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ABSTRACT  

Triphasic nanocrystalline porous materials based Fex-TiO2 Anatase, pseudo−brookite and 
Hematite are generated via a simple templated growth based strategy followed by carefully 
controlled temperature/atmosphere treatments. As shown by XRD, SEM, TEM experiments the 
resulting nano−crystaline mesoporous films exhibit optimized bicontinuous pore-solid 
architectures and high surface-areas. Mössbauer spectroscopy, XPS analyses indicate that FeIII is 
the main iron oxidation state present into the films. 

Moreover the materials band gaps can be adjusted between 3.3 eV and 2.18 eV by increasing 
the iron/titanium ratio thus allowing to tune materials absorption with the visible light 
electromagnetic spectrum. The nanocrystalline films prepared with a Fe/Ti ratio of 0.2 and a 
temperature treatment of 500°C exhibit very interesting photoelectrochemical responses. Indeed, 
while under visible light excitation, 500°C calcined mesoporous films made of pure 
nanocrystalline titania or pure nanocrystalline hematite are photocurrent silent, our triphasic 
nanocrystaline porous films exhibit much higher photocurrents i.e. 100 µA/cm². These 
interesting photoanodes are made of in situ generated nanoheterostructures built with three 
different nanocrystalline phases (6 nm sized TiO2 anatase, 25 nm sized Fe2TiO5 pseudo-brookite  
that has been synthesized for the first time at low-temperature and short annealing time and 20 
nm sized Fe2O3 hematite). As a consequence, the numerous nanoheterojunctions present in the 
photoanode decrease bulk electron−hole recombinations allowing an enhancement of the 
observed photocurrents. Furthermore, photoelectrochemical performances were optimized 
through the deposition of Co-based catalysts that limit surface carriers recombinations. Indeed, at 
1.23 V, the optimized Co-deposited nanoheterostructured layers exhibit photocurrents higher 
than 0.15 mA/cm². It is worth mentioning that these photocurrents are many times higher than 
those observed for Co-based Fe2O3 nanocrystalline mesoporous layers. Moreover, the 
photocurrent onset potential recorded for the nanocomposite Fe2TiO5 peudo−brookite based 
photo-anodes was decreased by 100 mV. The results reported with these new 
nanoheterostructured mesoporous materials with large interfacial area in contact with the 
electrolyte shed some light on a smart concept: nanoscale controlled heterogeneity can be better 
than purity and homogeneity. This work opens new avenues for materials performances 
enhancement in solar driven water splitting. 
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Exploitation of abundant but intermittent and diluted renewable energy sources is one of the 

greatest challenges of the 21st century 1.  In particular, the production of hydrogen from solar 

energy through the overall splitting of water appears as a promising approach and several studies 

have been undertaken to reproduce the natural photosynthesis. The different strategies concern 

either the development of molecules and/or materials that drive both the absorption of light and 

electrocatalysis.  The key challenges are the design of a photoelectric cell (PEC) capable of 

producing fuel at 10 times the efficiency of natural photosynthesis. This device will be able to 

harvest sunlight to generate chemical fuel by splitting water to generate hydrogen 2. To make 

these systems efficient and commercially viable, the materials for the photoelectrode have to 

fulfill several criteria such as : (i) a small semiconductor bandgap for ample solar light 

absorption, (ii) conduction and valence band energies that straddle water oxidation and reduction 

potentials, (iii) high conversion efficiency of photogenerated carriers to the water splitting 

products, (iv) durability in aqueous environments and (v) low cost3. But, to date, no single 

material satisfies all of these requirements and often a combination of complementary 

semiconductors has to be considered 4. Among the various semiconducting oxides, titanium 

dioxide (TiO2 anatase) has been the favored semiconductor for water splitting applications since 

it was first used by Fujishima and Honda for water photolysis 5. However, because of its large 

bandgap (3.2 eV) 6, TiO2 absorbs only the ultraviolet part of the solar emission and often low 

conversion efficiency is observed. Additionally in TiO2, a fast electron−hole recombination 

occurs due to an important density of trap states.    

To overcome some of the limitations of TiO2, its spectral response has to be shifted into the 

visible range and charge traps have to be created to keep electron and hole separated. Different 

strategies such as a modification of the surface with small band gap semiconductor, and/or band 
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 4

gap narrowing via elemental doping have been explored leading to the enhancement of 

photocatalytic activity 7 8 9.  The most popular dopants for a modification of both the optical and 

photo-electrochemical properties of TiO2 are transition metals such as Cr, Fe, Ni, V, Mn and Cu 

9. Among these transition metals, Fe doping seems particularly interesting as a band gap between 

1.9 eV and 2.2eV has been reported for single Fe2O3 
3 10. However, an optimum concentration of 

doping metal ions exists above which the photocatalytic activity decreases. This optimum Fe 

doping is usually in between 1 and 6.6 wt % (between 0.009 and 0.06 mol %) depending on the 

synthesis procedure and on the particle morphology 11 12 13 14 15 16 17. Often, higher doping does 

conduce to the formation of heterogeneous semiconductor photo catalysts 18. The functionality of 

these materials results both from the bulk properties of their various components as well as from 

the properties that are directly related to their interfaces properties 19 20. Peng et al. reported 

interesting photo catalytic activities with heterostructures with an optimal molar ratio of 7:3 in 

