surface. The determined values of

x and θ including errors are presented in Support-

ing Information Table S1. Clearly, the hematite film

prepared by the HiPIMS method exhibited preferen-

tial crystal orientation perpendicular to the substrate

surface, as indicated by the θ value of 48.8 ( 1.4�,

whereas the film prepared by the PS approach

showed preferential growth along the surface, as

reflected by the θ value of 63.7 ( 0.6�.

The surface morphology of the films was analyzed

by atomic force microscopy (AFM) and the results are

presented in Figure 3a and Supporting Information

Figure S3. These figures also show scanning electron

microscopy (SEM) cross-section images, which con-

firmed that all the films had a comparable thickness

of 45 nm. This thickness was identified as optimal for

the PEC water splitting activity in our previous study.38

When the thickness wasminimized, the negative effect

of the short diffusion length of photogenerated holes

was effectively suppressed.38,39 TheAFM surface image

shown in Figure 3a suggests that the hematite crystal-

lites in the HiPIMS film were predominantly aligned

Figure 2. CEMS spectra of the hematite photoanode sam-
ples. The texture effect determined from the differences in
relative intensity of the second spectral line.
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vertical to the substrate, which is another indication of

their preferential orientation. In contrast, only ran-

domly oriented grains in the MFS film were observed

by AFM (Supporting Information Figure S5a). Although

a slightly patterned surface can be distinguished in the

AFM image of the PS film (Supporting Information

Figure S5b), the preferential orientation detected

by XRD was not as well reflected or recognizable as

in the case of the HiPIMS film. The reason can be

probably found in the preferential (104) orientation

of the hematite grains, which is parallel toward the

substrate.

To determine whether the observed properties and

functionality were influenced by different concentra-

tions of tin dopant serving as the carriers' donor, the

elemental composition of the photoanodes was inves-

tigated by X-ray photoelectron spectroscopy (XPS). The

high resolution XPS Sn 3d peaks intensities are pre-

sented in Figure 3b for the HiPIMS and PS films, since

these two photonodes exhibited the biggest differ-

ence in water splitting activity (see discussion below),

along with XPS Sn 3d depth profile curves for all three

types of films. Two main peaks at 487.9 eV (Sn 3d3/2)

and 496.3 eV (Sn 3d5/2) showing almost identical

overall intensity were apparent in the spectra of the

HiPIMS and PS films. In case of the MFS electrode, the

Sn 3d peaks are seen in the full XPS survey and as a high

resolution depth profile peaks (Sn 3d3/2 and Sn 3d5/2)

evolution in Supporting Information Figure S6. The

concentration XPS Sn 3d depth profiles for all three

photoanodes (Figure 3b) were almost totally over-

lapped, suggesting their equivalent elemental com-

position. Moreover, almost equal full survey represen-

tative XPS spectra as same as the XPS O, Fe and Sn

elemental depth profiles are seen in Supporting In-

formation Figures S6a and S7, respectively. All these

XPS analyses thus confirmed that the relatively low

temperature of thermal annealing (650 �C), which is

the main driving force for the Sn doping coming from

the FTO substrate, did not caused any significant

difference of the films composition among all three

tested photoanodes.

Large differences in the PEC simulated water split-

ting performance were observed between the tested

films (Figure 4). In these experiments, J�V polarization

curves were measured under standard AM 1.5 G

(intensity 100 mW cm�2) chopped light illumination.

The highest photocurrent values (0.28 mA cm�2 at

1.23 V and 0.65 mA cm�2 at 1.55 V versus RHE) were

obtained with the HiPIMS fabricated hematite photo-

anodes. These values are among the highest PECwater

splitting performances reported recently on bare

(without any modifications) planar thin film hematite

electrodes. A brief comparison is given in Table 2.40�44

Since all experimental conditions were kept identical

and the examined photoanodes differed principally in

the preferential alignment of the crystallites, the ex-

cellent photoactivity of the HiPIMS photoanode was

most likely due to the favorable conductivity of the

majority carriers (electrons) along the [110] axis (c-axis)

perpendicularly connected to the FTO substrate.

Figure 3. (a) AFM surface morphology image of HiPIMS fabricated photoanode. The yellow lines indicate the preferential
orientation of crystallites. The inset shows the SEM cross-section image describing the thickness of the film to be around
45 nm; (b) the high resolution Sn 3d XPS spectra (bottom x and left y axis) with Sn depth profiling (up x and right y axis).

Figure 4. Simulated PEC water splitting activity of hematite
photoanodes deposited under different energy of substrate
ion bombardment. The PEC characteristics were recorded
under solar light AM 1.5 simulated conditions with an
intensity of 100 mW cm�2, using 1 M KOH solution as the
electrolyte, and with a scan rate of 1 mV s�1.
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We argue that a smaller size of the grains could only

partially contribute to the enhanced photoactivity, as

deduced from the XRD peak broadening seen in

Figure 1. On the other hand, any noticeable difference

of the XRD peak width corresponding to the PS and

MFS electrodes was not revealed, while the difference

in their PEC activity was significant. The second highly

textured hematite photoanode deposited using the

PS mode exhibited an almost negligible plateau

photocurrent of 0.02 mA cm�2 at 1.23 V versus RHE,

which remained almost constant until the water

oxidation dark current onset. This drastic decrease

can be explained by the synergetic effect of low

electron and hole mobilities within the (104) plane

oriented parallel to the c-axis and its nonideal oxygen

dominated surface termination, which is believed to

cause much higher surface recombination due to the

high density of surface states acting as traps.45 This

issue was irrelevant for the (110) preferential orienta-

tion because its surface termination was dominated

by Fe(III) ions. Moreover, this hypothesis was proved

experimentally by measuring transient photocur-

rents, as discussed below. The most cathodically

shifted dark current onset (Figure 4) corresponding

to the PS photoanode can also be attributed to the

surface or defect states. According to the work by

Peter et al.,46 these states can initiate water oxidation

without illumination throughout the electron transfer

that involves tunneling across the space-charge re-

gion. In between the two extremes (HiPIMS and PS

films), the photoactivity of the untextured MFS films

showed a photocurrent maxima of 0.14 mA cm�2 at

1.23 V and 0.38 mA cm�2 at 1.55 V versus RHE. This

result is consistent with the XRD patterns, which

showed that both discussed planes were present

almost equally. Hence, the negative and positive roles

of the preferential planes as well as surface termina-

tions probably compensated each other, resulting in

the average PEC performance.

Figure 5 shows a graph of the photocurrentmaxima

recorded at 1.55 V versus RHE plotted against the

angle θ (from CEMS). The results clearly support the

previous findings regarding the principal effect of

crystal orientation on the PEC performance. Among

the prepared films, only the MFS method led to an

untextured polycrystalline film composition, as con-

firmed by XRD, AFM, and CEMS techniques. The angle

θ was determined to be 58.9 ( 0.4� for the MFS

sample, which supports the aforementioned result.

The lowest angle θ of 48.8 ( 1.4�, which can be

attributed to the (110) preferential orientation, was

obtained with the HiPIMS film. In contrast, the PS film

showed the largest angle θ of 63.7( 0.6�, correspond-

ing to the (104) preferential plane orientation. All the

photoanodes showed highly consistent results from

the methods employed for characterization, includ-

ing XRD, Raman spectroscopy, CEMS, AFM, and PEC

activity.

As stated above, the various preferential orienta-

tions of hematite crystallites also determine the orga-

nization of terminating atoms (Fe, O) at the surface.

