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ABSTRACT: A new electrochemical, solution-based synthesis
method to prepare uniform multinary oxide photoelectrodes was
developed. This method involves solubilizing multiple metal ions as
metal−catechol complexes in a pH condition where they are
otherwise insoluble. When some of the catechol ligands are
electrochemically oxidized, the remaining metal complexes become
insoluble and are deposited as metal−catechol films on the working
electrode. The resulting films are then annealed to form crystalline
multinary oxide electrodes. Because catechol can serve as a
complexing agent for a variety of metal ions, the newly developed
method can be used to prepare a variety of multinary oxide films. In
the present study, we used this method to prepare n-type Fe2TiO5
photoanodes and investigated their photoelectrochemical properties
for use in a photoelectrochemical water-splitting cell. We also
performed a computational investigation with two goals. The first goal was to investigate small electron polaron formation in
Fe2TiO5. Charge transport in most oxide photoelectrodes involves small polaron hopping, but small polaron formation in Fe2TiO5
has not been examined prior to this work. The second goal was to investigate the effect of substitutional Sn doping at the Fe site on
the electronic band structure and the carrier concentration of Fe2TiO5. The combined experimental and theoretical results presented
in this study greatly improve our understanding of Fe2TiO5 for use as a photoanode.

KEYWORDS: Fe2TiO5, electrodeposition, catechol, photoanode, ternary oxide, solar water splitting, photoelectrochemical cell

1. INTRODUCTION

Photoelectrochemical water-splitting cells utilize solar energy
to split water to produce hydrogen fuel.1−3 A key component
in the photoelectrochemical cell is the semiconductor
photoelectrode that absorbs photons and generates photo-
excited mobile charge carriers to drive the water reduction and
oxidation reactions.4 To date, intensive work has been done to
identify efficient photoelectrodes. While past studies mainly
focused on investigating the photoelectrochemical properties
of photoelectrodes with simple compositions such as binary
oxides (i.e., Fe2O3, WO3, and TiO2), recent studies have
focused more on the development of photoelectrodes with
more complex compositions (i.e., ternary oxides).5 By mixing
two different metal ions in oxide matrices, ternary oxides offer
numerous ways to change the atomic and electronic structures
of binary oxides, which can result in superior photo-
electrochemical properties. For example, the ternary oxide
Fe2TiO5 does not possess the major limitations of its parent
binary oxides, Fe2O3 and TiO2. Fe2O3 has a relatively narrow
band gap energy of 2.1 eV, but one of its major limitations is
the position of its conduction band minimum (CBM), which is
200 mV more positive than the water reduction potential.4,6

TiO2 has a suitable CBM for water reduction, but its band gap
is very wide (3.2 eV).7 On the other hand, Fe2TiO5 has both a
narrow band gap of 2.1 eV and a CBM that is more negative
than the water reduction potential.8−10

One major difficulty in evaluating ternary oxide photo-
electrodes is that it is challenging to prepare them as pure,
uniform electrodes. This is because the parent binary oxides
are often thermodynamically more stable than the desired
ternary oxide, meaning that the binary oxides can easily form as
impurity phases and negatively affect the uniformity of the
ternary composition throughout the film. Thus, developing a
general synthesis method that can produce a variety of ternary
oxides as high-quality photoelectrodes would be immensely
beneficial.
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In this study, we report a new synthesis method based on
the electrochemical oxidation of catechol. Catechol can serve
as a complexing agent to solubilize various metal ions (e.g.,
Fe3+, V4+, Mn3+, Cu2+, Co2+, Ni2+, Zn2+, Mn2+, Al3+, and Ti4+)
in pH conditions where they are otherwise insoluble.11,12 Thus,
electrochemical oxidation of the catechol ligands in a plating
solution containing multiple metal ions solubilized by catechol
ligands can offer an elegant way to produce various multinary
oxides containing these metal ions as uniform films via a
solution-based process. Previously, spontaneous oxidation of
metal−catechol complexes by O2 in air has been used to form a
protective coating on a pyrite (FeS2) surface to prevent its
dissolution.13 In follow-up studies, the oxidation mechanisms
of various metal−catechol complexes were investigated
electrochemically.12,14−16 However, prior to our work, the
oxidation of metal−catechol complexes has not been utilized as
a strategy to form multinary metal oxide films via
coprecipitation of metal−catechol complexes containing two
or more different metal ions.
Here, we demonstrate the use of the electrochemical

oxidation of catechol for the synthesis of Fe2TiO5 photo-
electrodes as an example. Fe2TiO5 was selected for two
reasons. First, because Fe2O3 and TiO2 are both very stable
and unreactive binary oxides, the ability to synthesize high-
quality Fe2TiO5 using our new method demonstrates the
method’s efficacy. Second, as mentioned above, Fe2TiO5 has
many advantageous features for use as a photoanode; however,
investigations of this compound as a single photoanode have
been limited.8,17−21 Therefore, the synthesis of high-quality
Fe2TiO5 electrodes also provides us with a great opportunity to
systematically examine the photoelectrochemical properties of
Fe2TiO5. Furthermore, we note that although there have been
a few theoretical studies on the electronic structure of pristine
Fe2TiO5,