Fe2O3/TiO2 
21. They related their enhancement of the photocatalytic properties to the formation 

of heterojunctions between Fe2O3 and TiO2. These Fe2O3/TiO2 composites improve the charge 

separation and thus restrain the recombination of photo generated carriers, i.e. electrons and 

holes 20. Zhang et al. also observed that Fe2O3/TiO2 heterostructures with high Fe contents (24 wt 

%) deposited by chemical vapor deposition on activated carbon fibers allowed interesting photo 

catalytic activities for the degradation of methyl orange 22. Another strategy is to synthesize TiO2 

protected with Fe2O3 or Fe2O3 protected with TiO2. 
23 24 25 These results highlight the needs of 

improving the morphology and the electronic structure of TiO2 to tune separation and 

transportation of photo−excited charge carriers. Most of the results known in photocatalysis 

might be transposed to water splitting application. To our knowledge, transition metal –TiO2 

photoelectrode have been scarcely studied as photoanodes. For this type of application, beside 
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 5

the composition of the electrode, its nanostructuration appears to be a relevant approach to tune 

both the charge separation and the transportation of photo−excited charge carriers 26. Higher 

efficiencies have been obtained for nanostructured photoelectrodes that exhibit nanoparticle 

organized in a 3−D porous network. This nanoarchitecture ensures a very short hole collection 

length compared with traditional photo electrodes where the light penetration depths of hundreds 

of nanometers is necessary 26 27 28.  This strategy was first reported by Grätzel et al. who 

synthesized a mesoporous electrode composed of hematite particles with size between 25 and 75 

nm29. Several additional methods to fabricate a variety of photo electrodes nanostructures, 

including nanoparticles 30, nanowires 30 31 , nanotubes 32, nanocauliflowers 33 have also been 

reported. Mesoporous transition metal−oxide films appear to be an interesting approach leading 

to an improvement of the photocurrent 34 35 36. This is related to the thin walls of the mesopores, 

which provide a short distance for the excited electrons and holes to travel to the surface, 

limitating the electron−hole recombination. However, most of these mesoporous structures are 

synthesized via specific and/or costly instruments such as atomizers, chemical vapor deposition 

or spray pyrolysis systems and use toxic precursors and/or solvents 3 33. Owing to these aspects, 

the development of facile, cost−effective and environment friendly method, such as sol−gel 

synthesis coupled with the dip−coating technique constitutes an interesting approach to 

synthesize mesoporous thin films 36 37. Compared to other chemical approaches 20 33, the sol−gel 

process allows a very good control of the film microstructure through a careful tuning of the sol 

composition, the heat treatment and the deposition conditions 38 37. But, while the 

nanostructuring of the photoelectrode limits the e-/h+ recombination occurring in the bulk, 

surface hole recombination might occur due to the slow oxygen evolution reaction (OER) 

kinetics at the surface of the photo anodes. This effect has been mostly observed and studied at 
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the surface of hematite. As a consequence, a large potential has to be applied to drive water 

oxidation reaction 39 40. To overcome these limitations, the addition of Ir or Ru−based catalysts at 

the surface of the photo anodes 41, as well as nickel oxide or cobalt-based catalysts, which are 

more abundant and less expensive, have been explored and a reduction of the photocurrent onset 

potential is usually observed 42 33. Electrodeposition as well as dip−coating or wet impregnation 

are usually used to deposit these electro−catalyst 33 43 44. 

In this study, we report a simple method to produce mesoporous Fe−TiO2 films (with x 

representing the Fe content in percent) that have a suitable vanlence band structure to 

photo−oxidize water to O2 while having a band gap covering the entire range of visible light. 

Fe−TiO2 films exhibit hetero−structure depending on the Fe content that limitates the e-/h+ 

recombination. TiO2 compounds containing Fe3+ were reported to have a band gap of ∼2.3 eV 

and exhibit p-n junction45. Owing to this feature, TiO2 containing Fe3+ ions having bandgap 

energy of ∼2.3 eV have been reported as photo−catalysts. However, to the best of our 

knowledge, none of these Fex− TiO2 mesoporous films have been investigated for solar energy 

conversion to date. This study for the first time highlights a sol−gel chemistry route coupled with 

template to synthesize new nano-heterostructured mesoporous materials with large interfacial 

area as photoanodes for solar hydrogen production. 

Method and Materials.  

Chemicals. Fe(NO3)3, 9 H2O, (≥ 98 %), TiCl4 (99.9 %), Co(NO3)2, 6 H2O (≥ 98 %) and 

anhydrous ethanol were purchased at Sigma−Aldrich.  Poly−iso−butylene−polyethyleneoxyde 

(PIB−b−PEO: P4973−IbEO, M.W. (PIB) = 7000 g.mol-1 and M.W. (PEO) = 8500 g.mol-1) was 

purchased at Polymer Source. All chemical reagents were obtained from commercial sources as 
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 7

guaranteed−grade reagents and used without further purification. Fluorine−doped Tin Oxide 

(FTO) – coated substrates (YSUB/ASASHI120/1: 10 x 30 mm) were purchased at SOLEMS 

(Resistivity: 80 Ω, thickness of FTO layer : 80 nm). 