Figure 6a compares transient photocurrents under

chopped monochromatic light (360 nm) illumination

measured at an applied potential of 1.5 V versus RHE.

The photocurrent transients exhibited negative

and positive spike characteristics, suggesting strong

surface recombination. On the basis of the previously

proposed explanation, the anodic current spikes (posi-

tive current response) were attributed to accumulated

holes at the photoelectrode/electrolyte interface,

which were not injected into the electrolyte due to

slowwater oxidation kinetics. Instead, they are trapped

by surface states. Conversely, the cathodic transient

spikes (negative current response) were generated

when the light was off, indicating back recombination

of the accumulated (trapped) holes at the interface by

electrons diffusing from the external circuit.47 Oxygen

vacancies have been proposed to act as electron traps

and recombination centers.48 If this is the case, the

probability of defect states is expected to be much

higher for a surface with a greater proportion of

terminal oxygen ions. In agreement with theory,40

the highest ratio between the steady state photocur-

rent and the transient photocurrent spike maximum

demonstrating the lowest surface recombination

was observed for the HiPIMS photoanode. For this

photoanode, the extent of backward electron/hole

Figure 5. Correlation between the texture effect expressed
as the angleΘ and the PEC activity of the films expressed as
the photocurrent value read at 1.5 V versus RHE.

TABLE 2. Recently Reported PEC Water Splitting Current

Density Values on Bare (without any Modifications)

Hematite Planar Thin Film Photoanodes under 1.5 AM

(100 mW cm�2) Illumination in 1 M NaOH Electrolyte

reference J at 1.23 V vs RHE [mA cm�2] J at 1.4 V vs RHE [mA cm�2]

This work 0.28 0.5

40 0.11 0.2

41 0.18 0.6

42 0.05 0.1

43 0.18 0.4

44 0.10 0.3
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recombinationwas reduced owing to the Fe(III) surface

termination of the (110) plane and its substantially

higher conductivity (Figure 6b). In contrast, this ratio

was lowest for the (104) plane orientation displaying

oxygen termination and the lowest conductivity

among the examined films (Figure 6b). The assumption

of the surface recombination due to oxygen vacancies

was furthermore supported by measuring polarization

curves in the electrolyte containing 0.5 M H2O2 intro-

ducing an easily oxidized hole scavenger that readily

capture the photogenerated holes at the electrode/

electrolyte interface. In this way the surface recombi-

nation is efficiently minimized. Current density plots

as a function of applied potential are presented in

Supporting Information Figure S8. Under dark condi-

tions, the water oxidation dark current onsets showed

the same trend (Supporting Information Figure S8a)

as in the situation without presence of H2O2 in the

electrolyte as it is seen in the Figure 4. When the

electrodes absorbed light (Supporting Information

Figure S8b), the photocurrent onsets were cathodi-

cally shifted in case of all three electrodes examined,

which is, on the other hand, a common feature of the

photoanodes, when a hole scavenger is applied.47,48

Then, the photocurrents propagated over the entire

potential range until the water oxidation dark current

onset. A noteworthy increase of the photocurrent

was observed for the PS films when compared

to the photocurrent maxima reached in the bare

NaOH electrolyte (see Figure 4). It indicated that the

injection barrier (the recombination centers) for the

holes was overcome. To the contrary, a much lower

concentration of defect states was expected for the

HiPIMS electrode having the iron dominated surface

termination. As a consequence, indeed, the photo-

current maxima remained nominally the same apart

from the aforementioned shift of the photocurrent

onset.

Next, the incident photon to current efficiency

(IPCE) was measured over the spectral range of

300�600 nm. The obtained IPCE data are plotted in

Figure 6c together with the UV�vis absorption spec-

trum of the HiPIMS photoanode measured by photo-

thermal deflection spectroscopy (PDS).49 The basic

optical properties of the HiPIMS and PS types of

photoanodes were similar, as shown in Supporting

Information Figure S9. The UV�vis absorption spectra

in Figure 6c (filled area beneath the red absorption

curve) qualitatively follow the detected IPCE behavior

between 380 and 800 nm. As expected, the main

trends of the IPCE curves were consistent with the AM

1.5 generated PEC polarization curves (see Figure 4).

The highest IPCE value of 11% at around 350 nm was

achieved with the HiPIMS photoanode. Considerably

worse IPCE values of 4% and only 0.9% were obtained

with the MFS and PS photoanodes, respectively.

Hisatomi et al.50 have attributed a similar decrease

in IPCE to deteriorating charge transport. Thus, this

may explain the results for our fabricated hematite

coatings.

Figure 6. (a) Transient photocurrents initiated by the monochromatic (360 nm) light illumination and measured under an
applied potential bias of 1.5 V; (b) models of hematite crystal lattices of (110) and (104) surface terminating planes; the blue,
red, and yellowballs represent iron andoxygen atoms, and oxygen vacancies acting as the surface traps, respectively; (c) IPCE
characteristics; (d) Mott�Schottky plots. All electrochemical experiments were done in 1 M KOH electrolyte.
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To further elucidate the electronic properties of the

photoanodes in contact with an electrolyte, electro-

chemical impedance measurements were performed.

These nonilluminated measurements are typically pre-

sented as Mott�Schottky plots, which can be used

to estimate the flat band potential (VFb) and appar-

ent density of donors (ND) of PEC photoelectrodes

according to the Mott�Schottky equation.51 The linear

parts of the obtained Mott�Schottky plots are shown

in Figure 6d. From the slopes of the linear extrapola-

tions, the apparent donor densities were calculated as

4.92� 1018, 3.62� 1018, and 5.42� 1018 cm�3, for the

HiPIMS, MFS, and PC films, respectively. These values

are clearly very similar, despite the different plasma

deposition modes used. This is an important result,

which verifies that the superior photoefficiency is not

caused or improved by a high density of majority

carriers, and it furthermore supports the conclusions

derived from the XPS examination. Moreover, over an

extended applied potential region (0.4�1.6 V), the

Mott�Schottky curves exhibited nonlinear behavior,

as shown in the inset in Figure 6d. These nonideal

characteristics have been directly linked to the pre-

sence of surface states in the work by Schrebler et al.52

This further indicates that the surface states are due to

the oxygen-rich surfaces, since the nonlinear trends of

the Mott�Schottky curves were particularly pro-

nounced for the MFS and PC hematite films (inset in

Figure 6d).

The hydrogen evolution due to the solar-driven

water splitting with the HiPIMS photoanode applied

in the PEC system was measured by gas chromatogra-

phy over a period of 200 min. The amount of photo-

generated hydrogen gas as a function of operating

time is presented in Figure 7a. The graph also contains

the photocurrent values reached during the measure-

ment under the applied voltage of 1.5 V versus RHE,

which was kept constant. The graph denotes suffi-

ciently long time stability of the HiPIMS electrode.

The same electrodes have been repeatedly used dur-

ing one year without any significant changes of their

photoactivity. The Faradaic efficiency was estimated to

be above 95%, which indicates that most of photo-

generated charges were consumed by the PEC water

splitting reactions. Figure 7b shows the solar-to-hydrogen

efficiency (STH) as a function of applied potential

until the 1.23 V versus RHE. The main issue causing

the low observed STH is viewed in the high photo-

current onset potential, which can, on the other hand,

still be shifted cathodically by several approaches.9,53

In this way, the overall photoefficiency would be re-

markably enhanced.