22−24 polaron formation and the effect of doping on
the charge-transport properties of Fe2TiO5 have not been
theoretically investigated. For this reason, we also performed
computational investigations on Fe2TiO5 regarding its polaron
formation and the effect of a dopant on polaron formation and
carrier density. The combined experimental and theoretical
results presented in this study will offer an in-depth
understanding of Fe2TiO5 for use as a photoanode.

2. EXPERIMENTAL SECTION
2.1. Materials. Catechol (Alfa Aesar, 99%), titanium(IV)

bis(ammonium lactato)dihydroxide (TALH) solution (Sigma-Al-
drich, 50 wt % in H2O), 15 mM Fe(NO3)3·9H2O (Sigma-Aldrich,
≥98%), NaOH (Sigma-Aldrich, 97%), Ni(NO3)2·6H2O (Acros,
99%), 2-methoxyethanol (Sigma-Aldrich, 99.8%), KOH (Sigma-
Aldrich, 85%), NaNO3 (Sigma-Aldrich, 99%), and Na2SO3 (Sigma-
Aldrich, ≥98%) were used without further purification. Unless
otherwise specified, deionized (DI) water (Barnstead E-pure water
purification system, resistivity > 18 MΩ cm) was used to prepare all
solutions.
2.2. Preparation of Fe2TiO5 Electrodes. Electrodeposition was

carried out in a three-electrode undivided cell using a VMP2
multichannel potentiostat (Princeton Applied Research). Fluorine-
doped tin oxide (FTO) (Hartford Glass) was used as the working
electrode (WE), an Ag/AgCl (4 M KCl) electrode was used as the
reference electrode (RE), and platinum was used as the counter
electrode (CE). The lateral dimensions of the FTO WE used in this
study were 1.0 cm × 1.2 cm. The platinum CE was prepared by
depositing a 100 nm platinum layer on top of a 30 nm titanium
adhesion layer by e-beam evaporation on a cleaned glass slide.
The plating solution was 40 mL of an aqueous solution containing

67.5 mM catechol, 12.5 mM TALH, and 15 mM Fe(NO3)3·9H2O.

TALH and Fe(NO3)3·9H2O were sequentially added to the catechol
solution, and then, the pH was raised to 8 using NaOH. In this
solution, all Ti4+ and Fe3+ ions were solubilized by catechol, and no
precipitation was observed upon the pH increase. The dominant
metal−catechol species in the plating solution were predicted from
the speciation diagram plotted by the Hyperquad Simulation and
Speciation (Hyss) software.25 Equations and thermodynamic values
such as formation and solubility constants used to create the plots are
listed in the Supporting Information (Tables S1 and S2).

To deposit Ti/Fe−catechol films onto the WE, a potentiostatic
deposition was carried out by applying 0.34 V versus Ag/AgCl to the
WE and passing 0.1 C/cm2. Typically, the deposition takes ∼2 min.
As-deposited electrodes were rinsed with DI water and blow-dried
with air. The resulting electrode was converted to crystalline Fe2TiO5
by annealing at 650 °C for 1 h in air (ramping rate = 5 °C/min),
followed by natural cooling to room temperature. Finally, the Fe2TiO5
film was additionally treated by microwave annealing for 2 min 30 s in
a microwave oven (AmazonBasics, 700 W) on 5 g of a packed
graphite powder (Sigma-Aldrich, <20 μm) susceptor in a 100 mL
Pyrex beaker.26 When the microwave annealing was used as the only
annealing step, the catechol in the film could not be completely
removed and carbon residues were left behind. For the preparation of
a dense Fe2TiO5 electrode, the aforementioned deposition was
repeated twice on the same WE before the first annealing process
described above. Between each deposition cycle, the film was heated
at 400 °C for 5 min on a hot plate to remove the majority of catechol
so that the voids generated by the removal of catechol could be filled
by the subsequent depositions. The removal of catechol was indicated
by a change of the film color from black to pale orange.

