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ABSTRACT

We discuss here for the first time how to combine iron and titanium metal ions to achieve a high
photo-electrochemical activity for TiO2-based photo-anodes in water splitting devices. To do so,
a wide range of photoelectrode materials with tailored Ti/Fe ratio and element vicinity were
synthesized by using the versatility of aqueous sol-gel chemistry in combination with a
microwave-assisted crystallization process. At low ferric concentrations, single phase TiO>
anatase doped with various Fe amounts were prepared. Strikingly, at higher ferric concentrations,
we observed the concomitant crystallization of two polymorphs of Fe,TiOs. The as-synthesized
compounds were tested as photoelectrode and compared with pure nanoparticles of TiOg,
Fe>TiOs and a- or y-Fe>O3 and with corresponding nanocomposites. When TiOz is slightly doped
by Fe, the performance of this photo-electrode improves particularly in the low-bias region (<
1.0 V vs. reversible hydrogen electrode.) The photoanode exhibits a higher photocurrent than
nanocomposite with TiO2/Fe-Oz and FeTi»Os, and more cathodic onset potential. The former can
be partly explained by a lower bandgap and a hole with a longer lifetime. For the latter, we
propose that the nature of the heterojunction impacts charge carrier recombination. The results
presented herein not only answer whether iron and titanium should be combined in the same
structure or into heterostructured systems, but also on the importance of the arrangement of ions

in the structure to improve the performances of the photoanode.

Keywords. pseudo-brookite, photoanode, water splitting, heterojunctions, “chimie-douce”.



1. Introduction

One of the grand challenges for the 21% century is to secure the availability of energy on
demand on the terawatt scale. Moreover, environmental concerns result in the need for
renewable energy sources to satisfy this demand. The direct photoelectrochemical (PEC)
conversion of solar energy into storable fuels, which is based on cheap and earth-abundant semi-
conductors and catalysts, has the potential to satisfy these requirements.!® Metal-oxide
semiconductors are particularly appealing candidates for practical applications because of their

low cost, nontoxicity, abundance, and stability toward corrosion.

For application in a water splitting device, a semiconductor must fulfill several requirements
based on the microscopic steps involved in the working principle. First, the semiconductor must
absorb sunlight efficiently to create an exciton. This property is governed by the bandgap (E;)
and the absorption coefficient (a). Then, the exciton is dissociated yielding a free electron and a
free hole. Spontaneous dissociation is facile if the exciton binding energy (E5) in the material is
lower than the thermal energy at room temperature (25 meV). These free charges must diffuse
toward the active sites for catalysis. The diffusion of charge carriers is characterized by the
electron and hole mobilities (#), which are themselves related to the effective masses of the
charge carriers (m*). Then, the valence band (VB) and conduction band (CB) must be positioned
such, that they straddle the redox potentials of the target reactions. "> ® If the active sites are on
another material, the band positions must be adapted to allow the charge transfer between the
two systems thermodynamically. The efficiency of this final step is not only governed by bulk
properties of the semiconductor, but also by the electronic structure of the interface. In addition

to these requirements on the microscopic properties of the bulk or the interface, other more



general constraints must be satisfied, such as the chemical stability in working conditions and the

low cost of the materials.

Among the different materials already tested,’ TiO, and Fe>O; have attracted a lot of attention in
PEC water splitting applications, since they fulfill several of these requirements.'®!? TiO has
been the first material tested for water oxidation.'> '* The TiO, absorption edge is 3.2 eV,
allowing only 4% of the incident solar energy to be absorbed at best.'*!¢ Its CB lies slightly
above the hydrogen evolution redox potential, potentially decreasing the onset potential. The
electron mobility of TiO> in a nanoparticle (NP) film is about 0.01 cm?-V-!-sec!, which is low
compared to the mobility observed in monocrystals of 1 cm?V'-sec’’.!” Accordingly, TiO»
suffers from two major limitations which compromise high photon-to-hydrogen conversion
efficiency: its wide bandgap and its fast electron—hole recombination. Lately, hematite has
emerged as a more promising material due to its suitable bandgap of 2.1 eV, which corresponds
to a maximum theoretical air mass 1.5 global (AM 1.5 G) photocurrent density of 12.3 mA-cm’
218 Hematite also has an excellent chemical stability in a broad pH range and is naturally
abundant, nontoxic and cheap. The hematite conduction band minimum (CBM) and valence
band maximum (VBM) are located at -0.3 V and 1.7 V vs. reversible hydrogen electrode (RHE)
at pH = 0, respectively.® '° However, the reported water oxidation efficiencies for hematite to
date are notoriously lower than the predicted maximum value despite intense efforts.'® This is
caused by two principal limiting physical properties: the short lifetime of the photogenerated
charge carriers (< 10 ps), and the low mobility of the minority carriers (0.2 cm?-V!-sec™!).!® The
combined effect is that the minority carrier (hole) diffusion length is only 2-4 nm, whereas full
absorption of the incident light requires much thicker films due to the indirect nature of the

bandgap (the penetration depth of light is ~118 nm at a wavelength of 550 nm).!®



This short literature overview underlines that no single material, whether Fe;O3; or TiO»,
fulfilled all the criteria for efficient water oxidation. To overcome these intrinsic shortcomings,
different approaches have been explored in the literature. For example, the modification of the
TiO, surface with a small bandgap semiconductor has been proven to enhance the photocatalytic
activity.'” 2° Another approach consists of tuning the optical and photoelectrochemical (PEC)
properties by element doping.?! For example, ferric doping of TiO> lowers the bandgap from 3.2
to 1.9 eV, depending on the Fe content and the synthesis procedure.?> 2> However, high doping
levels often lead to heterogeneous materials.* >> Their functionality is then the result of both the
bulk properties of the various components and their interface properties. We note that some
reports in the literature highlight the benefit of designing heterojunctions to enhance the charge
separation.”>?® However, none of them studied together the impact of doping level, atoms
ordering and heterostructures formation in the Ti-Fe-O system get high photo(electrochemical)

efficiency.

All in all, good photoelectrode material must contain 1) a bulk semi-conductor structure that
efficiently harvests photons and allows their conversion into mobile charge carriers, titanium
oxide structures being particularly efficient in that case; i1) appropriate surface catalytic sites,
iron (III) being a priori better suited. The issue that is still to be answered is the elements mixing
level coupled with the doping level that provide the best results. In other words, can Fe>TiOs
alone fulfill those conditions, is a low iron doping of titanium oxide enough or is it mandatory to

combine metal oxide nanoparticles with completely different chemical compositions?