Solutions. First, a solution containing the TiCl4 precursor was prepared by mixing TiCl4 and 

Ethanol (EtOH). The following solution composition was chosen: TiCl4: EtOH with a molar ratio 

of 1 : 5. Fe(NO3)3, 9 H2O was added into this solution following the molar ratios : Ti : Fe = 1 : 0 

(TiO2), Ti : Fe = 0.99 : 0.01 (Fe0.01−TiO2), Fe : Ti = 0.9 : 0.1 (Fe0.1−TiO2), Fe : Ti = 0.8 : 0.2 

(Fe0.2−TiO2) and  Ti : Fe = 0.7 : 0.3 (Fe0.3−TiO2). Secondly, 100 mg of PIB−b−PEO was 

dissolved in a mixture of 5.0 g EtOH and 0.4 g H2O by heating at 70°C for 1 hour. After cooling, 

the solution of PIB−b−PEO was added dropwise in the inorganic sol. The concentration of 

inorganic salts in the final solution was 0.5 mol.L-1. The Fex−TiO2 mesoporous films were 

synthesized by a template−directed sol−gel synthesis coupled with the dip−coating process onto 

glass substrates 37 46. A FTO (Fluorine-doped Tin oxide)−layer onto glass substrate is dip−coated 

into the solution and then removed with a speed of 2.5 mm.s-1 in dry atmosphere resulting in an 

initial hybrid, transparent and homogeneous film. The films were then placed for 60 min in a 

furnace pre−heated at 500°C in air (static atmosphere) to induce crystallization and decompose 

the block−copolymer. For tuning the thickness and the properties of the films, a multi−layers 

synthesis was undertaken. Multi−layered films were obtained by performing several (one to five) 

cycles of dip−coating and thermal treatment at 430 °C for 5 min to stabilize the layer, before a 

final thermal treatment at 500°C for 15 min in air. The thickness of the films was evaluated from 

cross−section FE−SEM images. A film thickness of ∼500 nm was obtained for 5 deposited 

layers. For tuning the defects concentration and thus the electrical properties of the films, 

heat−treatment under reducing atmosphere has been performed. Mesoporous Fe−TiO2 films 
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 8

calcined at 500°C for 15 min were heated in 5% H2/Ar atmosphere for 30 min at two 

temperatures: 200°C, 300°C. 

Film sensitization by Co−based catalyst. The Co−based catalyst was deposited onto 

mesoporous Fe0.2−TiO2 thin film by impregnation approach 37. The mesoporous Fe0.2−TiO2 thin 

film was dipped in an aqueous solution of Co(NO3)2, 6 H2O (10 mmol.L-1) for 1 hour. The “Co-

based electrocatalyst” deposited onto Fe0.2−TiO2 film was then washed with deionized water and 

dried at room temperature prior to photo electrochemical measurements. The quantity of 

Co−based electrocatalyst deposited at the surface of the electrode was estimated by SX−Five 

CAMECA microprobe. 

Characterization. The structure of the mesoporous thin films was measured using a Bruker 

AXS D8 Discover X-ray diffractometer. The measurements in glancing geometry were 

performed using a line focus Copper X-ray tube and a parabolic multilayer Göbel mirror to 

obtain an almost parallel x-ray CuKα impinging beam. A primary slit of 0.1mm x 6 mm was 

used to obtain a square footprint on the sample for a 1° glancing angle. The samples were 

mounted on a motorized X, Y, Z stage, supported by an Eulerian cradle, to obtain an accurate 

alignment of the samples at the goniometer center. The penetration depth of the X-ray beam for a 

1° glancing angle is about 245 nm for the Fe2TiO5 compound. The penetration depth is a 

function of the Fe composition, but such a glancing angle always allows the selective probing of 

the mesoporous layers, keeping, at the same time, a limited instrumental contribution to the peak 

broadening 47. This choice allows determining with great accuracy the size of the nanocrystals 

and the eventual microstrain in the mesoporous samples 48. A 1D position sensitive detector 

LynxEye (2° angular opening) was used to speed up the data collection. A parasitic fluorescence 

signal is always observed in samples with significant concentrations of Fe atoms shined with 
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 9

copper radiation: therefore, prior to these measurements, the energy discrimination of the 

detector was optimized to get the best peak to background ratio. The measured diffraction 

patterns (3.5°<2θ<140°, ∆2θ=0.02°, α=1°) were refined using the Rietveld software XND49.  

The elemental composition of the film was determined by ICP (Inductively Coupled Plasma)-

OES (Optical Emission Spectroscopy). 