2.3. Loading of Ni2FeOx Oxygen Evolution Catalyst. To load
the Ni2FeOx oxygen evolution catalyst (OEC) onto the Fe2TiO5
electrode, 100 μL/cm2 of a solution of 6.66 mM Ni(NO3)2·6H2O and
3.33 mM Fe(NO3)3·9H2O in 2-methoxyethanol was drop-cast onto
the electrode. After drying in air, the electrode was heated in an oven
at 70 °C for 5 min and rinsed with 0.1 M KOH for 10 s before
photoelectrochemical measurements.18

2.4. Materials Characterization. The dominant metal−catechol
species in the plating solution were determined by ultraviolet−visible
(UV−vis) spectrophotometric measurements (Varian, Cary 300 UV−
vis spectrophotometer). The morphology of the Fe2TiO5 electrodes
was examined using the LEO 1530 scanning electron microscope
(Gemini) at an accelerating voltage of 5 kV. Elemental composition
was characterized with the same scanning electron microscope
equipped with an UltraDry energy dispersive X-ray spectroscopy
(EDS) detector (Thermo Fischer Scientific) at an accelerating voltage
of 20 kV. The crystallinity and purity were confirmed with the D8
ADVANCE powder X-ray diffractometer (Bruker) using Ni-filtered
Cu Kα-radiation with λ = 1.5418 Å. Absorbances of the electrodes
were determined from the Cary 5000 ultraviolet−visible−near
infrared (UV−vis−NIR) spectrophotometer (Agilent) with an
integrating sphere to simultaneously collect reflectance and trans-
mittance from the electrodes. Surface chemical states of the electrodes
were investigated by using a K-Alpha X-ray photoelectron
spectrometer (XPS, Thermo Scientific). A monochromatized Al Kα
X-ray (1486.6 eV) was used as the excitation source with a pass
energy of 30 eV. The binding energies were calibrated with respect to
the adventitious C 1s peak at 284.8 eV.

2.5. Photoelectrochemical and Electrochemical Character-
ization. Photoelectrochemical and electrochemical measurements
were carried out in an undivided three-electrode cell using an SP-200
potentiostat (Bio-Logic). Fe2TiO5 was used as the WE, Pt was used as
the CE, and because all measurements were performed in strongly
basic conditions capable of dissolving a glass frit, a Hg/HgO (1 M
NaOH) RE was used instead of the Ag/AgCl RE. The measured
potential versus the RE was converted to potential versus the
reversible hydrogen electrode (RHE) using the equation below.

= + +

× = °

E E E

E

(vs RHE) (vs Hg/HgO) (reference) 0.0591 V

pH ( (reference) 0.140 V vs NHE at 25 C)

Hg/HgO

Hg/HgO
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Simulated solar light was generated using an LCS-100 solar
simulator (Oriel) equipped with a 150 W Xe arc lamp and an air mass
1.5 global (AM 1.5G) filter. An infrared filter (Newport) and a
focusing lens were placed between the light source and the electrode,
and the intensity of light was calibrated to 1 sun (100 mW/cm2) at
the back side of the FTO substrate using an NREL-certified GaAs
reference cell (PV measurement). Photoelectrochemical J−V and J−t
measurements were taken in 1 M NaOH (pH 13.6). For sulfite
oxidation, 1 M Na2SO3 was added to the 1 M NaOH solution.
Capacitance measurements for Mott−Schottky plots were obtained
using the same three-electrode system, but the Fe2TiO5 WE was
masked with an electroplating tape 370 (3M) to expose a circular
geometric area of 0.2 cm2. 1 M NaOH was used as the electrolyte, and
a sinusoidal modulation of 10 mV was applied at frequencies of 0.5−2
kHz.
2.6. Computational Methods. All density functional theory

(DFT) calculations were performed with the Quantum ESPRESSO27

package using the PBE + U exchange correlation functional, ultrasoft
pseudopotentials,28 and Hubbard U parameters of 4.3 eV on Fe 3d
states29 and 3.0 eV on Ti 3d states. This choice of U parameters gives
an electronic band gap of 2.00 eV, which is in good agreement with
the experimental band gap of 2.1 eV.8,23 The orthorhombic 32 atom
unit cell of the pseudobrookite Fe2TiO5 structure (space group
Ccmm) was used and then expanded to a 1 × 3 × 1 supercell with 96
atoms. The antiferromagnetic magnetic structure was chosen with
respect to the lowest energy spin isomer, as determined by other
studies.24 A k-point grid of 2 × 2 × 2 was used for the supercell
calculation with a wavefunction kinetic energy cutoff of 40 Ry and a k-
point grid of 8 × 8 × 8 for the projected density of states (PDOS). All
Sn doping calculations were conducted by replacing a single Fe atom
with a Sn atom in the 96-atom supercell that contained 24 Fe atoms.
This corresponds to replacing 4.2 at. % Fe with Sn. We applied a
newly developed charge correction scheme30 to calculations
containing excess charge, as implemented in the JDFTx package.31