The goals of this article are to provide original syntheses of Ti-Fe-O nanomaterials with the iron
and the titanium atoms combined in the same structure or into heterostructurated nanocomposites

and to correlate the structural aspects of the materials used as photoanode with their efficiency



for water oxidation. The huge versatility of aqueous sol-gel chemistry and more precisely that of
iron and titanium metal ions is the perfect toolbox to prepare a wide range of photoelectrode
materials with tailored Ti/Fe ratio and element vicinity. We have prepared single phase TiO»-
anatase (Ti102-A) doped with various amounts of ferric ions, Fe2TiOs nanoparticles featuring two
structural arrangements, i.e. a heterostructured system. We have also mixed phase pure NPs of
TiO2, Fe;TiOs and Fe;Os; hematite or maghemite to test their efficiency as photoelectrode

material.

The PEC activities of the different pure phase and heterostructured systems were recorded and
rationalized according to the known relative position of electronic bands and the charge
dynamics in the different components. Additionally, an extensively tested theoretical approach?-
33 was invoked to provide key data on the bulk properties of the different pure semi-conductors.
This study is the first complete study on the PEC activity of the whole Fe-Ti oxide composition

range.

The manuscript is organized as follows. The methodology section is dedicated to the presentation
of the experimental and computational details. In the first part of the results, the Density
Functional Theory (DFT) calculations of the main TiO2, Fe:O3 and Fe>TiOs phases will be
presented in order to understand the ability of these materials in water splitting devices.
Subsequently, structural and morphological characterizations of the different synthesized
systems are presented. The PEC activities are then determined for each material. Finally, in a
discussion confronting both theoretical and experimental results we explain the relative

efficiency of the different systems.

2. Methodology



2.1 Experimental setup

2.1.1 Nanoparticle syntheses

Preliminary studies have been performed with all the combinations of Fe(Il)/(III) and
Ti(III)/(IV) precursors in order to form mixed oxides. The best results were achieved with Fe
(I1I) salts and Ti (IV) precursors.

The combination of Fe(Ill) and Ti(IV) oxides was created according to two different synthetic
pathways. First, a crystallite structure involving both metal ions was obtained from the sol-gel
reaction of the corresponding salts in aqueous solution. Alternatively, the composites were
obtained through the grinding of a mixture of pure nanoparticles of TiO», Fe;TiOs, a-Fe>O3 and
v-Fe20s. The initial particles were synthesized through a microwave assisted process described
below.

TiO; anatase. TiO> particles were obtained through the hydrothermal treatment of an aqueous
TiCls solution with a pH set to 6 according to a previously described method.>* A stock solution
with Ti(IV) ion concentration of 1.0 mol-L! was prepared by dilution of TiCls in HCI (3 mol-L-
1) solution. Then, 100 mL of the stock solution were introduced in 200 mL of Milli-Q water, the
pH was set to 6 by addition of sodium hydroxide solution ((NaOH] = 3 mol-L!) and the sample
volume was increased to 500 mL with Milli-Q water to obtain a Ti(IV) ion concentration of 0.2
mol-L! in the reacting medium. A white sol immediately appeared; aliquots of this suspension
were transferred in Teflon cups and heated in autoclaves for 1 h at 200 °C using a microwave
oven (Synthos3000, Anton Paar). The resulting precipitate was collected by centrifugation,
washed twice with water, then with nitric acid ((HNO;3] = 3 mol-L!) and at least one additional

time with water. The obtained powders were dried under dry air flow overnight.



Fe doped TiO: anatase. The former protocol was slightly modified to introduce various
amounts of Fe (III) in the final product. The total metal ion concentration was maintained at
0.2 mol-L™' and the targeted Fe(Ill) atomic ratio was varied between 5 and 66 %. The
appropriate amount of the Ti(IV) stock solution and solid ferric nitrate nonahydrate
(Fe(NOs3)3-9H,0) were introduced in 200 mL of Milli-Q water to form a clear yellow solution.
Sodium hydroxide solution ((NaOH] = 3 mol-L!") was then added to adjust the pH to 2-6 and the
sample volume was increased to 500 mL with Milli-Q water. A brownish precipitate is obtained,
hydrothermally treated in the microwave oven and washed the same way as the pure TiO:
sample. The samples obtained with a pH of the reacting medium of 6 are denoted by acronyms
indicating the added iron content in at.%, for example TiO2-10%Fe. For reacting media with
other pH values, this is indicated at the end of the sample name.

FexTiOs. FeaTiOs nanoparticles used for the mixing were obtained according to the former
protocol with a well-defined set of parameters. The metal precursors were introduced with a
relative Ti:Fe atomic ratio of 1:1 and the pH of the reactive medium was fixed at 6 with NaOH.

a-Fe;Os Hematite. The preparation protocol is similar to that of iron doped titania particles,
except that Fe(NO3); is the only metal ion source used and the pH of the reacting medium was
not fixed with NaOH solution. The hydrolysis of the ferric precursor acidified the aqueous
solution to a pH of around 2. A reddish precipitate was obtained.

y-Fe>O3 Maghemite. The particles were synthesized according to an earlier published method
using microwave assisted heating in order to reduce the aging time.* First, 50 mL of a 0.05
mol-L! ferrous solution prepared from FeSO4-7H>0 and 100 mL of a 0.05 mol-L! ferric
solution prepared from FeCl;-6H>O were mixed together. Then, the pH of the reacting medium

was maintained at 12 by adding small amounts of a NaOH solution. The obtained colloidal



solution was heated in a microwave oven for 25 min at 150 °C. Finally, the dark brown
precipitate was washed twice with water and dried under air flow.
2.1.2 Nanoparticle Characterizations