The microstructure of the films obtained after different heat treatments was observed by Field 

Emission (FE) Gun Scanning Electron Microscopy (FE−SEM, Hitachi) and by High Resolution 

Transmission Electron Microscopy (HRTEM) using a JEOL JEM 2010 instrument equipped 

with a field emission gun operated at 200 kV. For HR−TEM analyses, the films were scratched 

from the FTO substrates and the obtained powders were deposited onto carbon coated–copper 

grids. 

57Fe Conversion Electron Mössbauer spectra (CEMS) were measured with a source of 57Co in 

rhodium metal. During the measurements, both the source and the absorber were kept at ambient 

temperature (294 K). The spectrometer was operated with a triangular velocity waveform. The 

velocity scale was calibrated with the magnetically split sextet spectrum of a high−purity α−Fe 

reference absorber. The samples were mounted in a gas−flow proportional CEMS detector, and a 

He gas−flow was used to enhance the electron signal. The spectra of the measured samples were 

fitted to appropriate combination of Lorentzian profiles representing hyperfine magnetic sextets 

and quadrupole doublets by least−squares methods using the program PC-Mos II.  In this way, 

spectral parameters such as the hyperfine magnetic field (B), quadrupole splitting/shift (∆/ε), 

isomer shift (δ) and relative resonance areas of the different spectral components were 

determined. Isomer shifts are given relative to α-Fe metal.  
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X−Ray Photoelectron Spectroscopy (XPS) was performed with a Perkin−Elmer spectrometer 

operating at 350 X using standard Al radiation. The pressure was below 5 x 10-8 Pa. The 

spectrometer was calibrated by assuming the binding energy of the Au4f7/2 line to be 83.4 eV 

relative to the Fermi level. The reported BEs were corrected to account for the charging effects 

by assigning the BE value of 284.6 eV to the C1s line of carbon. 

UV−Visible absorption spectra were measured on an Agilent Technologies Cary Series 

spectrophotometer. 

A SX−Five CAMECA microprobe, equipped with a LaB6 source, WDS spectrometers and a 

Brüker EDS spectrometer was used for evaluating the quantity of Co deposited at the surface of 

the mesoporous films.  

Electrochemical measurements were performed in a home−made cell with a Solartron Analytical 

Modulab potentiostat. A three electrodes configuration was used with a platinum (Pt) wire as 

counter electrode and an Ag/AgCl/KCl electrode as the reference electrode. 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 + E°
Ag/AgCl where ERHE is the 

converted potential vs RHE, E°Ag/AgCl = 0.197 V at 25°C and E°Ag/AgCl is the experimentally 

measured potential against the Ag/AgCl reference.  The Fex−TiO2-coated FTO/glass samples 

were connected to a brass wire (Filotex) and used as the working electrode. Measurements were 

done in the dark and under illumination with a Xenon lamp (Oriel, ozone free) operating at 280 

W, coupled with a water−filled Spectra−Physics 6123 NS liquid filter to eliminate Infra-Red 

radiations and a spectra−Physics 59472 UV cut−off filter (ʎ > 400 nm). All  

measurements were performed with illumination of the film/electrolyte interface through a 1 cm² 
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mask in the visible range only, at a distance of 40 cm from the lamp. Current−voltage (20 mV/s 

scan rate) measurements were performed in 1M NaOH (pH = 13.9) and 1 M NaOH with 0.5M 

H2O2 in deionized water. 

For O2 detection, a GC-2014 Shimadzu chromatograph was used with nitrogen as gas vector. 

500 µL of a mixture of (N2 and O2) were injected and analyzed during 5 minutes at 50°C. For O2 

detection, the electrochemical cell used was gas tight and no mixture between gas formed at the 

working electrode and the counter electrode was possible. 

Results and discussion.  

The Fex−TiO2 mesoporous films were synthesized by a template−directed sol−gel synthesis 

coupled with the dip−coating process onto glass substrates 37. The color of the synthesized 

mesoporous Fex−TiO2 films evolves with increasing the iron content (x): the films turn yellowish 

when x increases and it is then reddish for Fe0.3−TiO2 (Fig. 1.a.). However, at this stage X−ray 

diffraction analyses indicated that the initial dip-coated films were still amorphous (not shown). 

Thermal processing is then required to crystallize the inorganic walls and to decompose the 

block−co−polymer, leading to the formation of crystalline nanostructured films with an open 

porous network (Fig. 1).  Elemental analyses were performed to evaluate the Fe/Ti ratio. In all 

cases, a difference between the experimental and theoretical ratio were found. This is explained 

by the concentration of the TiCl4 solution in ethanol that was lower that the one expected due to 

the high reactivity of TiCl4. For example, for the target x = 0.3, the experimental value for x = 

0.5. The value reported in the article is then the theoretical one. 

The Fex−TiO2 hybrid organic−inorganic films were heated in air at 500°C for 15 min. Top−down 