Theoretical absorption spectra for both pristine and Sn-doped
Fe2TiO5 were calculated from the imaginary part of the dielectric
function obtained from the YAMBO32 code in the random phase
approximation with local field effects. The input YAMBO single-
particle eigenvalues and wave functions were obtained from the DFT
+ U calculations done with Quantum ESPRESSO.27 The absorption
coefficient (α) is related to the real and imaginary parts of dielectric
function (ϵ1 and ϵ2, respectively) via the following equation.33

α ω ω ω
=

ϵ
ω ω ωϵ + ϵ + ϵc

( )
( )2

( ) ( ) ( )

2
1 1

2
2

2

3. RESULTS AND DISCUSSION
3.1. Experimental Study. 3.1.1. New Electrochemical

Synthesis Method Using Metal−Catechol Precursors. The
plating solution used in this study was an aqueous catechol
solution (pH 8) containing TALH as the Ti4+ source and
Fe(NO3)3·9H2O as the Fe3+ source. Without catechol, Ti4+

and Fe3+ are insoluble in neutral aqueous media, as shown in
their speciation diagrams (Figure 1a,b). When catechol serves
as a complexing agent, Ti4+ is solubilized as a tris-catecholate
(Ti(Cat)3

2−) and Fe3+ is solubilized as di- and tris-catecholates
(Fe(Cat)2

− and Fe(Cat)3
3−, respectively) in neutral media

(Figure 1c,d). The spectroscopic detection of these metal−
catechol species and the details of the measurement conditions
can be found in Figure S1.
As the solubilization of Ti4+ and Fe3+ is enabled only by the

formation of metal−catechol complexes with the appropriate
number of catechol ligands, oxidizing catechol ligands to make
catechol-deficient complexes results in the precipitation of
insoluble metal−catechol complexes. Because electrochemical
oxidation of catechol occurs only on the WE, the precipitation

will occur only on the WE, forming a film. For example, when
Ti(Cat)3

2− loses one or two catechol ligands by electro-
chemical catechol oxidation, the resulting Ti(Cat)2 and/or
Ti(Cat)2+ species are insoluble and will form a film on the WE
(Scheme 1a).14 In the same manner, Fe−catechol films can be
deposited when soluble Fe(Cat)2

− and Fe(Cat)3
3− species lose

one or two catechol molecules by electrochemical catechol
oxidation and form insoluble Fe(Cat)+ (Scheme 1b).11 The
linear sweep voltammograms of Ti(Cat)3

2− and Fe(Cat)3
3−

showing the oxidation of catechol ligands can be found in
Figure S2. We note that during catechol oxidation, in addition
to the two-electron oxidation of catechol to quinone, one-
electron oxidation can also occur to form a semiquinone
radical, which can cross-link multiple metal−catechol com-
plexes and form metal−catechol polymers (Figure S3).34

Because the deposition of films is triggered not by the
reduction or oxidation of the Ti or Fe ions that have different
redox potentials but by the oxidation of the catechol ligands, Ti
and Fe can be codeposited uniformly at the same potential
without forming Ti-rich or Fe-rich domains (Figure S4). As a
result, high-quality, uniform Fe2TiO5 films can be obtained
after annealing, which removes catechol molecules and induces
solid-state reactions (Figure 2). A desired Ti/Fe ratio in the
film can be obtained by adjusting the Ti/Fe ratio in the plating
solution.

3.1.2. Characterization of the Fe2TiO5 Electrode. Scanning
electron microscopy (SEM) images of the electrodeposited
films before and after annealing are shown in Figure 3a,b along
with their photographs. The as-deposited Ti/Fe−catechol
polymer film shows a dense, featureless morphology. During
the annealing process, catechol species are oxidized to CO2
while Fe2TiO5 forms by a solid-state reaction, resulting in a

Figure 1. Speciation diagrams of metal−catechol complexes: (a) Ti-
only; (b) Fe-only; (c) Ti−catechol; and (d) Fe−catechol systems;
where [Ti4+] = 12.5 mM, [Fe3+] = 15 mM, and [Cat] = 67.5 mM.
The regions where insoluble Ti(OH)4(s) and Fe(OH)3(s) form are
shown in gray. The concentrations of Ti4+, Fe3+, and catechol used in
these speciation diagrams are the same as those used in the plating
solution.
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film with porous, nanocrystalline morphology. The thickness of
the Fe2TiO5 film was estimated to be ∼75 nm from a side-view
SEM image (Figure 3c). The color of the film changed from
black to pale orange after annealing. The X-ray diffraction
(XRD) pattern of the film after annealing confirmed that pure,
crystalline Fe2TiO5 was formed (Figure 3d). [For comparison,
the as-deposited Ti/Fe−catechol polymer film is amorphous
(Figure S5).] The UV−vis absorption spectrum of the
Fe2TiO5 electrode shows a band gap of ∼2.1 eV (Figure 3e),
which agrees with the previously reported band gap of
Fe2TiO5.