UV-visible diffuse reflectance spectra (DRS) of the samples were recorded on a Varian-Cary
5000 spectrometer with integrating sphere from 300 to 800 nm. Powder X—ray diffraction (XRD)
measurements were performed with a Briicker D8 X-ray diffractometer operating in the Bragg-
Brentano reflection mode using Cu Ko radiation. The data were collected in the 20 — 80° 20
range with 0.02° steps and a counting time of 5 s per step. Transmission electron micrographs
(TEMs) were obtained using a Tecnai spirit G2 apparatus operating at 120 kV. Samples were
prepared by evaporating dilute suspensions in ethanol onto carbon-coated grids. Relative iron
and titanium atomic composition of the samples was determined with a scanning electron
microscope (Hitachi S-3400N) equipped with energy-dispersive X-ray spectroscopy (EDX,
Oxford Instruments - X-max).
Total scattering data were collected at the 11-ID-B beamline at the Advanced Photon Source at
Argonne National Laboratory, using high energy X-rays (A = 0.2128 A) to high values of
momentum transfer Qmax = 22 A3 37 One-dimensional diffraction data were obtained by
integrating the raw 2D total scattering data in Fit2D.?8 Pair distribution functions (PDFs) G(r)
were extracted from the background and Compton scattering corrected data following Fourier
transform within PDFgetX2.3° The PDFs were subsequently modeled using PDFgui.*°
2.1.3 Film preparation

As photoanode, we synthesized 30 um mesoporous films (c¢f- Figure SI-1) by tape casting. 37
wt.% of the inorganic powders was dispersed in ethanol with 5 wt.% of ethylene glycol and 0.5

wt.% of Triton X. The ethanol suspensions were mixed in an ultrasonic bath for 2 h before



deposition. The ethanol suspensions were then deposited directly onto a fluoride tin oxide (FTO)
substrate to yield homogeneous thick films. The substrates used are TEC-15 FTO-coated glass
(15Q/sq, Asahi, Co). After the deposition, the thick-films were annealed for 3 min. at 300 °C in
air to decompose the organic material and to further improve the particle-particle contact.
2.1.4 Photo-electrochemical characterizations

PEC characterization was carried out in an aqueous solution 1 mol-L™! NaOH (pH = 14). The
solution was purged with nitrogen prior to and during the measurements to remove any dissolved
oxygen. The working area of the electrodes exposed to the electrolyte was 28.5 mm? for all
samples. The potential of the working electrode was controlled by potentiostat (Modulab,
Ametek). In three-electrode measurements, a Pt wire and an Ag/AgCl electrode (Asashi,
saturated AgCl solution) were used as the counter and reference electrodes, respectively. Cyclic
voltammetry measurements were performed with a scan rate of 20 mV-s™!. Light photocurrent
measurements were performed using the visible range of a 300 W Xe-Lamp (Oriel and a UV
filter with a 400 nm wavelength cutoff) providing a power density of 300 mW.cm™ at the surface
of the electrode. Electrical contact to the sample was made using a copper tape. For the cyclic
voltammograms represented below, the potentials are referenced to RHE according to the
following equation:

E (V/RHE) =E (V/Ag/AgCl) + E°ag/agct + 0.059 pH. (1)
2.2 Computational details
2.2.1 Density Functional Theory (DFT) Calculations

Geometry optimizations and frequency calculations were performed using the CRYSTAL14
code, due to its efficiency when doing calculations with hybrid functionals using Gaussian Type

Orbitals.*"> #* All optimized structures were characterized as minima on the potential energy
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surface by vibrational analysis. The all-electron 86-411G(2d) basis sets for Fe** and Ti** and an
8-41G(d) basis set for O were used.** All calculations, except for electronic structure
calculations, were performed using the hybrid PBEO functional,* using an 8 X8X4 K-point
mesh*® for Fe,TiOs and a 12X 12X 12 mesh for a—Fe»Os. Electronic structure calculations were
performed with a 10X 10X 6 mesh for Fe;TiOs and a 24 X24X24 mesh for o—Fe>O3 and using
the range-separated HSE06 functional*”- *® with o = 0.11 ao!,* based on its positive comparison
in terms of speed and accuracy with other hybrid functionals found here and reported earlier.*->?
(HSEO06 reduces to PBEO when setting ® to zero.) The dielectric constant & is the sum of a
vibrational contribution &, and an optical contribution &.. The first term &yi, was computed
invoking the harmonic approximation to the lattice potential, with infrared intensities calculated
using the Berry phase method.>® The second term was computed using the Coupled-Perturbed
Kohn-Sham (CPKS, although sometimes the acronym CPHF is used) approach.’*>® The
individual terms were calculated by taking the geometric mean of the diagonal elements of the
(diagonalized) dielectric tensors.>’

2.2.2 Bulk properties calculations

The bulk properties computed to understand the semiconductors' capacities for photocatalytic
reactions are the bandgap (noted Eg), the dielectric constant (noted &), the effective masses
(noted m*) and the exciton binding energy (noted Ep). The way to compute all these properties
were presented in the following article®® and used to compute properties of several families of
semiconductors including oxides, sulfides, nitrides and halides. It can just be reminded that first
the total dielectric constant (&) is the sum of the electronic (&x) and the vibrational contribution
(¢vip) and then the exciton binding energy is computed in the framework of the Wannier model

using the average values of m* and &. This model is generally well adapted for delocalized
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excitons (large dielectric constant and low effective masses), which is usually the case for

inorganic semiconductors.

3 Results and discussion

3.1 Bulk properties of the semiconductors

The materials used for the work presented in this manuscript fulfill several requirements of the
bulk semiconductors properties presented in the introduction. This verification has been
performed using the DFT calculations presented here.

Geometry optimizations. o—Fe>Os (crystallographic cell in Figure 1a) was optimized in the R3¢

geometry as given by Adelstein ef al.,*®

using the conventional Anti-Ferromagnetic (AFM) spin
configuration, reducing the symmetry to R3.°° TiO, (crystallographic cell in Figure 1b) was
optimized in the anatase structure at the same level of theory as in a previous publication.>? For
Fe;TiOs (space group: Ccmm), the orthorhombic pseudo-brookite structure with ordered
distribution of Fe was chosen and several spin isomers were investigated, since the exact spin
state of the Fe(Ill) atoms is unknown. Figure 1c presents the structure of the most stable spin
state found for Fe;TiOs. This is an anti-ferromagnetic spin state (AFM). The calculations
revealed that several spin states (all AFM) are close in energy (see supporting information for
more details). The ferromagnetic structure was significantly less stable (~1.1 eV/unit cell) than
the AFM ones. The cell parameters of all the semiconductors are presented in Table 1. The larger

discrepancy on a cell parameter between DFT and experiment is around 1.05%, which is the

standard discrepancy at this level of theory.