(Fig.1b) Field Emission Scanning Electron Microscopy (FE−SEM) images show that after the 
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heating step the films were highly porous and uniform. Thermal treatment at a higher 

temperature (up to 600°C) in air does not change the films microstructure of the films but it does 

decrease the conductivity of the FTO substrate (Fig. S1). Accordingly, the final heat−treatment 

of the film is thus fixed at 500°C in air for 15 min. The microstructure of the film evolves with 

the iron content as indicated Fig. 1.b.  For high Fe content, the films have a worm−like open 

mesostructure instead of well−defined pores as those observed for pure mesoporous TiO2. This 

change in mesostructure is related to phases segregation and grain growth in the pore walls, as 

shown by X−ray diffraction analyses (Figs.1. c). The cristallinity and the structure of the films 

were then studied through ex−situ X−ray diffraction analyses and the results as function of the 

iron contents are reported in Fig. 1.c. The film doped with the lowest amount of Fe (1 %) 

exhibits peaks that correspond only to the anatase structure (ICCD 00−001−0562). But, for 

Fe0.1−TiO2 films, peaks corresponding to pseudobrookite (Fe2TiO5: ICCD 00−041−1432) and 

anatase are observed. For Fe0.2−TiO2, three phases co−exist in the structure: a majority of 

pseudobrookite, some anatase and traces of hematite (ICCD 04−003−2900), whereas, for the 

highest Fe concentration (Fe0.3−TiO2), pseudo−brookite is only observed with traces of hematite. 

The average crystallite size for the different phases observed in the films was determined using 

Rietveld refinement (Table S.1). Addition of Fe limits the crystal growth as TiO2 anatase grains 

as an average crystallite size as small as 6 ± 1 nm is observed for the Fe0.2−TiO2 film. In parallel, 

the grain size of the pseudobrookite increases from 12 to 25 nm with the Fe content. These 

observations are confirmed by HR−TEM analyses that indicated the presence of nanocrystallites 

(Fig. 1.d). Lattice fringes are visible, reflecting the cristallinity of the Fex−TiO2. Indeed, 

crystallized grains with a wide distribution of sizes are observed for the composition Fe0.3−TiO2. 

The smallest grains (~ 15 nm) show an interplanar spacing of approximately 0.36 nm, 
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corresponding to hematite (Fe2O3: ICCD 04−003−2900) while bigger grains (~ 25 nm) 

correspond to crystallized pseudobrookite (Fe2TiO5: ICCD 00−041−1432) with an interplanar 

distance of 0.49 nm. HR−TEM images for samples Fe0.01-TiO2 and Fe0.1−TiO2 was also 

performed and the results are reported in Figure S1 (Supporting Information). For the Fe0.1−TiO2 

sample, grains of approximately 7 nm with an interplanar distance d = 0.35 nm, corresponding to 

anatase (ICCD 00−001−0562), and bigger grains of pseudobrookite with a size of ~ 20 nm are 

observed. For the lowest concentration of Fe (Fe0.01−doped TiO2), only grains of approximately 

17 nm corresponding to anatase are observed.  

 

Figures 1. Structure and Microstructure of Fex−TiO2 mesoporous thin films. a. Digital 
pictures of Fex−TiO2 mesoporous films heat−treated at 500°C under air for 15 min, b. SEM 
images of Fex−TiO2 mesoporous films heat−treated at 500°C under air for 15 min, c. XRD 
spectra of Fex−TiO2 and d. HR−TEM of Fe0.3− TiO2 heat−treated at 500°C under air for 15 min. 

The nature of the iron in the various components of Fex−TiO2 mesoporous thin films was studied 

by 57Fe Conversion Electron Mössbauer spectroscopy (CEMS) and XPS analyses. 57Fe CEMS 
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provides insight on the oxidation state of the iron as well as on its local coordination 

environment on a surface layer of the sample about 100 nm thick. All the measured spectra 

exhibit a single dominant quadrupole doublet centered at about 0.35 mm/s with hyperfine 

parameters in the typical range of  Fe3+ (Figure 2.a and Table S.2). The total resonance area of 

the Mössbauer spectra decreases from Fe0.3-TiO2 to Fe0.1-TiO2, to Fe0.01-TiO2, in line with the 

gradual decreasing of the iron loading in the samples. For the Fe0.01−TiO2 mesoporous film, the 

intensity of the spectrum is very small, and only the quadrupole doublet of Fe3+ is visible with a 

very small signal−to−noise ratio, making very difficult a precise determination of the hyperfine 

parameters. For Fe0.1−TiO2 and Fe0.3−TiO2, the signal−to−noise ratio is much larger, and allows 

one to detect, in addition to the dominant Fe3+ quadrupole doublet, an additional magnetic sextet 

with the typical hyperfine parameters of hematite (see Table S.2). The Fe3+ quadrupole doublet 

has a relatively large line width and can be fitted to two Fe(III) spectral components. The 

hyperfine parameters of these two components correspond well to those commonly observed for 

pseudobrookite, Fe2TiO5. Moreover, their similar intensity confirms the presence of Fe3+ evenly 

distributed in the two 8f and 4c sites of the orthorhombic crystal structure of pseudobrookite 50. 