8,23

3.1.3. Photoelectrochemical Properties of the Fe2TiO5
Electrode. The photoelectrochemical properties of the
Fe2TiO5 electrode were first investigated by measuring the
photocurrent generated for sulfite oxidation in 1 M NaOH

containing 1 M Na2SO3 sulfite (Figure 4a). Sulfite is a hole
scavenger with extremely fast hole injection kinetics.35

Therefore, the loss of surface-reaching holes to surface
recombination can be assumed to be negligible during sulfite
oxidation. As a result, the photocurrent measurement for sulfite
oxidation can generally allow us to estimate the number of
surface-reaching holes and the photoelectrochemical properties
of a photoanode that are not affected by its poor water
oxidation kinetics.35 The Fe2TiO5 electrode generated anodic
photocurrent under illumination, confirming that it is n-type
and can serve as a photoanode. The photocurrent onset
potential was 0.58 V versus RHE, and the photocurrent density
at 1.23 V versus RHE was 0.35 mA/cm2.
We note that the annealing process used in this study was

composed of two steps. The first step was to anneal at 650 °C
for 1 h in air, and the second step was to microwave anneal for
2 min 30 s using a packed graphite powder susceptor. Without
the additional microwave annealing, the photocurrent at 1.23 V
versus RHE was only 0.26 mA/cm2. The use of microwave
annealing for the preparation of Fe2TiO5 has been reported in
previous studies.18,21,36 However, because these studies did not
directly compare photoelectrochemical properties with and
without microwave annealing, the exact effect of microwave
annealing on the photoelectrochemical properties of Fe2TiO5
was not elucidated. Thus, we conducted a further investigation
to identify the reasons why microwave annealing enhances the
photocurrent of Fe2TiO5.
The SEM images, XRD patterns, and UV−vis spectra of

Fe2TiO5 before and after microwave annealing showed that the
microwave annealing did not change the morphology,
crystallinity, or photon absorption of Fe2TiO5 (Figure S6).
However, Mott−Schottky plots show that the microwave
annealing increased the carrier density and shifted the flatband
potential slightly to the negative direction, judging from a
decrease in the slopes and a shift of the x-intercepts to the
negative direction, respectively (Figure 4b,c).35 These results
indicate an increase in carrier density during the microwave
annealing, which improved the majority carrier charge-
transport properties, reducing bulk electron−hole recombina-
tion in Fe2TiO5. The most common defect that can serve as a
donor in n-type oxides when no extrinsic impurity is
intentionally introduced is the oxygen vacancy. However, it
is unlikely that microwave annealing in air can increase the
amount of oxygen vacancies in Fe2TiO5. Thus, the most
plausible explanation for the observed change is that Sn4+ from
the FTO substrate migrates into Fe2TiO5 and serves as an
electron donor. In fact, when graphite is used as a susceptor
during microwave annealing as in our microwave annealing
process, it is known that the temperature of the sample can
increase up to 750 °C.37 Also, it was previously reported that
when Fe2O3 films on an FTO substrate were annealed at
temperatures of 750−800 °C or microwave annealed, Sn4+

from FTO diffused into the Fe2O3 lattice, forming Sn-doped
Fe2O3,

38−41 which resulted in an increase in photocurrent
generation.
We investigated whether the presence of Sn in Fe2TiO5 after

microwave annealing could be detected by X-ray photoelectron
spectroscopy (XPS). Unfortunately, the Sn XPS spectrum of
Fe2TiO5 showed Sn 3d peaks even before the microwave
annealing because the Fe2TiO5 electrode used in this study is
porous and some of the bare FTO substrate remains exposed.
This made it difficult to differentiate the Sn peaks originating
from Sn incorporated into the Fe2TiO5 electrode from those

Scheme 1. Reaction Pathways of (a) Ti−Catechol and (b)
Fe−Catechol Complexesa

aWater molecules (or hydroxides) that are coordinated to Ti4+ or Fe3+

were omitted for simplicity.