(1-F6203 TiOz FezTi05

a/A b/A|a/A b/A|la/A b/A c/A
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Exptl | 5.04 13.77 | 3.78 9.51 | 9.79 3.73 9.98

Calc'd | 5.04 13.70 | 3.77 9.61 | 9.86 3.75 9.90

Table 1. Experimental and computed cell parameters of a-Fe,Os, TiOz, and Fe,TiOs 3% 6% 61

Figure 1: Representation of the conventional crystallographic cells of (a) a-Fe2O3, (b) TiO2, and
(c) Fe:TiOs. Red, grey, orange and green atoms correspond to O, Ti, Fe (spin up) and Fe (spin

down) atoms respectively.

Electronic properties. The density of states (DOS) of the compounds are presented on Figure 2.
It appears that the valence bands is largely made up of the O atoms' orbitals while the conduction
bands originate from Fe orbitals for o—Fe2O3 and Fe;TiOs and from Ti atoms for TiO». All
relevant computed properties for photocatalysis are presented in Table 2. While the bandgap
computed for TiO: is relatively close to the experimental one, the E; computed for Fe-containing
semiconductors is overestimated.> Unfortunately, this is the expected behavior when hybrid
functionals are applied to materials having partially filled d-orbitals. A GGA+U approach®

could solve this problem, but GGA functionals are unreliable for the calculation of other
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properties explaining the choice for hybrid functionals as a compromise. About the effective
masses, for a—Fe;O3, values for m. of ~3.5 were found, whereas for mj values of ~1 were found,
consistent with findings in the literature®*  that attribute the heavy electron mass to the strong
localization of the VB on O,!° confirming our approach. The anisotropy of the charge carrier
mobilities in a—Fe>O3 can be explained by Hund’s rule,!® that hinders charge carrier mobility in
the [001] direction, where the spins are antiferromagnetically coupled. The effective mass in
TiO2 is much lower, especially for the electrons because of a better delocalization in the

conduction band. Fe>TiOs has an intermediate behavior between TiO; and o0—Fe;Os.

a) b) c)
5.5 5.5 _— 5.5
5.0 = = 5.0 5.0
45 45 J/f,_,a— 45
e oy 30
35 35 35
3.0 3.0 3.0
25 S 25 25
s; 2.0 220 S 20
< 15 @15 —————— [E, =356V <15
2 10 E, =3.4eV w 1.0 2 10 E, =326V
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2.0 2.0 2.0 —_—
25l T 252 — 25 e
Density of States (-) Density of States (-) Density of States (-)

Figure 2. Computed DOS projected on the atoms of (a) a-Fe>Os, (b) TiO2, and (c) Fe>TiOs. The
red, grey and blue colors correspond to the projection on O, Ti and Fe atoms respectively. For

magnetic compounds, only the DOS of one spin is presented since both spins are symmetric.

Excitonic properties. The dielectric constants are relatively high, mainly because of the
vibrational contribution, stemming from the materials’ ionicity. As for the effective mass, the

dielectric constant of Fe;TiOs is intermediate between the ones of a-Fe203 and TiO2. Combining
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the effective masses and the dielectric constants, the exciton binding energy is very different
between the three materials. For a-Fe2O3, Ep is larger than room thermal energy meaning that the
exciton is relatively difficult to dissociate while for the two other compounds, the exciton should

dissociate easily at room temperature.

a-Fe;03 TiO. Fe,TiOs
E, (eV) 3.4 3.4 3.2
mg ; (Me) 3.30,3.54 0.69, 0.06 0.98, 0.96
My (Me) 1.01,1.19 1.13,0.15 1.36, 1.59
& (€00 Evin} 16.5 {5.7, 10.8} 32.0 {5.8, 26.2} 21.2 {6.3, 14.8}
Eb (meV) 41 3 18

Table 2: DFT computed electronic properties a-Fe;Os, TiO», and Fe,TiOs.

These calculations and the experimental data available clearly highlight their interest for this
work. The strength of TiO> is in its very good electronic properties, except for the bandgap.
Contrary to TiO2, hematite has a very adapted bandgap but is unadapted in terms of the other
electronic properties. Finally, Fe.TiOs has intermediate properties, inheriting the well-adapted
bandgap from a-Fe;Os; and the good electronic properties from TiO». For these reasons, it is
interesting to study experimentally the PEC properties of each material individually as well as in

combination with the others.

3.2 Experimental Results
3.2.1 Nanoparticle characterizations
Aqueous solution chemistry of Ti(IV) and Fe(IIl) metal ions is now rather well understood

when studied separately.®®”> Much less is known about the ternary Ti-Fe-O diagram when
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dealing with nanoparticle synthesis in water.”*7® In the 2-6 pH range, both metal ions first form
an amorphous or very poorly organized hydroxide precipitate. Consequently, we used a
subsequent microwave assisted hydrothermal treatment to enable the oxide crystallization. pH
values strongly impact the nature of the stabilized phase. Particularly, low pH yields phase
mixtures containing brookite and anatase polymorphs (cf. Table SI-1). In the following, we
focused on samples prepared at pH 6 and monitored the structural dependence on the iron
content. The obtained crystallized compounds were analyzed by XRD analysis. The evolution of

the XRD patterns as a function of the Fe content is shown in Figure 3.
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Figure 3: X-Ray diffraction patterns of pure phase TiO, anatase a-Fe>Os3 and y-Fe»Os, and TiO»-

(1]

i
1
]

x%Fe composites.

X-ray diffraction analysis shows a strong structural dependence on the iron content as well as
broad lines indicating the formation of nanosized particles. The TiO; rutile structure was
observed in none of the experiments, which is in good agreement with published resultsd.”” For

low iron contents, i.e. < 10%, only TiO: anatase could be detected as crystalline phase.
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Increasing the Fe ratio renders the phase identification more complex owing to numerous phases
occurring in the Ti-Fe-O system. Moreover, iron doping has shown to favor the brookite TiO>
polymorph at the expense of the anatase.?” 2 For %Fe higher than 10, XRD patterns strongly
evolve, indicating a phase transition which becomes more obvious in TiO2-33%Fe. A peak at
around 18° (20) appears which can be assigned to orthorhombic Fe>TiOs which has a pseudo-
brookite structure and eventually to a monoclinic polytype Fe,TiOs.”® 7 Nevertheless, for the
latter, the main line is absent from the XRD pattern. While increasing the Fe ratio to 50% seems
to enable the preparation of a single phase of orthorhombic Fe;TiOs, the absence of the
monoclinic variety cannot be completely ruled out. Moreover, pure Fe;TiOs is expected in TiO»-
66%PFe only. However, with that iron ratio, hematite is clearly detected by XRD.