These experiments confirm that, for x ≥ 0.1, the Fex−TiO2 mesoporous films are composed of a 

mixture of phases including Fe2TiO5, Fe2O3 and Fe−doped anatase.   
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Figure. 2. Oxidation state of iron in Fex-TiO2 thin films. a. Room temperature 
57Fe Conversion Electron Mössbauer spectra of the studied samples. From top to bottom: 
Fe0.3−TiO2, Fe0.1−TiO2 and Fe0.01−TiO2. b. XPS spectra of Ti 2p (b1) and Fe 2p (b2) of Fe0.3-
TiO2 annealed at 500°C under air. 

In agreement with CEMS, XPS also confirms that the oxidation state of iron is mainly +3 for all 

the studied films ( Fig. 2 b). However, minor amounts of Fe2+ are also detected whatever the 

composition. The presence of small amounts of Fe2+ in these mesoporous films is  likely related 

to the reduction of Fe3+ into Fe2+ at the surface of the films under the high vacuum conditions of 

XPS chamber 51.  

The optical properties of mesoporous Fex−TiO2 were studied by UV−Vis absorption 

spectroscopy. The light absorption edges undergo a red shift into the visible range when the Fe 

content increases in the mesoporous Fex−TiO2 films. The band gap (Eg) was estimated from 

these UV spectra by using the following equation: n

g )Eνconstant(hk υ α −=  with k: the Boltzmann 

constant 52 53 . By plotting (αkυ)1/n  vs. hν, the intercept of the tangent to the absorption edge with 
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the abscise gives an estimation of the band gap energy, which is indirect allowed in this case 

(n = 2) 54 55 (Fig. S2). The estimated bandgap is 3.3 eV for TiO2 which is close to the theoretical 

values (3.2 eV) 6 55 and at 2.2 eV for the Fe0.3−TiO2 film which is in agreement with the reported 

value of 2.18 eV of bulk Fe2TiO5 
56. The decrease of the band−gap for Fe−substituted TiO2 films 

is attributed to the formation of a dopant energy level within the TiO2 band gap after Fe−doping. 

The Fe3+ impurity level is close in energy to the valence band of TiO2, so electron would rather 

transfer from the Fe3+ impurity level than from the valence band to conduction band due to the 

lower excitation level. Additionally, the d−d transition 2g

1

2g

2

2g

2 T,AT → of Fe3+ or the charge 

transfer transition between iron ions ( )FeFeFeFe 'é33 ++++

+→+ contribute to the enhanced 

absorption in the visible region 57.  

The photo−electrochemical performances 

To further characterize these mesoporous Fe−TiO2 films, their electro− and 

photo−electrochemical properties were evaluated. First, cyclo− voltammetry (J−V) curves were 

measured under illumination of visible light (wavelength ≥ 420 nm) in the potential ranges 0.8 V 

to 2 V vs. RHE for various Fe contents (Figure 3, Figure S3) at pH = 13.9. Clearly, the CV 

behavior depends on the iron content. For Fe content ≥ 0.1, the electrode exhibits the typical 

response of hematite sample with higher photocurrent. Water oxidation photocurrent onsets is 

observed at + 1.03 V vs. RHE in NaOH electrolyte (pH = 13.9). Then, the current density 

increases rapidly, attaining approximately 0.15 mA/cm2 at 1.23 V vs. RHE.  A plateau 

corresponding to a current of 0.2 mA/cm2 is obtained from 1.4 to 1.6 V vs. RHE.  For Fe content 

> 0.2, the onset of the photocurrent shifted cathodically to + 0.8 V vs. RHE while the current 

density decreases and reaches a value of 0.05 mA/cm2 at 1.23 V and 0.1 mA/cm2 at 1.43 V vs. 
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RHE. These values are clearly superior to those of the control sample, α−Fe2O3 synthesized in 

the same conditions, over the full bias range37.  

 

Figure 3. Current density vs applied potential (J−V) plots for  the Fe−TiO2 electrodes as function 
of  Fe content under visible light illumination. Inset is the Fe2O3 plot measured in the same 
conditions. The curves were measured in 1 M NaOH aqueous solution (pH = 13.9). 
 

Figure. 4a. shows the water oxidation photocurrent density attained at 1.23 V vs. RHE as a 

function of the iron content. The photocurrent increases with the quantity of iron up to x = 0.2. A 

further increase in the Fe content does not lead to further improvement. On the contrary, the 

photocurrent decreases. This result indicates that the best photo−current is achieved for Fex−TiO2 

with x = 0.2. These films contain three different nanocomponents; Fe-doped anatase, 

pseudo−brookite, and traces of hematite. The enhancement of performance observed might be 

explained by the presence of multiple nanoheterojunctions in the film with differing electron 
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affinities that can suppress detrimental charge recombination19. Indeed, we observe that the 

maximum current density was obtained for a much higher Fe concentration than for 

Fe−containing films usually described in the literature (~ 1 wt. %)11, 14, 16. The resulting gas 

obtained after 6 hours of splitting with the Fe0.2-TiO2 film under illumination at 1.5 V vs RHE 

were analyzed by Gas Chromatography (Figure S4). The chromatogram shows one peak at 1.37 

minutes, which can be only attributed to Oxygen by comparison with the Oxygen contained in 

air (extraction time: 1.37 minutes). This demonstrates that the photo-current passing through the 

photo-anode results in oxygen production.  