Figure 2. Schematic diagram for the preparation of Fe2TiO5 on an
FTO substrate by the oxidation of metal−catechol complexes.
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originating from the FTO substrate. In order to resolve this
issue, the synthesis conditions were modified to prepare a
thicker and denser Fe2TiO5 electrode (Figure S7a) so that the
Sn peaks from the FTO substrate would be negligible (Figure
5a). The photocurrent generated from the resulting thicker
Fe2TiO5 electrode was lower than that of the original electrode
(Figure S7b) because the severe bulk recombination, which is a
known issue for Fe2TiO5,

8,17 outweighed the increased photon
absorption of the thicker film. Because the thickness of the

original film was optimized to maximize the photocurrent
generation, a further increase in thickness resulted in decreased
photocurrent. Nonetheless, after the microwave annealing, the
thicker film also showed an increase in photocurrent
generation (Figure S7b), meaning that these thicker films
show the same phenomenon that was observed in the original
film and can therefore be used to elucidate the cause of
photocurrent enhancement in the microwave-annealed films.
The XPS analysis of the thicker film showed that the

intensity of the Sn 3d5/2 peaks gradually increased with the
microwave annealing time (Figure 5a). As XPS is a surface
technique and can detect Sn present only at the surface, this
result clearly confirms that Sn4+ from the underlying FTO
substrate can diffuse through the entire Fe2TiO5 electrode. We
also found that while the positions of the Fe 2p peaks agree
well with those expected for Fe3+, upon incorporation of Sn4+,
a satellite peak appeared at a binding energy of 716 eV, which
is indicative of the presence of Fe2+ (Figure 5b).38,42,43 Unlike
the Fe 2p spectra, the Ti 2p spectra showed no changes upon
microwave annealing (Figure 5c). These results suggest that
the extra electrons gained from Sn4+ doping are localized on
Fe3+ atoms forming Fe2+ ions. This postulation is confirmed by
the DFT calculations discussed later in the Computational
Study section.
As discussed above, because of the severe bulk recombina-

tion in Fe2TiO5, increasing film thickness could not further
increase photocurrent. Unfortunately, the photon absorption
achieved by a thin Fe2TiO5 film was not considerable, as
shown in Figure 3e. One way to further increase the
absorbance of Fe2TiO5 without creating more bulk recombi-
nation is to stack multiple thin films whose individual thickness
was optimized for maximum photocurrent generation.44 The
absorbance and photocurrent of four films stacked in parallel
are shown in Figure 6a,b, where the absorbance at 400 nm was
increased from 0.17 to 0.39 and the photocurrent for sulfite
oxidation at 1.23 V versus RHE was increased from 0.35 to
0.85 mA/cm2. After stacking four films, more films did not
result in any additional increase in absorbance or photocurrent
because the combined absorption, reflection, and scattering of
four films made the intensity of the transmitted light from the

Figure 3. Top-view SEM images of (a) as-deposited Ti/Fe−catechol polymer films and (b) Fe2TiO5 films obtained after annealing; (c) side-view
SEM image of the Fe2TiO5 film; (d) XRD pattern and (e) UV−vis absorption spectrum of the Fe2TiO5 film. The inset in (e) shows the Tauc plot
for the determination of an indirect band gap of the Fe2TiO5 film.

Figure 4. (a) J−V plot for sulfite oxidation before (black) and after
(blue) microwave annealing. The blue dashed line corresponds to the
dark current of the microwave-annealed Fe2TiO5 film. The photo-
current was measured in 1 M NaOH containing 1 M Na2SO3 (pH
13.6) (AM 1.5 G, 100 mW/cm2 illumination). Mott−Schottky plots
(b) before and (c) after microwave annealing measured in 1 M
NaOH (pH 13.6) using multiple frequencies (0.5−2 kHz).
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fourth film negligible. The J−t plots of a single Fe2TiO5
photoanode and up to four stacked photoanodes confirmed
the chemical and photoelectrochemical stability of Fe2TiO5 in
1 M NaOH containing Na2SO3 (Figure 6c).
Last, photoelectrochemical water oxidation by the Fe2TiO5

electrodes was also examined (Figure 7a). When used without
an OEC, the photocurrent generated by Fe2TiO5 for water
oxidation was approximately 50% of the photocurrent
generated for sulfite oxidation. However, when Ni2FeOx was
added on the Fe2TiO5 surface as an OEC, the photocurrent for
water oxidation increased to ∼80% of the photocurrent
generated for sulfite oxidation. The J−t plot at 1.23 V versus
RHE showed stable photocurrent generation, demonstrating
the photoelectrochemical stability of the Ni2FeOx-modified
Fe2TiO5 electrode during water oxidation in 1 M NaOH
solution (Figure 7b).
3.2. Computational Study. 3.2.1. Small Polaron

Formation. Because of strong electron−phonon interactions,
carriers in many transition metal oxides are trapped by their
self-induced lattice distortions, forming small polarons.45