Structural analyses were further conducted using synchrotron X-ray (A = 0.2128 A) scattering
measurements from which we obtained the pair distribution function (PDF). PDFs are indeed
particularly well adapted to study nanostructured materials as they provide a histogram of all the
atom-atom (pair) distances within the sample independently of its crystalline state.

The PDF of TiO2-50%Fe was fitted using different structural models of Fe;TiOs
(orthorhombic pseudo-brookite with random Fe distribution in the metal sites®' or ordered
monoclinic structure’®). The fitting using solely the pseudo-brookite type structure largely failed
in reproducing the PDF data. A good fit to the PDF data was only obtained using the two
polymorphs of Fe;TiOs. The goodness of the fit could be further increased to Rw = 21.6 % [1-20
A] by the addition of a third minor phase consisting of TiO» anatase (Figure 4). The
contributions of the orthorhombic and monoclinic phases of FeoTiOs to the PDF data (Figure 4)

clearly indicate the co-existence of both phases.
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Figure 4. PDF refinement of Ti02-50%Fe (Rw = 21.6 %). Individual PDF contributions of the

pseudo-brookite and ordered phase of Fe;TiOs (black curves) extracted from the refinement.

The structural parameters of Fe;TiOs phases obtained by PDF refinement and their polyhedron
representations are presented in Table 3 and Figure SI-2a respectively. The starting structural
models of both Fe;TiOs polytypes were based on structures resolved by Grey and Drofenik for
the orthorhombic and monoclinic phases, respectively.”® 7 The atomic occupancy was fixed to
initial values due to the similar X-ray scattering intensity of iron and titanium atoms. The
orthorhombic structure is composed of randomly distributed TiOs and FeOg octahedra featuring
an edge-sharing configuration. In the monoclinic phase, iron and titanium occupy the 8f and 4a
Wyckoff sites, respectively, forming a network with both edge and corner-sharing octahedra.

While unit cell parameters of the pseudo-brookite match those of literature data (within the
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estimated standard deviation), those of the monoclinic structure significantly deviate from the
reference sample (cf. values in italics in Table 3) obtained by the high-temperature solution
method as reported by Drofenik.”” The resulting changes in unit cell parameters explained the
difficulty to detect this phase by conventional XRD since the most intense reflections were found
to be superposed on the pseudo-brookite reflections. Moreover, the origin of the unit cell
parameters variation might be a size effect and/or non-stoichiometry. Quantitative phase analysis
deduced from PDF refinement indicates a total occurrence of 61-62% of Fe in contrary to the
50% used in the synthesis protocol, which indicates that (i) some titanium ions did not precipitate

and that (ii) samples exhibit non-stoichiometric features.

Lattice system

Orthorhombic

Monoclinic

Space group

Unit cell parameters (A)

Wyckoff site, atom,
atomic coordinates,

occupancy

Ccmm

9.77(1), 9.7933
3.744(4), 3.7299
9.94(1), 9.9757

4c, Fe (0.812(1),0,0.25), 0.667
4c, Ti (0.812(1),0,0.25), 0.333
8f, Fe (0.140(1), 0, 0.0639(8)), 0.667
8f, Ti (0.140(1), 0, 0.0639(8)), 0.333
4c, O (0.248(4), 0, 0.25), 1
8f, 0 (0.056(3), 0, 0.887(3)), 1
8f, 0 (0.307(2), 0, 0.931(4)), 1

C2lc

9.67(1), 10.1010

5.02(1), 5.0370

7.17(1), 7.0240
= 110.782°,110.9°

8f, Fe(0.385(2), -0.004(6), 0.267(2)), 1
4a, Ti(0,0,0), 1
8f, 0(0.193(5),0.18(1), 0.160(8)), 1
8f, 0(0.428(4), 0.15(1), 0.568(6)), 1
4e, 0(0, 0.17(1), 0.75), 1

Table 3. Structural parameters of Fe,TiOs phases obtained by PDF analysis. Values in italics

refer to reference literature data.

PDF refinements conducted on the TiO2-10-to-66%Fe series indicate that both Fe;TiOs
polymorphs can be detected even at low Fe content, i.e. 10%, - both phases are present in almost

equal proportions regardless of Fe content. Quantitative Fe content analysis (c¢f. Figure SI-2c) by
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PDF refinement follows the nominal composition used during the synthesis. Slight deviations
can be observed at high Fe content which, as mentioned above, can be due to non-stoichiometry.
However, the chemical composition measurements determined with Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) and EDX on the different samples yielded values very close to the
initial ratio with an error below 1 at.%. A recent study has shown that the pseudo-brookite phase
may have more Ti than the exact composition Fe;TiOs, without significant conversion of ferric
ions into ferrous ones.®! Indeed, the removal of Fe(IlI) that lower the 2 to 1 Fe/Ti stoichiometry
can be compensated by oxygen defects. Mossbauer experiments reported in Figure SI-3
confirmed that only ferric ions are present in the material. More precisely, three sites are
observed upon deconvolution of the spectrum that can be attributed to the 4c and 8f sites of the

26, 82

orthorhombic structure and to the 8f site of the monoclinic one, in good agreement with PDF

data.”

The diffractograms of phase pure TiO: anatase, a-Fe>Os (hematite) and y-Fe,O3; (maghemite)
are also reported in Figure 3 and all diffraction peaks could be indexed according to the
corresponding reference cards (JCPDS 00-021-1272, 00-033-0664 and 01-039-1346
respectively). The y-Fe>O; maghemite diffractogram resembles that of the y-Fe;Os magnetite.
However, the brown color of the sample is in disagreement with a mixed iron oxide and all metal

atoms are fully oxidized.