 

Photocurrent transient measurements were performed in order to assess the dynamic of water 

oxidation and charge recombination at the mesoporous film/electrolyte interface. To summarize, 

the potentials are changed from 0.8 V to 1.5 V vs. RHE while illumination is turned on and off 

and the time−resolved photocurrent is recorded.  

 

 Figure 4. (a) Current density of the electrodes as a function of Fe content at 1.23 V vs RHE. (b) 
Chopped light photocurrent response of the Fe0,2-TiO2 thin film electrode. The curves were 
measured in 1 M NaOH aqueous solution (pH = 13.9). 
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The current density is shown with respect to time in Figure 4b and Figure S5. Previous studies of 

photoanode transient currents indicate that when light reaches the sample, the photogenerated 

holes travel to the semiconductor liquid junction (SCLJ) and accumulate because of the slow 

oxygen electrode reaction kinetics, or because carriers oxidize trap states in the bulk and on the 

surface 58. This induces a sharp anodic current spike that decreases as the accumulation process 

perturbs the charge distribution of the space charge region and stabilizes when equilibrium is 

eventually reached between water oxidation and charge recombination. Conversely, the cathodic 

transient peak observed when the light is turned off is assigned to electrons diffusing from the 

external circuit and recombining with the accumulated holes at the SCLJ. On the photocurrent 

curve, the presence of transient currents depends strongly on the x content.  The appearance of 

transients is less important for x = 0.2 compared to the other mesoporous films. This clearly 

indicates that the mesoporous films containing the highest concentration of nanoheterostructure 

are more efficient because fewer holes accumulate at the SCLJ.  

 

Figure 5. Position of valence and conduction band edges for TiO2, Fe2TiO5 and Fe2O3 
heterojunctions from [18] 
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Figure 5 shows the band diagrams of the heterojunctions based upon existing published data18. 

Fe2TiO5 heterojunctions would form intermediate conduction levels between TiO2 and Fe2O3.  In 

the case of Fe0.2-TiO2 films, where Fe2TiO5 is the majoritary phase, contact between Fe2TiO5 and 

Fe2O3 would facilitate electron transfer from the doped phase to hematite while a bias would 

have to be applied to allow electron transfer from Fe2TiO5 to TiO2 thus limiting the photocurrant 

obtained from TiO2 in the UV range. In this configuration, contact between Fe2TiO5 and TiO2 or 

Fe2O3 would also facilitate hole transfert from Fe2TiO5 to the undoped phases and thus limit hole 

accumulation. 

To confirm these results, an oxidized hole scavenger was used to quantify bulk and surface 

recombination 40. A comparison of the photocurrent between an electrolyte solution with a hole 

scavenger that suppresses surface recombination with a water−based electrolyte and without hole 

scavenger has been performed to quantify the surface recombination. H2O2 has been chosen as 

hole scavenger because i) its transparent to visible light and UV, ii) it does not corrode 

Fe0.2−TiO2 films, iii) it has a rate constant for oxidation 10 to 100 times higher than that of water 

and iv) it has a relatively negative reduction potential. Current density vs. applied potential (J−V) 

plots is reported in Figure 6 for Fe0. 2−TiO2 films and in Figure S6 for Fe0.1-TiO2 films in 1 M 

NaOH or 1 M NaOH (1 M) and  H2O2 (0.5 M). 
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Figure 6. Suppression of the surface recombination by adding a hole scavenger into the 

electrolyte. a. Current density vs. applied potential (J−V) plots in dark (dotted line) and under 
visible light illumination of mesoporous Fe0.2 −TiO2 thin film in either 1 M NaOH (blue) and 1 
M NaOH−0.5 H2O2 (red). b. Chopped light photocurrent response of mesoporous Fe0.2 −TiO2 
thin film in 1 M NaOH−0.5 H2O2. Each light on/light off period was 10 s. 

An increase of the photocurrent is observed in the whole potential range and an increase of the 

photocurrent, indicating that the injection barrier for minority carriers has been removed. 

Chopped light chronoamperometry measurements were used to examine the transient current 

response of the Fe0.2−TiO2 films under these conditions (NaOH (1M) − H2O2 (0.5 M)). The 

current transients disappeared and purely faradaic photocurrents were observed in the whole 

potential range, confirming that the holes arriving at the electrode/electrolyte interface contribute 

to the water oxidation reaction and that no recombination takes place between electrodes and 

photo−oxidized surface species. These results confirm that adding H2O2 into the electrolyte does 

definitively suppress surface recombination.  