CONCLUSION

In summary, we have developed a powerful method

for reproducibly generating hematite crystalline films

highly oriented along the (110) plane. The hematite

filmswere synthesized by a reactivemagnetron sputter-

ing techniqueutilizingdepositionmodesdiffering in the

energy of ion flux. It was demonstrated that by careful

selection of the deposition plasma parameters, the

energy of heavy ions impinging on the surface of the

substrate can be tuned to control the texture of the

growing films. Thehighest energy bombardingparticles

were achieved with the HiPIMS technique, which gen-

erated hematite films with the desired crystalline align-

ment along the (110) direction. In contrast, the PS and

MFS modes gave significantly lower energy and negli-

gible bombardment, respectively. While the MFS mode

showed no texture effect at all, the PS mode led to

partial preferential orientation of the (104) plane. In

agreement with the (110) texture conductivity predic-

tion, the HiPIMS fabricated photoanodes demonstrated

the highest PEC water splitting activity. In contrast, the

hematite films showing preferential orientation along

the (104) crystalline plane exhibited 10 times lower

photocurrentmaxima. The present resultswould induce

further works enabling the controllable texture of

hematite films and resulting in enhanced PEC perfor-

mances. In this respect, HiPIMS technique is very pro-

mising approach,mainly if other parameters (e.g., cation

doping) will be involved and combinedwith the texture

related phenomena. Described plasma deposition sys-

tem is suitable for a combination of these highly active

Figure 7. (a) Water splitting efficiency of the HiPIMS fabricated photoanode expressed as the amount of evolved hydrogen
(green circles) and the long-term stability (orange circles). The measurements were performed by illuminating 2 cm2 of the
photoanode's area using AM 1.5 G light source of 100mW/cm2 intensity and with constant applied potential to the hematite
photoanode of 1.5 V versus RHE. (b) Solar-to-hydrogen efficiency calculated according to eq 2.
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textured hematite films with various so-called host-

scaffold nanoarchitectures, which would induce further

improvement of the overall photoefficiency by a sub-

stantial increase in the light harvesting.

METHODS

Fe2O3 thin films were deposited by DC pulse reactive magne-
tron sputtering of the cathode made of a pure iron target
(99.95%) in a gas mixture of Ar þ O2. A circular balanced
magnetron with a target diameter of 50 mm was used. The
magnetron was placed in a high vacuum reactor chamber
continuously pumped by turbomolecular and roughing pump.
A substratewas placed in a distance of 50mm from the surface of
the iron target. For all the conditions presented in this work, the
total gas pressure and partial pressures of argon and oxygen
were held constant by controlling of their particular mass flow
rate into the reactor chamber. The flow of argon was QAr =
26 sccm and oxygen QO2 = 20 sccm. The total pressure in the
reactor was p = 1.2 Pa. Three different pulsing regimes of
magnetron discharge operation were tested in this deposition
experiment. For all experiments, the total average discharge
current IAV, and consequently the average current density jAV,
was held constant. The average current and current density were
held on the value IAV = 600mA and jAV = 32mA/cm2, respectively.
The cathode pulse current density was themain parameter varied
in this experiment. The change of pulse discharge current density,
jD, was provided by the change of pulsing frequency, fP, together
with the change of duty factor, du, of pulsing cycle. The films were
deposited all with the same thickness of th= 45 nm in order to rule
out influence of different thickness on structure, texture and other
properties of hematite films. The films were deposited on glass
substrate with SnO:F transparent conductive electrode (FTO,
TCO-7, Solaronix), fused silica substrate, and multilayered sub-
strate consisting of Pt/TiO2/SiO2/Si (Advanced Ceramic Coating
Technology) with the hematite coating on the Pt side.
The crystalline phase of the Fe2O3 films was determined by

X-ray powder diffraction (XRD) employing an X'Pert MRD pow-
der diffractometer (parallel beam geometry realized with the
Goebel mirror in the primary beam and parallel plate collimator
and graphite monochromator in the secondary beam) and
using Raman spectroscopy with a Renishaw Raman Microscope
RM 1000 (unpolarized beam in back scattering mode of a
514.5 nm Arþ laser). Optical properties were investigated by
means of photothermal deflection spectroscopy (PDS) based on
the deviation of the laser beam collinearly propagated with the
sample surface. The surface topography images were recorded
by anNtegra Aura. The cross-section imageswere obtainedwith
help of a field emission scanning electron microscope (Hitachi
FE-SEM S4800, Japan). Chemical characterization was carried
out by X-ray photoelectron spectroscopy (PHI 5600, spec-
trometer) using Al KR monochromatized radiation.
The samples of hematite thin filmswere characterized by 57Fe

conversion electron Mössbauer spectroscopy (CEMS) employ-
ing a CEMS2010 spectrometer. The CEMS spectrometer is
equipped with a proportional continuous gas flow counter
filled with a Penning mixture consisting of 90% He and 10%
CH4. A 50 mCi 57Co(Rh) Mössbauer γ-ray source (14.41 keV) was
used inside the spectrometer. Unfolded spectra were registered
at room temperature to 1024 channels for 3�5 days and then
fitted by the MossWinn 4.0 software package. The CEMS
method enables to selectively characterize iron containing
phases (including amorphous or nanocrystalline) within the
depth of layers up to 300 nm. Moreover, a texture effect (i.e., a
preferential orientation ofmagnetic moments) can be observed
and quantified through the relative intensity of the second
spectral line of a sextet component.
The photoelectrochemical experiments were carried out

under simulated AM 1.5 (100 mW cm�2) illumination provided
by a solar simulator (300WXewith optical filter, Solarlight; room
temperature) in 1 M KOH solution. A three-electrode configura-
tion was used in the measurements, with the iron oxide
electrode as the working electrode (photoanode), an Ag/AgCl
(3 M KCl) as the reference electrode, and a platinum foil as the

counter electrode. Photocurrent versus voltage (I�V) character-
istics were recorded by scanning the potential fromOCP to 0.4 V
(versus Ag/AgCl) with a scan rate of 1 mV s�1 using a Jaissle IMP
88 PC potentiostat.
Photocurrent spectrawere acquired at an applied potential of

0.5 V (versus Ag/AgCl) in 1 M KOH recorded with 10 nm steps in
the range of 300�700 nm using an Oriel 6365 150 W Xe-lamp
equippedwith a Oriel Cornerstone 7400 1/8mmonochromator.
Incident photocurrent conversion efficiencies (IPCE) were cal-
culated by IPCE = (1240iph)/(λIlight), where iph is the photocur-
rent density (mA cm�2), λ is the incident light wavelength (nm),
and Ilight (mW cm�2) is the intensity of light source at each
wavelength. The Mott�Schottky curves were acquired with a
Zahner IM6 potentiostat (Zahner Elektrik, Kronach, Germany).
Measurements were obtained under dark conditions at a
frequency of 500 Hz in 1 M KOH solution. A three-electrode
configuration was used in the measurements, where the
R-Fe2O3 electrode served as the working electrode (photo-
anode), a saturated Ag/AgCl as the reference electrode and a
platinum foil as the counter electrode.
The measured potentials versus Ag/AgCl were converted to

the reversible hydrogen electrode (RHE) scale following the
Nernst equation:

ERHE ¼ EAg=AgCl þ 0:059 pHþ EoAg=AgCl (1)

where ERHE is the converted potential versus RHE, E�Ag/AgCl =
0.1976 at 25 �C, and EAg/AgCl is the experimentally measured
potential against the Ag/AgCl reference.
The time stability of the hematite photoanodes and the

concentration of produced hydrogenwere tested by the follow-
ing setup. Two chamber glass cell with 1MNaOHwater solution
working as the electrolyte was used. Anode and cathode
chambers were separated by the glass frit to prevent mixing
of the electrolyte. Potential ofþ1.5 V versus RHE was applied to
the sample (working electrode). Platinum sheet was used as the
counter electrode. Each chamber was bubbled by argon gas
(1 mL/min) separately. The illuminated area of the photoanode
was 2 cm2. The chambers were open to air by glass capillary to
avoid mixing with air. Output gas from cathode chamber
(platinum counter electrode) was analyzed by gas chromato-
graph (Master, Dani) equipped with plot column (Rt-Msieve 5A,
Restek) and mTCD detector (Vici).
The solar-to-hydrogen efficiency ηSTH was calculated accord-

ing to the eq 2:

ηSTH(%) ¼ Jp[(1:23 � Vapp)=I0] (2)

where Jp is the photocurrent density (in mA/cm2), I0 is the
intensity of incident light (in mW/cm2), and Vapp is the applied
potential to the photoanode in (V versus RHE).
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α-Fe2O3/TiO2 3D hierarchical nanostructures for
enhanced photoelectrochemical water splitting†

Hyungkyu Han,a Francesca Riboni,b Frantisek Karlicky,a,c Stepan Kment,a

Anandarup Goswami,a Pitchaimuthu Sudhagar,d Jeongeun Yoo,b Lei Wang,b

Ondrej Tomanec,a Martin Petr,a Ondrej Haderka,a Chiaki Terashima,d

Akira Fujishima,d Patrik Schmuki*b,e and Radek Zboril*a

We report the fabrication of 3D hierarchical hetero-nanostructures composed of thin α-Fe2O3 nanoflakes

branched on TiO2 nanotubes. The novel α-Fe2O3/TiO2 hierarchical nanostructures, synthesized on FTO

through a multi-step hydrothermal process, exhibit enhanced performances in photo-electrochemical

water splitting and in the photocatalytic degradation of an organic dye, with respect to pure TiO2 nano-

tubes. An enhanced separation of photogenerated charge carriers is here proposed as the main factor for

the observed photo-activities: electrons photogenerated in TiO2 are efficiently collected at FTO, while

holes are transferred to the α-Fe2O3 nanobranches that serve as charge mediators to the electrolyte. The

morphology of α-Fe2O3 that varies from ultrathin nanoflakes to nanorod/nanofiber structures depending

on the Fe precursor concentration was shown to have a significant impact on the photo-induced activity

of the α-Fe2O3/TiO2 composites. In particular, it is shown that for an optimized photo-electrochemical

structure, a combination of critical factors should be achieved such as (i) TiO2 light absorption and photo-

activation vs. α-Fe2O3-induced shadowing effect and (ii) the availability of free TiO2 surface vs. α-Fe2O3-

coated surface. Finally, theoretical analysis, based on DFT calculations, confirmed the optical properties

experimentally determined for the α-Fe2O3/TiO2 hierarchical nanostructures. We anticipate that this new

multi-step hydrothermal process can be a blueprint for the design and development of other hierarchical

heterogeneous metal oxide electrodes suitable for photo-electrochemical applications.

Introduction

Titanium dioxide (TiO2) represents the most widely investi-
gated semiconductor photocatalyst for e.g., photo-oxidation
reactions, photo-electrochemical (PEC) water splitting, and
anodes in solar cells.1–3 The intrinsic key advantages of
TiO2 are well established (i.e., it is cheap, abundant, envir-
onmentally friendly, and corrosion-resistant); however, (i) its

relatively large optical band-gap (3.0–3.2 eV) that hampers the
use of sunlight to promote photoreactions, (ii) the high rate of
recombination of photogenerated electron/hole (e−/h+) pairs
and (iii) the low rate of charge transfer to reactants still rep-
resent serious challenges to be overcome. In particular, the
generation of long-living and spatially separated charge car-
riers appears of primary importance. For this, one-dimen-
sional arrangements of TiO2 (e.g., in the form of nanotubes,
nanorods and nanofibers grown on a conductive substrate) are
beneficial, since the orthogonal carrier separation in these
structures is facilitated by the preferential percolation of e− to
the back contact and the parallel accumulation of h+ at the
semiconductor/electrolyte interface.3,4 Also, combining TiO2

with another semiconductor with a suitable band gap and
band offsets has been often proposed as a valuable approach
to achieve larger e−/h+ separation.5 In a composite photo-
catalytic system, the intimate contact between two or more
semiconductors promotes the mobility of charge carriers
between the different components, enhancing their separation
and, hence, the photoactivity of the composite system com-
pared to that of the single counterparts. Owing to the avail-
ability of a large number of semiconducting materials, an ade-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c6nr06908h

aRegional Centre of Advanced Technologies and Materials, Department of Physical

Chemistry, Faculty of Science, Palacky University, Slechtitelu 11, 783 71 Olomouc,
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cDepartment of Physics, Faculty of Science, University of Ostrava, 30. dubna 22,
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dPhotocatalysis International Research Center, Research Institute for Science and
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Japan
eDepartment of Chemistry, Faculty of Science, King Abdulaziz University,
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quate selection in terms of band alignment (specific for
different reactions) is clearly required. For instance, coupling
TiO2 and α-Fe2O3 nanostructures is, in principle, a promising
approach for increasing the efficiency of titania for PEC appli-
cations, as long as TiO2 is the light absorbing material and the
major contributor to the photogeneration of charge carriers.
With this arrangement, from the mechanistic point of view,
electrons photopromoted in TiO2 are transferred to the back
contact (also, taking advantage of the long electron diffusion
length typical of TiO2 nanotubes, i.e., ∼20 μm),6 while holes
can be trapped in the valence band of α-Fe2O3, which that lies
at a more negative potential than that of TiO2, and easily con-
veyed to the electrolyte. This spatial separation reduces e−/h+

recombination probability and leads to an enhanced perform-
ance of the α-Fe2O3/TiO2 composite materials. Clearly, an
essential prerequisite, often overlooked in the literature,7 is
that the hematite layer does not shade the TiO2 nanostructures
and allows its photoactivation. Indeed, if e− are photo-gener-
ated in α-Fe2O3, they cannot be transferred to TiO2 due to an
unfavorable conduction band alignment of the two oxides.
Hence, in this regard, also a fine tuning of the composite
nanoarchitecture has to be achieved to avoid the undesired
detrimental effect of classic α-Fe2O3/TiO2 heterostructures.

7

We report the fabrication of α-Fe2O3/TiO2 3D hierarchical
nanostructures, with a specific composition and tailored archi-
tecture that meet all the aforementioned requirements.
Aligned TiO2 nanotubes of a pure anatase composition (highly
desired for PEC applications) were grown on FTO glass via a
sacrificial template-based hydrothermal approach; their
surface was modified with α-Fe2O3 nanostructures, whose mor-
phologies varied from thin nanoflakes to nanorods, to surface
agglomerates, depending on the amount of Fe precursor. This
approach was shown to have a significant impact on the
photo-induced activity of the α-Fe2O3/TiO2 composites. In par-
ticular, under specific preparation conditions, α-Fe2O3 nano-
branches were grown perpendicular to the TiO2 NTs, leaving
the TiO2 surface partially exposed to both the electrolyte and
light; this configuration provided a twofold increase in the
PEC and photocatalytic (PC) activities of bare TiO2 nanotubes,
since it enabled an optimized light absorption and photoacti-
vation of TiO2, coupled with an efficient collection of photo-
generated charges (i.e., e− to FTO and h+ to α-Fe2O3). We

believe that the experimental control over the morphology and
related light-promoted activity of α-Fe2O3/TiO2 hierarchical
materials can be extended to other semiconductor oxide com-
binations and be adopted as a defined strategy to improve
their performance in photo-electrochemical reactions.