These small electron polarons are important in understanding
the charge-transport properties of oxide photoanodes because
charge transport in these photoanodes occurs via a thermally
activated polaron hopping mechanism.46 However, prior to
this work, the formation of small electron polarons in Fe2TiO5
had not been investigated. Thus, we first investigated the
formation of small electron polarons in Fe2TiO5 by introducing
an extra electron into pristine Fe2TiO5.
When an extra electron was introduced into the neutral

pristine Fe2TiO5 structure, we found that this excess charge
localizes on an Fe site and forms a small electron polaron,
lowering the oxidation state of the Fe from Fe3+ to Fe2+. In the
pristine Fe2TiO5, the Fe3+ site is octahedrally coordinated,
resulting in the Oh crystal field splitting of 3d5 states. The d
electrons occupy both the eg and t2g states with a high-spin

configuration. The newly added electron thus occupies a lower
energy t2g state with the opposite spin. The norm-squared

Figure 5. (a) Sn 3d5/2, (b) Fe 2p, and (c) Ti 2p XPS spectra of the thicker Fe2TiO5 electrode prepared with different microwave annealing times: 0
min (black), 2 min 30 s (blue), and 5 min (red).

Figure 6. (a) UV−vis absorbance of the single (black), two-stacked (red), three-stacked (blue), and four-stacked (green) Fe2TiO5 electrodes; (b)
J−V plots and (c) J−t plots at 1.23 V vs RHE measured in 1 M NaOH containing 1 M Na2SO3 (pH 13.6). All measurements were obtained with
AM 1.5 G, 100 mW/cm2 illumination.

Figure 7. (a) J−V plots for sulfite oxidation by Fe2TiO5 (blue) and
water oxidation by Fe2TiO5 (black) and Fe2TiO5/Ni2FeOx (red). The
red dashed line along the x-axis corresponds to the dark current for
water oxidation by Fe2TiO5/Ni2FeOx. (b) J−t plots for water
oxidation by the Fe2TiO5/Ni2FeOx electrode at 1.23 V vs RHE.
The electrolyte was 1 M NaOH (pH 13.6). 1 M Na2SO3 was added
for sulfite oxidation. All measurements were obtained with AM 1.5 G,
100 mW/cm2 illumination.
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polaron wavefunction consistent with the t2g symmetry (dxz) is
shown in Figure 8a.
PDOS of Fe2TiO5 before and after the addition of the extra

electron are shown in Figure 8b. After the addition of the extra
electron, the polaron state formed at 1.00 eV below the CBM.
This polaron state is mainly composed of the Fe t2g character
(Figure 8a). There is also a perturbed valence state formed
0.40 eV above the valence band maximum (VBM), which is
generated by the formation of Fe2+ perturbing the valence
states. This state has both Fe 3d (eg) and O 2p character. The
norm-squared wavefunction of the perturbed valence state is
shown in Figure S8a.
3.2.2. Electronic Structure of Sn-Doped Fe2TiO5. Because

our experimental results indicated that Sn doping caused by
the microwave annealing is responsible for the increase in the
carrier density of Fe2TiO5, we investigated the effect of Sn
doping on Fe2TiO5 in our Computational Study. We note that
substitutional doping of Sn at the Ti site cannot change the
carrier concentration in Fe2TiO5, as Sn4+ and Ti4+ have the
same charge. However, the substitution of Sn for Fe in the
Fe2TiO5 lattice results in the introduction of an extra electron

into the system because the oxidation state of Sn4+ is higher
than the native Fe3+ site it substitutes. Our computational
result shows that the extra electron from a single Sn dopant at
the Fe site spontaneously forms a small electron polaron on the
nearest Fe site, as shown in Figure 9a. We found that the
electron polaron state caused by Sn doping is very similar to
that caused by adding one extra electron to pristine Fe2TiO5 in
terms of both energy level (1.00 eV below the CBM) and
contributing orbitals [mainly, Fe 3d (t2g)] (Figure 9a,b). Sn
doping also resulted in the formation of a perturbed valence
state at 0.47 eV above the VBM because of the formation of
Fe2+ (Figure 9b). As in the case of adding one extra electron to
pristine Fe2TiO5, this perturbed state mainly possesses Fe 3d
(eg) and O 2p character (Figure S8b).
In order to examine whether the formation of these states by

Sn doping affects photon absorption of Fe2TiO5, we simulated
and compared absorption spectra of pristine and Sn-doped
Fe2TiO5 (Figure S9). We did not include the effects of
excitons in this calculation because they do not change
significantly upon doping in most transition-metal oxides.47−49

The simulated absorption shows small anisotropy after Sn

Figure 8. (a) Norm-squared wavefunction for the spin-down electron polaron (blue cloud) shown as an isosurface in the Fe2TiO5 lattice (green =
Ti, purple = Fe, and red = O). Isosurface value is 3% of the maximum amplitude of the wavefunction; (b) PDOS of Fe2TiO5 before (left) and after
(right) a single electron polaron is introduced in a 96-atom supercell.