The presence of amorphous or very small crystalline nanoparticles was also studied through
TEM. Selected micrographs corresponding to the phase pure samples and the TiO>-x%Fe series
are reported in Figure 5. Micrographs of samples obtained at pH other than 6 are reported in

Figure SI-4. The first overview of the TEM images confirms that the particle size is about 20 nm
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except for hematite nanoparticle size that is closer to 100 nm. More precisely, the anatase
particles with low iron content exhibit two slightly different morphologies: square bipyramids
and small rods as already described in a previous article.®® With increasing iron content, the TiO»
small rods population becomes predominant and the rods' aspect ratio also increases. HRTEM
and dark field images confirmed that there is almost no amorphous phase up to 10 at.% Fe. At
16.5 and 33 at.% Fe (figure 5d and 5e), an amorphous or poorly crystalline phase is observed
around crystalline anatase nanoparticles. In those two micrographs it is difficult to distinguish
pseudo-brookite nanoparticles from anatase ones. The TiO2-50%Fe sample (figure 5f) seems to
present two different nanoparticles morphologies with rods and spheres. However, lattice fringes
analyses on HRTEM images reported in Figure SI-5 indicate that the two observed projections
may correspond to the same 3D object: a thick disk with the small dimension being parallel to
the (010) plane. The mean particle thickness is 10 nm and the mean diameter ~30 nm. Another
explanation for the two morphologies may be the presence of two different Fe;TiOs phases as
observed in PDF analysis. No significant amorphous domains or small crystalline anatase
nanoparticles could be detected on TEM micrographs. However, this does not imply that they are
necessarily absent in the whole sample as they are detected in the PDF study. At even higher iron
content (Ti02-66%Fe in Figure 5g) the pseudo-brookite nano-disks are thinner and larger. In
addition, small quantities of large hematite rhombohedra with a length of about 300 nm can be
observed (see Figure SI-6). The hematite nanoparticles synthesized as pure phase do not have
that rhombohedral shape, but rather a round shape with sizes ranging from 50 to 300 nm. The
maghemite nanoparticles also display a round shape without a clearly exposed family of facets

and the particle size distribution is rather monodisperse at 10 nm in diameter.
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Figure 5: Transmission electron micrographs of a) pure TiO2, b) TiO2-5%Fe, c) TiO2-10%Fe, d)
Ti02-16,5%Fe, e) Ti02-33%Fe, f) Ti02-50%Fe, g) Ti02-66%Fe, g) a-Fe203 and h) y-Fe20s. All

micrographs present the same scale bar of 20 nm.

3.1.2 Electrochemical characterization

Pure nanoparticles Fe-doped TiO> anatase, Fe,TiOs pseudo-brookite and a mechanical mixture
of TiO., and/or Fe»Os and/or Fe,TiOs were deposited onto FTO substrates to fabricate
photoelectrodes. The synthesis procedure was described in section 2.1.3. and in Figure SI-1 An
example of the microstructure created for these photoelectrodes is reported in Figure SI-1. The

photoelectrodes are composed of nanoparticles delineating a mesoporous network. The thickness
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determined by cross-section SEM analyses is ~30 um. The electrochemical performances of the
as-synthesized photoelectrodes of TiO»>-based nanoparticles with various iron contents are
studied at pH = 14 in 1 mol-L* of NaOH, conditions favorable for water oxidation. First, we
compare the electroactivity to water oxidation of TiO>—based photoelectrodes (TiO2-x%Fe with
x = 2, 10 and 33), as shown in Figure 6. The cyclic voltammogram shows that TiO2-2%Fe has
the lowest onset potential (Von = ~0.85 V vs. RHE), while for TiO2-33%Fe a negligible current is
flowing through the cell up to an applied potential of 1.6 V vs RHE. The potential for the water
oxidation reaction is at 1.23 V versus RHE, which means overpotentials of 0.5 V and 0.7 V at
200 pA-cm? for TiO2-2%Fe and TiO2-10%Fe respectively are required. Doping TiO, with iron
increases the photocurrent mainly at low potential, as can be seen in Figure 6. This observation is
consistent with the explanation that the photocurrent is limited by trap states present at the
electrode/electrolyte interface.®* For unmodified TiO,, electrons in the CB may be injected into
the surface states at low potentials while they are more strongly driven away from the surface at
higher applied potentials, disabling the electrons from reaching the surface states. Doping TiO2
with iron narrows the band gap, which should favor the photocurrent density (see Figure Sl-7a).
For 10% and more specifically 2% of Fe doping in TiO2 anatase structure it seems that additional
discrete energy levels were added in the band gap. For higher concentration it is more like a
combination of different contributions presenting different bandgap. All in all, the current
density for TiO2-2%Fe is ~200 times higher than the one for TiOz, TiO2-10%Fe and TiO»-
33%Fe at 1 V vs. RHE, where 1 V is close to a typical operating voltage when using this anode
in conjunction with a single junction amorphous silicon solar cell. The improved JV
characteristic is a sign that Fe doping TiO> is beneficial since its presence enhances the oxidative

power of the photoelectrodes.
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Figure 6. JV curve for TiO2-2%Fe (blue), TiO2-10%Fe (green) and TiO2-33%Fe (black and
enlarged in the insert). Dark curves are reported and correspond to dotted lines. Measurements

are performed at 20 mV-s™! and 1 M NaOH, pH = 14.

A more detailed look at the voltamogram at low potentials for TiO2-33%Fe reveals that the
photocurrent increased starting at an onset potential at 0.75 V vs. RHE and that the increase of
the photocurrent is more pronounced at higher potential, i.e. 1.6 V vs. RHE. This behavior can
be linked to the fact that at low applied potentials (close to flat band potential), a dramatic
electron/hole pair recombination is observed, i.e., the photogenerated holes have trouble to reach
the semiconductor/electrolyte interface. In our photoelectrodes, sources of recombination are
probably the numerous grain boundaries present in the nanostructure. At more positive
potentials, the electric field created favors the electron/hole pairs separation, resulting in an

increase of the photocurrent.
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At this point we have compared our best monophasic photoanode TiO2-2%Fe with its
equivalent where Ti and Fe have been precipitated as oxides separately (TiO2 anatase and Fe,O3
hematite) and combine afterwards into a nanocomposite electrode that present the same Fe:Ti
atomic ratio of 2:98 (the electrode preparation is detailed in figure SI-1). The diffuse reflectance
spectra of the 2% doped TiO and of the composite with the same metallic composition are
reported in Figure SI-7b and the two JV curves are reported in Figure SI-8. The light absorption
behavior of the composite significantly differs from that of doped TiO: for it looks like the
superimposition of the anatase and hematite spectra. This means that both oxides absorb light
depending on their bandgap without synergetic effect in the heterostructure while Fe doping
seems to improve visible light absorbance of TiO> anatase. The JV curves are completely
different too as a significant photocurrent is observed on Ti02-2%Fe electrode at a potential of 1
V vs. RHE while its starts to be significant only at 1.7 V vs. RHE in the 98%Ti02-2% a-Fe>0s
electrode. With higher current density slope at higher voltage the photocurrent is still lower in
the composite at 1.8 V vs. RHE with 220 C vs. 840 pA.cm™ in Fe doped anatase. This
definitively points out that, at that Fe:Ti ratio, the doping into a well crystallized structure gives
better PEC properties than heterostructured system. Oppositely, the TiO»-50%Fe sample is
almost completely made of well crystalline Fe2TiOs structures and is not PEC active. Could it be
possible to combine it with other oxides to recover PEC properties ?