Experimental
Fabrication of TiO2 nanotube arrays on FTO glass

The procedure for the fabrication of α-Fe2O3/TiO2 3D hierarchi-
cal nanostructures is reported in Scheme 1. First, a thin ZnO
seed layer was deposited on FTO glass by spin coating a
20 mM zinc acetate dihydrate [Zn(O2CCH3)2·2H2O] aqueous
solution at 4000 rpm for 35 s. ZnO nanorods (NRs), which
served as a sacrificial template for the growth of TiO2 nano-
tubes (see below), were grown hydrothermally from the seed
layer at 85 °C for 10 h starting from an aqueous solution of
25 mM zinc nitrate hexahydrate [Zn(NO3)2·6H2O] and 25 mM
hexamethylenetetramine (C6H12N4). The as-synthesized ZnO
NRs on FTO were immersed for 30 min in an aqueous solution
containing 75 mM ammonium hexafluorotitanate [(NH4)2TiF6]
and 0.2 M boric acid (H3BO3). (NH4)2TiF6 hydrolyzes to TiOx

on the individual ZnO nanorods, and the ZnO template is
simultaneously dissolved in the acidic environment (where
acids are produced by (NH4)2TiF6 hydrolysis and H3BO3). To
achieve a complete removal of residual ZnO inside the TiO2

tubes, the NT arrays were immersed in a 0.5 M boric acid solu-
tion for 1 h. Finally, the samples were rinsed with DI water
and annealed in Ar at 500 °C for 30 min.8,9

Preparation of Fe2O3/TiO2 hierarchical nanotube arrays on

FTO glass

TiO2 nanotubes on FTO glass were immersed for 2 days at
room temperature in an aqueous solution of iron(III) nitrate
nonahydrate [Fe(NO3)3·9H2O], containing different amounts of
Fe precursor (0.01–0.05 M). The samples, immersed in the
iron(III) solution, were then transferred to an oven and kept at
90 °C for 2 h. Finally, they were rinsed with DI water and
annealed in air at 450 °C for 2 h to convert amorphous FeOOH
into crystalline α-Fe2O3.

Scheme 1 Schematic representation of the α-Fe2O3/TiO2 3D hierarchical nanostructure formation process: (a) first a ZnO seed layer is deposited

on FTO and (b) ZnO nanorods are grown; (c) afterwards, TiO2 nanotubes are grown via a hydrothermal process and the ZnO sacrificial template is

simultaneously dissolved; (d) finally, α-Fe2O3 nanobranches are formed on the surface of the TiO2 NTs.
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Following the same procedure, pure α-Fe2O3 layers were
also grown directly on FTO glass from 0.01–0.05 M precursor
solutions.

Characterization

For the morphological characterization of the α-Fe2O3/TiO2

hierarchical composites, a field-emission scanning electron
microscope (FE-SEM, Hitachi S4800, Japan), a field-emission
transmission electron microscope (FE-TEM, JEOL 2010F) and a
high-resolution transmission electron microscope (HRTEM,
FEI TITAN G2 60-300) were employed. The crystallographic pro-
perties of the materials were analyzed by X-ray diffraction
(XRD) performed with an X’pert Philips MPD (equipped with a
Panalytical X’celerator detector), using iron-filtered Co-Kα radi-
ation (λ = 1.78901 Å, 40 kV, 30 mA). XRD data were then con-
verted to Cu-Kα radiation, according to the relationships in
(θCu) = (λCu/λCo) × sin(θCo), where λCu is 1.54056 Å. X-ray photo-
electron spectroscopy (XPS, PHI 5600, US) was used to charac-
terize the chemical composition of the materials.

Photo-electrochemical characterization and photocatalytic

activity

The photo-electrochemical experiments were carried out in a
three-electrode configuration, under simulated AM 1.5G
(100 mW cm−2) illumination provided by a solar simulator
(150 W Xe with optical filter). TiO2 and α-Fe2O3/TiO2 NT elec-
trodes served as photoanodes, an Ag/AgCl (3 M KCl) as the
reference electrode, and a platinum foil as the counter elec-
trode. 1 M NaOH aqueous solution was used as the electrolyte,
and the solution was bubbled with N2 for 30 min prior to
measurements. Photocurrent versus voltage (I–V) character-
istics were recorded by scanning the potential from −0.8 to
1.3 V (vs. Ag/AgCl (3 M KCl)) with a scan rate of 10 mV s−1

using a Series 300 Potentiostat/Galvanostat/ZRA potentiostat.
Photocurrent transients for the TiO2 and Fe2O3/TiO2 NT elec-
trodes were measured at +0.26 V (vs. Ag/AgCl (3 M KCl)) in 1 M
NaOH.

Electrochemical impedance was measured in a Princeton
Applied Research potentiostat (PARSTAT 2273). The frequency
was varied in the 1 MHz–1 mHz range, with a potential ampli-
tude of 10 mV. The measurements were carried out in a three-
electrode configuration, with Pt serving as the counter elec-
trode and Ag/AgCl as the reference electrode, at +0.26 V (vs. Ag/
AgCl (3 M KCl)) and under simulated AM 1.5G (100 mW cm−2)
illumination provided by a solar simulator (150 W Xe with an
optical filter). 1 M NaOH was used as the electrolyte.

The photocatalytic degradation of Rhodamine B (RhB) was
carried out in a 5 mL quartz cuvette filled with a 1 mM dye
solution. A 300 W Xe lamp, equipped with an AM 1.5G filter,
was used as an irradiation source and the degradation of RhB
was monitored with a Lambda XLS – Perkin Elmer spectro-
photometer measuring the decrease in the intensity of the dye
main absorption band (λ = 554 nm) from samples withdrawn
from the photoreactor every 30 min. Overall, each photodegra-
dation experiment lasted for 2 h.

Theoretical analysis

We performed electronic structure calculations using a density
functional theory (DFT) corrected by an additional Hubbard-
like term (DFT+U). For modeling bulk anatase TiO2 and bulk
α-Fe2O3 hematite, the experimental lattice constants a1 =
3.785 Å and c1 = 9.514 Å (tetragonal unit cell)10 and a2 =
5.0355 Å and c2 = 13.7471 Å (rhombohedral unit cell)11 were
used, respectively. We used the Perdew–Burke–Ernzerhof
(PBE)12 generalized gradient approximation (GGA) to DFT and
we selected the effective on-site Coulomb interaction para-
meters U = 7.5 eV for Ti atoms and U = 4.3 eV for Fe atoms.
This choice provides good agreement with the band gaps of
bulk TiO2 and bulk α-Fe2O3 (Fig. S1†). We also created the
corresponding layers. The predicted dominant growth face of
the α-Fe2O3 surface is the (0001) surface. Therefore, following
ref. 13, we used a single-iron terminated (0001) layer. For sim-
plicity, we used an oxygen terminated (001) TiO2 anatase layer,
following ref. 14. Because of the lattice mismatch between
α-Fe2O3 (0001) and TiO2 (001) surfaces, it was necessary to
introduce a larger computational supercell for simulating the
α-Fe2O3 (0001)/TiO2 (001) interface. Within all those computed
by using the Cell Match utility,15 the 15.14 Å × 38.04 Å super-
cell with 142 atoms (36 Fe, 86 O, 20 Ti) was selected – the
thickness of the layer was in some cases reduced to 81 atoms
(18 Fe, 51 O, 12 Ti).