To overcome problems associated with surface states, we modified the surface chemistry of the 

mesoporous films by depositing a cobalt−based catalyst. First, the quantity of the 

cobalt−electro−catalyst deposited onto the surface of Fe0.2−TiO2 mesoporous film was estimated 

by SX−Five CAMECA microprobe. From this measurement, 0.2 wt. % of Co was effectively 

deposited at the surface of the Fe0.2−TiO2 mesoporous film. Then, UV−Visible spectroscopy was 
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performed on the thin film photoelectrode after addition of the catalyst to verify that the light 

absorption properties of the film were preserved (Figure S7). The current density vs. applied 

potential plots (J−V) in Figure 7 show a slight decrease in the overpotential and a slight increase 

in the photo−current (0.13 mA/cm2 for the electrode without Co−catalyst and 0.17 mA/cm2 for 

the electrode with the Co−catalyst) at more positive potentials. These results are related to the 

reduction of the hole recombination and a better water oxidation kinetics obtained through the 

use of “Co−based electro−catalyst” 59.  

 

Figure 7. Modification of the surface chemistry by decorating the surface with Co−based 

catalyst. Current density vs. applied potential (J−V) plots in dark (dotted line) and under visible 
light illumination of mesoporous Fe0.2 −TiO2 thin film with (purple) and without (green) a Co−Pi 
catalyst in contact with NaOH electrolyte. 

It is commonly observed that heat treatment under reducing atmosphere leads to the reduction of 

Fe3+ to Fe2+. This reducing treatment affects also the oxygen vacancies in the films and then the 

charge carrier density. Under these conditions, hole transport might be facilitated and as 

consequence, the photoelectrochemical response should be affected. Under this assumption, the 

photoelectrochemical properties of mesoporous Fe0.2−TiO2 films that were post heat−treated at 
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200°C and 300°C under 5% H2 in Ar for 30 min were studied. Prior to electrochemical 

experiments, the structure and the microstructure of the reduced Fe0.2−TiO2 films were studied 

by X−ray diffraction and FE−SEM analyses. The treatment under H2 does not affect the structure 

and the microstructure of the film (Figures S8 and S9). The current density vs. applied potential 

(J−V) under illumination is reported in Figure 8.  The CV behavior is comparable to the one 

observed for mesoporous Fe0.2-TiO2 films heated at 500°C in air. At 1.2 V vs. RHE, visible light 

irradiation led to photocurrent density of 0.25 mA/cm2. This current enhancement under light 

irradiation is attributed to the presence of Fe2+ that was also confirmed by 57Fe Mössbauer 

spectroscopy. However, Fe2+ is unstable under the conditions of these tests and a gradual 

oxidation of Fe2+ into Fe3+ is observed that is confirmed by a decrease of the photocurrent with 

time (Fig. S10).  

 

 

Figure 8. Modification of the oxidation state of Fe into Fe−TiO2 films. Current density vs. 
applied potential (J−V) plots under illumination of mesoporous Fe0,2-TiO2 electrodes annealed at 
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500 °C under air (blue curve), post−heat−treated under 5%H2 in Ar at 200°C for 30 min (dashed 
red curve), at 300°C for 30 min (dashed green curve). 

The establishment of a photocurrent density as high as 0.25 mA/cm2 with an onset potential of 

0.8 V vs. RHE is quite remarkable if compared with values reported in the literature for related 

mesoporous Fe2O3 photoanodes 37. Indeed, for Fe2O3 mesoporous films synthesized in the same 

conditions, after heat-treatment at 500°C, no photocurrent was obtained under visible light 

illumination. That nicely demonstrates the advantage of using nanoheterostructures composed of 

oxide with different structures and compositions where the hole can be stabilized at the 

solid/solid interface. As a consequence, the e-/h+ recombination in the bulk is tuned and in−fine 

high photo−currents can be achieved.  

Conclusion 

We have successfully employed a multi−layer template−directed sol−gel technique for the 

synthesis of mesoporous nanostructured Fex−TiO2 films with tunable thickness and composition 

(x). These films are constituted of well−defined nanocrystallites, with small size and an 

interconnected network of pores. For high Fe content (x), the pore walls are constituted of 

various components such as Fe−doped anatase, pseudo−brookite and traces of hematite. These 

films, available at low cost and through a highly controllable process, display the qualities 

required for photoelectrochemical applications: optical transparency in the visible region, high 

specific surface area to reach high interface with the electrolyte and high densities of 

electro−active components, numerous solid/solid interface that stabilize hole and as consequence 

avoid the e-/h recombination in the bulk. Experiments performed in electrolyte containing H2O2 

indicate that the hole recombination occurs at the surface and may be suppressed trough the 

deposition of efficient electro-catalyst.  As a proof of concept, “Co−based electro−catalyst” was 
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then successfully deposited at the surface of the electrode and cathodic photocurrents were 

established under visible light illumination. Films containing both Fe2+ and Fe3+ oxidation states 

exhibit higher photocurrent even though Fe2+ should be stabilized by doping the structure with 

another metallic cation for instance. A value of 0.15 mA/cm2 at 1.23 V vs RHE was found for 

the Fex- TiO2 film with x = 0.2. This work indicates that the use of nanoheterostructures in 

mesoporous films represents a promising design for the development of new architectures for the 

next technologies in artificial water splitting.  
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