Then, the light driven water oxidation by nanocomposite electrodes with Fe>TiOs and single
oxide, either TiO, or Fe>O3, was monitored. To do so, nanocomposite electrodes with various
compositions: x-Fe;TiOs/y-TiO> or x-Fe;TiOs/y-Fe,Os were fabricated; x and y represent the
weight percentage (%) of Fe TiOs and pure oxides, respectively. For simplicity, Figure 7

summarizes the current density (expressed in pA.cm?) measured at 1.8 V vs. RHE for the
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nanocomposite electrodes with various compositions. We monitored the photoactivity at this
potential to ensure that all the photoanodes were photo(electro)chemically active. The JV curves

of pure samples are reported in Figure SI-9.
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Figure 7. Photocurrents measured at 1.8 V vs. RHE and NaOH, pH = 14 for the nanocomposite
photoelectrodes with various compositions. The photocurrents are given in pA.cm? and the area

of the circle is proportional to that value.

Several observations can be made: 1) FeoTiOs needs to be combined with either TiO2 or Fe,Os
to achieve a high photocurrent; i1) the composite with Fe;TiOs and Fe>Os; exhibits a high
photocurrent for a wide range of compositions, iii) the best photocurrent for these nanocomposite
electrodes is achieved for 25% Fe;TiOs and 75% TiOx.

The poor electrochemical activity as well as the high onset potential (not shown here) of
nanocomposite photoelectrodes with TiO> and Fe>O3 is consistent with findings in the literature
and is due to the poor separation of holes at the semi-conductor electrolyte interface that

certainly increased back electron recombination at low bias voltage.®®
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However, when the nanocomposite electrodes contain pseudo-brookite (FeTiOs/Fe.Os or
Fe>TiOs/Ti0») better charge separation is achieved as photocurrents measured are higher.

For Fe;TiOs/Fe>O3 nanocomposites, the heterojunction has a large effect on the charge
separation process as better photocurrents are achieved for a wide range of compositions. Since
both the valence and the conduction band extrema are higher in Fe>TiOs than in Fe>O3 (as shown
in figure 8), a straddling gap is created at the Fe.TiOs/Fe2O3 n-n heterojunction. However, the
photocurrent onset is still low, indicating that the amounts of long-lived surface holes are not
sufficient at low bias voltage. Electron/hole recombination should then occur, probably due to
the existence of numerous grain boundaries in these thick electrodes acting as sources of

recombination sites. Indeed, these grain boundaries contain a large amount of defects.
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Figure 8. Charge generation, recombination, and transfer in the nanocomposite photoelectrodes
studied a) TiO2/Fe203; b) Fe203/Fe;TiOs and c¢) TiO2/Fe;TiOs. The relative VB and CB edge
positions for the two oxides involved in an heterojunction is indicative of the charge separation
and the place where OER may proceed. Electrons’ transfer to FTO layer after charge separation

1s not described here.

In TiO2/Fe;TiOs nanocomposites, the photocurrents depend on the composition of the
electrode. Among the various nanocomposite electrodes, the one containing a high TiO> content

(the best tested composition corresponds to 25/75 Fe;TiOs/TiOz) exhibits 1) the highest
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photocurrent and ii) the lowest onset potential (not shown here). This is an indication that the
pseudo-brookite/TiO> heterojunction has a major impact on the charge separation process.
Compared to TiO2/Fe2O3 nanocomposite photoelectrodes, Fe>TiOs favors the separation of holes
at the semiconductor-electrolyte interface and greatly limits the e/h" recombination at low bias
voltages. This is supported by recent results on hematite-titania nanocomposite photoanodes
where the charge dynamics of TiO2-a-Fe2O3 nanocomposite photoanodes were measured using
transient absorption spectroscopy.®® DFT modeling results have shown that pseudo-brookite
exhibits slightly more promising electronic properties than hematite, except for hole mobility, for
which reason a good catalytic efficiency is expected for Fe2TiOs. Consequently, the gain is rather
in the efficiency of the pseudo-brookite/TiO2 heterojunction for charge separation than the
electrocatalytic activity of Fe.TiOs. Compared to Fe>O3/Fe>TiOs nanocomposite photoelectrodes,
TiO> limits the fast charge carrier recombination due to both 1) the high absorption coefficient of
TiO2 compared to Fe>O3 and ii) the higher electron mobility in TiO2 compared to Fe;Os.

The impact of the structure of the iron oxide on the photocurrent has been explored. We
performed equivalent studies as before, but hematite was replaced by maghemite. The interest of
using maghemite instead of hematite is that maghemite contains cationic vacancies that can act
as sites for electron trapping, limiting electron/hole recombination. The photocurrents measured
on the various photoelectrodes are summarized and reported in Figure 7. We note that
nanocomposite TiO2/y—Fe203 photoelectrodes exhibit higher photocurrents than TiO2/0—Fe20s.
This is probably linked to both better electron/hole separation in the photoelectrodes and holes
with a longer life-time due to the presence of vacancies in y—Fe;Os. All of these facilitate the

reaction with water.
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In a more general comparison of the selected pure phase and the corresponding
nanocomposites based on experimental and computational results, it is now possible to better
explain their relative PEC activity. First pure TiO3, that has the best photon conversion efficiency
suffers from a lack of catalytically active surface sites that can exploit trapped holes before their
recombination. In accontrary, pure iron oxides a- and y-Fe2O3 exhibit more active catalytic sites
but also exhibit a lower photon conversion yield and charge mobility. The combination of TiO>
and Fe;O3; may be beneficial in nano-heterostructures, except if the solid-solid interface favors
charge recombination. Moreover, the relative amount of each phase, their structure and size
should be optimized for significant PEC activity.