All the DFT+U calculations were performed using the VASP
code16 with the PAW formalism.17 For the initial bulk calcu-
lations, the first Brillouin zones were sampled by 10 × 10 × 4
k-points. For surface calculations, 10 × 10 × 2 and 7 × 7×1
k-points were used for TiO2 (001) and α-Fe2O3 (0001), respect-
ively, and the atomic positions were relaxed until the change
in forces was less than 10−2 eVA−1. Finally, for the large super-
cell of TiO2/Fe2O3 interfaces, 2 × 1 × 2 k-points were used and
atomic positions were relaxed until the change in energy was
less than 10−3 eV. A cut-off energy of 300 eV was applied
together with normal accuracy of VASP. The optical absorption
spectrum corresponded to the imaginary part of the dielectric
function ε(ω). A Gaussian broadening of 50 meV and 128
sampling points were used for the dielectric function.

Results and discussion
Materials characterization

Scheme 1 represents the procedure for growing α-Fe2O3-
branched TiO2 nanotubes (Fe2O3/TiO2 NTs) on FTO glass. In
detail, upon the deposition of a ZnO seed layer (a), ZnO NRs
are hydrothermally grown on the seeded substrate (b) and sub-
sequently converted to TiO2 NTs via a liquid-phase deposition,
with the simultaneous dissolution of the ZnO backbone, i.e.,
the sacrificial template (c). Due to the lattice mismatch
between FTO and ZnO, the seeding procedure is crucial as it
overcomes the high-energy nucleation step typical of hydro-
thermal methods based on a crystal nucleation-growth
sequence.18 According to previous studies, the selective
etching of the ZnO NR template may be ascribed to fluoroboric
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acid (HBF4) formed in solution from the Ti-precursor hydro-
lysis in combination with H3BO3.

8 SEM images (Fig. 1a, S2 and
S3(a)†) show that vertically aligned TiO2 nanotubes (∼1.5 μm
in thickness and with a ∼80 nm diameter) are formed well
anchored on the FTO substrate. TEM and selected-area
electron diffraction (Fig. 2(a)) confirm that, upon annealing,
amorphous TiO2 is converted into crystalline anatase. The NTs
exhibit ∼20 nm thick walls and a lattice fringe d = 3.5 Å
(inset of Fig. 2(a)) that is assigned to the interplanar distance
of the (101) plane of anatase. This is also consistent with the
XRD results showing a full anatase phase composition for pure
TiO2 NTs (Fig. 3(a)). Finally, evidence for the formation of pure

TiO2 NTs on FTO glass is also provided by energy-dispersive
X-ray (EDX) analysis (Fig. S4†), where only the peaks corres-
ponding to Ti, O and Sn (from the FTO support) can be
observed.

Immersion of TiO2 NTs in the Fe(NO3)3 solution at 90 °C
results in the seeding and growth of FeOOH-branches on TiO2

NTs, that is, under optimized conditions the surface of TiO2

nanotubes is active for FeOOH nucleation (Scheme 1(d)).
Different concentrations of Fe-precursor were investigated
(0.01–0.05 M) that correspondingly led to different nanoarchi-
tectures (i.e., from a homogeneous thin layer to dense and
packed nanobranches/agglomerates); annealing at 450 °C in

Fig. 1 Top view SEM images of (a) TiO2 NTs and (b–f ) α-Fe2O3/TiO2 NT composites prepared from Fe(III) solutions with different hematite precursor

concentrations (i.e., 0.01–0.05 M).

Fig. 2 (a) TEM image of TiO2 NTs; insets: HRTEM image (lower corner) and the corresponding SAED pattern (upper corner). (b) TEM image of 0.02

Fe2O3/TiO2 NTs; insets: HRTEM image (lower corner) and the corresponding SAED pattern (upper corner). (c) HAADF image of 0.02 Fe2O3/TiO2 NTs.

(d–f ) Ti, O and Fe elemental mapping of the 0.02 Fe2O3/TiO2 NT sample.
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air for 2 h converted the initially amorphous FeOOH into crys-
talline α-Fe2O3. Table 1 summarizes the diameter and length
of the α-Fe2O3 nanostructures, as a function of the Fe(NO3)3
solution concentration. Except for the 0.01 Fe2O3/TiO2 sample
that exhibits a limited thickening of the TiO2 tube walls con-
sistent with the formation of a conformal hematite shell layer
(Fig. 1(b)), in all the other cases, a 3D-hierarchical α-Fe2O3/
TiO2 composite is formed (Fig. 1, S2, S3† and Scheme 1(d)). In
detail, for the 0.02 Fe2O3/TiO2 sample, short α-Fe2O3 nano-
branches (d ∼ 10 nm, l ∼ 30–140 nm) grow on the TiO2 NT
surface; a further increase in the precursor concentration
results instead in longer and more densely packed nano-
branches. The observed trend suggests that the thin FeOOH
conformal layer that forms on TiO2 tubes at very low precursor
concentrations acts as a seed layer for the growth of hierarchi-
cal nanostructures promoted by a larger amount of Fe3+ ions
in solution.

However, in contrast to the formation of energy-minimized
structures (i.e., the nanobranches) for 0.02–0.04 M Fe(NO3)3
solutions, when the iron precursor concentration exceeds the
optimum (i.e., for [Fe(NO3)3] > 0.04 M), the Fe3+ species
adsorbed on the surface of TiO2 NTs tend to aggregate and
promote the formation of iron oxide-based clusters (see for
instance the ∼300 nm long aggregates for the 0.05 M Fe(NO3)3
solution in Fig. 1(f ), S2 and S3(f )†).

The formation of surface aggregates is certainly to be
avoided in heterocomposite materials for light-induced appli-
cations where the core structure (in this case, the TiO2 nano-
tubes) is the major photoactive semiconductor (see below).
HRTEM, exemplarily shown for the 0.02 Fe2O3/TiO2 sample
(Fig. 2(b)), confirms (i) the formation of a 3D-Fe2O3/TiO2 nano-
branched architecture and (ii) the conversion of amorphous
FeOOH into crystalline α-Fe2O3 hematite, upon adequate
annealing. In line with this, the distance between adjacent
lattice fringes (d = 2.5 Å and d = 3.7 Å) in the α-Fe2O3 nano-
branches can be assigned to the interplanar distance of the
(110) and (012) planes of hematite, respectively (inset of
Fig. 2(b)).19–21

HAADF image and EDX elemental mapping (Fig. 2(c–f ))
clearly show a TiO2 nanotube-backbone with α-Fe2O3 dendritic
nanostructures and also confirm the formation of a hetero-
composite material where Ti, O and Fe co-exist. In this regard,
experimental evidence is also provided by means of Auger
Electron Spectroscopy (AES) horizontal mapping across the

Fig. 3 (a) XRD of TiO2 NTs and α-Fe2O3/TiO2 NT composites; A =

anatase reflections, H = hematite reflections. (b) UV-vis absorption

spectra of TiO2 NTs and α-Fe2O3/TiO2 NT composites; the inset shows

the absorption characteristics of the samples in the 300–450 nm wave-

length region. (c) XPS spectra of TiO2 NTs, 0.02 and 0.04 Fe2O3/TiO2 NT

composites. In (a, b) 0.01–0.05 labels indicate the different concen-

trations of the starting Fe(III) precursor solutions.

Table 1 Diameter and length of α-Fe2O3 nanobranches grown on TiO2

NTs from Fe(III) solutions with different hematite precursor concen-

trations (i.e., 0.01–0.05 M)

[Fe(NO3)3] (M) d (nm) Length (nm)

0.01 n/a ∼10 (shell)
0.02 8–10 30–140
0.03 20–30 60–140
0.04 40–50 80–250
0.05 30–50 80–280
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α-Fe2O3/TiO2 layers, performed for the different Fe-precursor
solutions. As shown by the concentration scans of Ti, O and
Fe superimposed on the original SEM image of the 0.02
Fe2O3/TiO2 sample (Fig. S5†), iron concentration peaks in the
outer-shell and extends up to ∼60 nm from the TiO2 NT walls;
correspondingly, titanium concentration is higher in the core,
while oxygen is homogeneously distributed within the inner
and outer layers, in line with the formation of two distinct
oxides that is, Fe2O3 and TiO2. These observations on the
morphology and chemical composition of 0.02 Fe2O3/TiO2 also
hold for the other Fe-precursor concentrations; see, for
instance, HAADF images and AES horizontal mapping of
0.01 and 0.03 Fe2O3/TiO2 in Fig. S6 and S7,† respectively. In
particular, the horizontal mapping of 0.01 Fe2O3/TiO2 shows a
lower amount of α-Fe2O3 and, most importantly, a ∼10 nm
thick hematite layer that covers the TiO2 inner backbone
(Fig. S6(g)†).

XRD patterns of the different heterocomposites are reported
in Fig. 3. Aside from the reflections assigned to FTO (i.e., SnO2

cassiterite – see also Fig. S8†), all the other peaks belong to
TiO2 (A) and α-Fe2O3 (H). Typically, TiO2 nanostructures grown
via the hydrothermal method on FTO are mainly composed of
rutile phase22 due to a favorable matching between rutile and
cassiterite crystal lattices.23 Here, contrary to this expectation
and in line with TEM (Fig. 2a), pure anatase TiO2 nanotubes
were obtained (main reflections at 2θ ∼ 25.4°), most likely due
to the presence of the ZnO sacrificial template that is dissolved
during the tubes formation and that seemingly prevents TiO2

preferential seeding in the form of rutile.9

Besides the low-intensity peaks (e.g., 2θ ∼ 25°) corres-
ponding to the (012) plane, the most intense diffraction peaks
of α-Fe2O3 (i.e., 2θ ∼ 34° and 36°) correspond to the (104) and
(110) planes, respectively. This, combined with TEM analysis
(Fig. 2b), confirms the polycrystalline nature of the film.24,25 It
is noteworthy that the (110) orientation of hematite, with its
surface termination dominated by Fe(III) ions features a high
conductivity.24–26 In addition, the prevalence of the (110)
reflection indicates a strong preferential orientation growth
of hematite with the [110] axis vertical to the substrate.

Both aspects are beneficial for facilitating charge transfer
from the substrate (TiO2) to the electrolyte, through α-Fe2O3, in
view of photo-electrochemical applications (see discussion
below).27

The optical properties of the investigated samples were
determined by UV-vis spectroscopy (Fig. 3(b)). All the samples
show (or partially maintain) the typical absorption edge at
ca. 380–400 nm owing to TiO2 optical band-gap excitation
(∼3.2 eV). In addition, the α-Fe2O3/TiO2 heterocomposites also
exhibit absorption features that extend to the visible region. In
particular, the light absorption onset around 600 nm corres-
ponds to the ∼2.1 eV optical band-gap of hematite.24,28 This
reflects the bi-composite nature of the 0.01–0.05 Fe2O3/TiO2

samples that exhibit the distinct optical properties of both
oxide counterparts and indicates a tandem contribution of the
two components to the photo-electrochemical activity of the
investigated materials.

The effect of the bi-composite nature on the optical pro-
perties of α-Fe2O3/TiO2 is also confirmed by theoretical
calculations performed on a TiO2 layer and an α-Fe2O3/
TiO2 heterocomposite layer, modeled as in Fig. 4a and S9.†
DFT calculations revealed an absorption edge for pure
anatase (001) TiO2 in the 380–400 nm range (black curve in
Fig. 4b), while the presence of α-Fe2O3 on TiO2 signifi-
cantly extends the simulated optical absorption to the visible
range (red curve in Fig. 4b). This trend is qualitatively in
line with the experimental absorption spectra reported in
Fig. 3b.

Moreover, a more careful analysis of the experimental UV-
vis absorption characteristics (inset of Fig. 3b) points out that
the structure decorated with the largest amount of α-Fe2O3

(i.e., 0.05 M Fe(NO3)3) shows the lowest absorbance in the
300–350 nm range, where typically TiO2 absorbs photons.
This is attributed to a “shading effect”, i.e., the increase in
the density and thickness of hematite-based nanobranches
optically shades the underneath structure, so that TiO2 is
actually exposed to a lower specific photon flux and light
absorption consequently drops. The shading effect on TiO2,
that may also physically prevent the percolation of the electro-

Fig. 4 (a) Schematic representation of α-Fe2O3 nanobranches on TiO2 nanotubes. (b) Optical absorption spectra of pure TiO2 and α-Fe2O3/TiO2

composite, determined through a DFT+U method.
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lyte to the tube surface with a detrimental consequence on
the PEC activity, is also confirmed by XPS (Fig. 3(c)): for pure
TiO2 and α-Fe2O3/TiO2 heterocomposites with a small amount
of hematite (e.g., 0.02 Fe2O3/TiO2), the typical Ti 2p3/2 and
2p1/2 peaks were observed at ca. 458 eV and 464 eV, respect-
ively; however, for larger nominal amounts of α-Fe2O3, the
intensity of Ti 2p features drastically drops (it nearly vanishes
for 0.04 Fe2O3/TiO2). This further supports the observation
that, with increasing iron precursor concentration, longer
and denser hematite nanobranches grow on the supporting
TiO2 tubes, eventually leading to clusters formation that act
as a barrier for both light penetration and electrolyte
percolation.

Therefore, for an optimized photo-electrochemical struc-
ture, a combination of critical factors should be achieved such
as (i) TiO2 light absorption and photoactivation vs. α-Fe2O3-

induced shadowing effect and (ii) the availability of free TiO2

surface vs. α-Fe2O3-coated surface.