The ordered orthorhombic Fe;TiOs structure should exhibit fair PEC activity — between those
of TiO; and Fe;O3; — according to the calculation of its electronic and structural properties.
Unfortunately, our synthetic approach did not allow to produce phase pure orthorhombic
Fe,TiOs, as a secondary monoclinic phase was detected with PDF analyses. Moreover, the iron
occupancy in the pseudo-brookite structure is not fixed as proposed in the model but randomly
distributed in the different metallic sites. Finally, the Fe:Ti chemical composition is slightly less
than 2:1, implying oxygen defects in the structure that were not taken into account in the DFT
calculations. These different points intuitively explain why the tested materials are inactive in
PEC: with two phases and a random distribution of Fe atoms the Fe.TiOs composite is much too
disordered to allow good photon conversion and charge carrier mobility. The JV curve of
Fe>TiOs is compared in Figure SI-10 to that of a brookite sample prepared according to a
procedure described in the literature.®” It confirms that the brookite structure of TiO: presents
weak photocurrents (20 pA.cm™ at 1.8 V vs. RHE) and only at high bias voltage. However, it is

still better that Fe,TiOs sample which is still inactive at such bias voltage. In accontrary, its
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electrocatalytic activity may be enhanced due to the oxygen defects distorting the geometry of
neighboring iron sites. Consequently the combination of small quantities of Fe2TiOs with a good
photoharvester such as TiO; gave the best results among heterostructured systems.

Finally, this study demonstrates that tuning the electron/hole recombination processes in the
bulk electrodes, but also at the electrode/electrolyte interfaces, favors the photoactivity. This was
achieved by the design of the nanocomposite photoelectrodes made of materials with different
properties. However, the photocurrent achieved as well as the onset potential are lower than that
those for single Fe-doped photoelectrodes (onset potential is 0.8 V vs. RHE and at 1.2 V/RHE,
the photocurrent is about 412 pA-cm™ and at 1.8 V/RHE is 735 pA-cm™). This is an indication
that the nanocomposite electrodes probably contain a lot of defects on the grain boundaries that

act as recombination traps.

4. Conclusion

In summary, we explored the photoelectrochemical performances of different Fe-Ti oxide
electrodes for water oxidation. We proposed to use chimie douce coupled with micro-wave
stimulus to achieve pure, mono-dispersed and crystalline nanoparticles with different levels of
Fe. These nanoparticles have been characterized by various techniques including X-ray
diffraction, PDF analysis, HR-TEM and Maossbauer spectroscopy to monitor their structure,
chemical composition and microstructure. Experimental conditions have been found and
reported to achieve single phase TiO2 anatase doped with various amounts of Fe(IIl) up to 10
at.%, and pure a-Fe>Os hematite or y-FeoOsz maghemite. Most notably, two polymorphs of
Fe TiOs have been obtained in gentle synthesis conditions. The photoelectrochemical

performances of pure Fe-doped TiO: electrodes and nanocomposite electrodes made of Fe;Os
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or/and Fe>TiOs or/and TiO2 have been evaluated. We found that the electrocatalytic activity is
strongly dependent on the nature of the hetero-junction and the best photocurrents are achieved
for nanocomposite Fe>TiOs/TiO2 photoanodes with high TiO»> weight content (25/75). This
increase in electrochemical performance is linked to the high absorption coefficient of TiO, and
its good electron mobility and to the higher catalytic efficiency of Fe;TiOs compared to a-Fe2Os.
This highlights the interest of using heterostructure to cope with poor charge carrier dynamics.
However, the highest photocurrent is not achieved with heterostructured photoelectrodes but
with Fe-doped TiO; systems at a low doping content of Fe = 2 atom%. This demonstrates the
necessity to engineer finely materials at the nanoscale to achieve both good charge carrier

dynamics and high performance surface catalysis.

ASSOCIATED CONTENT

Additional figures, including Figure SI-1: Photoanode preparation and FEG-SEM image of the
cross-section of nanocomposite electrodes; Table SI-1: qualitative structure analyses of XRD
patterns of Fe-Ti composites prepared at different pH; Figure SI-2: details on PDF analyses at
different Fe rates and on the orthorhombic and monoclinic Fe>TiOs unit cell representation;
Figure SI-3: Mossbauer spectrum of Ti0»-50%Fe and its deconvolution with increasing number
of Fe’" sites; Figure SI-4: TEM images of selected TiO»-x%Fe-pHy samples; Figure SI-5:
HRTEM images of TiO2-50%Fe sample; Figure SI-6: TEM image of TiO,-66%Fe sample;
Figure SI-7: Diffuse reflectance spectra of different TiO2-x%Fe samples showing bandgap
evolution as function of iron doping. Figure SI-8 to Figure SI-10 JV curves of different pure and
composite electrodes. This information is available free of charge via the Internet at

http://pubs.acs.org/.

31



AUTHOR INFORMATION

Corresponding Author

Olivier Durupthy
Telephone: +33144276306, Fax: +33144271504, E-mail: olivier.durupthy@upmc.fr

Present Addresses

TP.Sautet is now at Department of Chemical and Biomolecular engineering, University of

California, Los Angeles, Los Angeles, CA 90095, United States.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval
to the final version of the manuscript. {These authors contributed equally. (match statement to

author names with a symbol)

ACKNOWLEDGMENT

SP, CLR and OD thank MATISSE for the financial support of LD and TOTAL for the
financial support of SP. STM and TLB gratefully acknowledge the computational resources
provided by [I’Institut du Développement et des Ressources en Informatique Scientifique (IDRIS,
under project x2015080609) of the Centre Nationale de la Recherche Scientifigue (CNRS) and

the Pole Scientifique de Modélisation Numérique (PSMN) of Ecole Normale Supérieure de

32



Lyon. The work done at the Advanced Photon Source, an Office of Science User Facility
operated for the U.S. Department of Energy (DOE) Office of Science by Argonne National

Laboratory, was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357.

ABBREVIATIONS

AFM Anti-Ferromagnetic

CB Conduction Band

CBM Conduction Band Minimum

CNRS Centre National de la Recherche Scientifique
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