Photo-electrochemical and photocatalytic activities

Fig. 5(a) provides the current–potential curves of the electrodes
under AM 1.5G illumination in 1 M NaOH electrolyte. All the
electrodes exhibit a photocurrent onset at ca. −0.8 V vs. Ag/AgCl
that is typical of TiO2. This demonstrates that, in α-Fe2O3/TiO2

composites, TiO2 absorbs UV photons and generates charge car-
riers. Due to the natural upwards band bending (enhanced by
the applied bias) in TiO2 tube walls, electrons photopromoted
in the conduction band are collected in the center of material
and, through a preferential orthogonal pathway, are transported
along the tubes to the back-contact (FTO). By contrast, positive
holes migrate from the valence band of TiO2 to that of α-Fe2O3

that mediates their transfer to the environment, i.e., the electro-

Fig. 5 (a) Current–potential characteristics of TiO2 and α-Fe2O3/TiO2 NT layers on FTO, measured in 1 M NaOH at 10 mV s−1 scan rate, under AM

1.5G illumination. (b) Photo-transient characteristics of TiO2 and α-Fe2O3/TiO2 NT layers on FTO, measured in 1 M NaOH at +0.26 V vs. Ag/AgCl and

under AM 1.5G chopped light illumination. (c) Nyquist plots of electrochemical impedance measurements of TiO2 and α-Fe2O3/TiO2 NT layers; inset:

equivalent circuit for the nanotube structures. (d) Photocatalytic degradation of RhB (C0 = 1 mM) performed under AM 1.5G illumination. (e) Sketch

of the proposed charge photogeneration and transfer mechanism in the optimized 0.02 α-Fe2O3/TiO2 NT layer.
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lyte, and decreases the probability of charge recombination.29,30

A sketch of the proposed mechanism is reported in Fig. 5(e). An
increase in photocurrent density is indeed observed for the
composite materials, with respect to plain TiO2 NTs.

The beneficial effect of combining the two oxides is observed
with the composite heterostructures decorated with a relatively
low amount of hematite (i.e., with a ∼10–30 nm thick Fe2O3

layer). In particular, the 0.02 Fe2O3/TiO2 sample provides an opti-
mized arrangement that leads to the highest photocurrent;
moreover, Fig. S10† shows that the photo-electrode features an
adequate stability, for continuous illumination under AM 1.5G
simulated sunlight at 0.8 V vs. Ag/AgCl for extended times.

The same relative trend is also observed in transient photo-
response measurements (Fig. 5(b)). All the transients have a
similar shape and exhibit an initial decay of photocurrent, par-
ticularly evident for the Fe2O3-modified TiO2 electrodes. This
indicates that beneficial charge carrier separation is enabled
in the system, with hematite that works as a hole-transfer
mediator (from TiO2) to the electrolyte. Nevertheless, also a
minor contribution of α-Fe2O3 as an active photocatalyst
should be considered.

In addition, I–V and photo-transient characteristics of pure
α-Fe2O3 layers (Fig. S11†) confirmed that hematite suffers from
a low PEC ability compared to both pure TiO2 and Fe2O3/TiO2

arrays. The photocurrent enhancement (i.e., ca. 4×) can be
attributed to the Fe2O3/TiO2 heterojunction, which reduces
electron–hole recombination by enhancing photogenerated
charge carrier separation.

Typically, the formation of titania/hematite core/shell
heterocomposites is reported to limit the performance of TiO2

in photo-electrochemical applications. This stems from the
fact that, in most common configurations, a hematite layer is
grown/deposited over TiO2 and usually shades the core, hence
preventing TiO2 surface reactive sites from absorbing light.7

Instead, the observed enhanced PEC performance of the
heterocomposite materials is here attributed to the dendritic
nanostructure which simultaneously exposes the TiO2 nano-
tubes to the AM 1.5G-filtered irradiation, enabling the photo-
generation of charges also in the supporting tubes, and
efficiently separates e− and h+ while minimizing the distance
that photogenerated holes have to diffuse through to reach the
electrolyte.24 Moreover, the α-Fe2O3 1D nanobranches grow
directly connected to the TiO2 NTs (that is, no polymers or
binders were used in the reported procedure). This configur-
ation not only provides a preferential direction for hole
diffusion from TiO2 with no extra-layers to be tunneled, but is
also compatible with the short diffusion length of holes that
typically affects both TiO2 (i.e., ca. 10 nm) and α-Fe2O3 (i.e.,
2–4 nm).31 Finally, the directional electron flow along the axial
direction of the 1D TiO2 NTs is further beneficial in view of
reducing the probability of electron–hole recombination since
it promotes the collection of negative charges at FTO.

The Electrochemical Impedance Spectroscopy (EIS) results
show that the charge transfer resistance (Rct) in the low-
frequency zone correlates with the photocurrent responses
(Fig. 5c). Indeed, the 0.02 α-Fe2O3/TiO2 sample exhibits the

lowest Rct value not only compared to pure TiO2 nanotubes
and pure α-Fe2O3 thin layers (Fig. S12†), but also compared to
all the other investigated α-Fe2O3/TiO2 hierarchical hetero-
structures, thus confirming that thin α-Fe2O3 nanoflakes
branched on TiO2 nanotubes and the formation of a Fe2O3/
TiO2 heterojunction facilitate charge transfer and, hence, are
beneficial in terms of the PEC performance.32

The proposed mechanism is also supported by the results
of Rhodamine B (RhB) photodegradation (Fig. 5(d)). The
experiment was performed with a pure TiO2 NT sample, a pure
α-Fe2O3 layer and a 0.02 Fe2O3/TiO2 sample. RhB is typically
decomposed by the •OH radicals generated in solution
through the reaction of photogenerated charges with water.33

In line with an enhanced e−/h+ separation and, hence, a more
favorable holes injection into the solution, ∼90% of the initial
RhB was degraded within the first 60 min of irradiation with
0.02 Fe2O3/TiO2, in contrast with ∼30–40% RhB photo-
degraded with the pure single oxides.

Conclusion

α-Fe2O3/TiO2 3D-hierarchical nanostructured materials that
consist of vertically aligned TiO2 nanotubes modified with
different amounts of α-Fe2O3 nanoflakes were successfully fab-
ricated on FTO glass via a multi-step hydrothermal approach.
In contrast with previous studies that reported on the detri-
mental effect of α-Fe2O3 on the TiO2 PEC activity, the here pro-
posed α-Fe2O3/TiO2 dendritic nanostructures provide an ideal
architecture for (i) the optimized light absorption and acti-
vation of TiO2 and (ii) a straightforward transfer of photo-
generated charges, enabled by the direct connection of TiO2

NTs with both the e− collector (i.e., FTO) and the h+ collector
(i.e., α-Fe2O3). The morphology of the α-Fe2O3 nanostructures
that varies from ultra thin nanoflakes (for dilute Fe precursor
solution) to nanorod/nanofiber structures (for higher Fe pre-
cursor concentration) was shown to have a significant impact
on the photo-induced activity of the α-Fe2O3/TiO2 composites.
In particular, a two-times higher photocurrent density and
faster photocatalytic degradation of RhB in aqueous solution
were measured with the 0.02 α-Fe2O3/TiO2 hierarchical nano-
composite. For larger hematite precursor concentrations, the
decrease in the α-Fe2O3/TiO2 PEC activity was attributed either
to (i) the formation of hematite clusters – in this case, the
short diffusion length of holes in α-Fe2O3 could no longer be
overcome and charge carriers are more likely prone to recom-
bine in TiO2, or (ii) an α-Fe2O3 dense layer that blocks the
active surface sites of TiO2 and reduces the amount of photons
available to promote e−/h+.

Follow-up studies may be beneficial in view of improving
the light-promoted activity of the reported α-Fe2O3/TiO2 hier-
archical materials; however, this new multi-step hydrothermal
process holds large potential as it can be finely tuned and
adjusted also for the design and development of other hier-
archical heterogeneous metal oxide electrodes with suitable
photo-electrochemical characteristics.
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