Figure 9. (a) Norm-squared wavefunction of the electron polaron (blue cloud) formed in Fe2TiO5 with a single Sn dopant introduced into a 96-
atom supercell (green = Ti, purple = Fe, turquoise blue = Sn, and red = O). Isosurface value is 3% of the maximum amplitude of the wavefunction;
(b) PDOS for Sn-doped Fe2TiO5; (c) charge FE diagram of Sn in Fe2TiO5.
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doping. While the absorption along the (100) and (001)
directions is nearly the same as that of the pristine Fe2TiO5,
the absorption along the (010) direction shows a small peak
around 1.5 eV, which is due to the perturbed valence state
formed after doping. The fact that no noticeable change in the
UV−vis spectrum was observed experimentally upon Sn
doping (Figure S6c) suggests that the amount of exper-
imentally achieved Sn doping is less than the amount simulated
in the Computational Study. The simulated amount was 4.2 at.
% Sn at the Fe site, which corresponds to replacing a single Fe
atom with a Sn atom in the 96-atom supercell and was the
smallest doping amount achievable for the selected cell.
3.2.3. Sn as a Shallow Donor in Fe2TiO5. To examine the

effects of the Sn dopant on carrier concentration in Fe2TiO5,
we considered the charge formation energy (FE) of Sn on an
Fe site in the Fe2TiO5 system as follows.

∑ε μ ε[ ] = − + Δ + + ΔE E N qFEq q
i

i i qF pst F

where FEq is the FE of the Sn dopant at charge q, Eq is the total
energy of the defect system with charge q, Epst is the total
energy of the pristine system, ΔNi is the change in the number
of atoms of species i with chemical potential μi, εF is the Fermi
energy, and Δq is the charged defect correction as
implemented in JDFTx31 in order to remove the spurious
interactions of the charged defect with its periodic images and
with the uniform compensating background charge.30 The
value of the Fermi energy at which the system undergoes a
transition of charge state q to q′ defines the charge transition
level εq|q′

ε
ε ε

=
[ ] − [ ]

′ −
| ′ ′E E

q q
q q q q
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F
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For a semiconductor in which the majority carriers are
transported through the conduction band, the ionization
energy of a donor is defined as the energy difference between
its charge transition level and the CBM. Using this definition,
the ionization energy of a Sn dopant is ∼0.58 eV and,
therefore, the Sn dopant would be considered a deep donor.
However, for an oxide semiconductor in which the charge
transport involves polaron formation and polaron hopping, the
ionization energy of a defect-bound polaron is determined by
the energy difference between the charge transition level of the
dopant and the energy level of an unbound free polaron (i.e., a
polaron far from the defect) in the pristine system.29,50−52 This
free polaron level is defined by the Fermi level corresponding
to the ε0|−1 transition in the pristine system with a single
polaron. The free polaron level is shown as a gray line, and the
ε+1|0 transition of the Sn dopant in the Sn-doped Fe2TiO5
system is shown as a red dot in Figure 9c. The ionization
energy of a defect-bound polaron in Sn-doped Fe2TiO5 was
determined to be ∼0.17 eV. This energy is several multiples of
kT at room temperature (26 meV); therefore, Sn doping can
increase the carrier concentration. This clarifies the role of the
Sn dopant in enhancing the majority carrier concentration of
Fe2TiO5 and is consistent with our experimental findings.

4. CONCLUSIONS
In summary, we demonstrated the electrochemical oxidation of
catechol as a new synthesis strategy to prepare high-quality
multinary oxide films using Fe2TiO5 as an example. A plating
solution containing both Ti−catechol and Fe−catechol

complexes was used, and coprecipitation of Ti/Fe−catechol
complexes on the WE was achieved via the oxidation of a
fraction of the catechol ligands that solubilized Ti4+ and Fe3+

ions. The resulting films were annealed to form crystalline
Fe2TiO5 photoanodes, and their photoelectrochemical proper-
ties were investigated for sulfite oxidation and water oxidation.
It was discovered that during microwave annealing, Sn4+ from
the FTO substrate diffused into the Fe2TiO5 lattice and
increased the majority carrier density, resulting in an increase
in photocurrent generation.
In order to investigate small electron polaron formation and

the effect of Sn doping on the electronic band structure of
Fe2TiO5, we performed a computational investigation on
Fe2TiO5. Our results showed that an extra electron introduced
in the Fe2TiO5 lattice forms a small electron polaron localized
at the Fe site, decreasing the oxidation state of Fe from +3 to
+2. We found that when the Fe3+ site of Fe2TiO5 is
substitutionally doped with Sn4+, the extra electron gained
from Sn doping also localizes at the Fe site, forming a small
electron polaron. This result agreed well with the experimental
XPS result that Sn4+ doping results in the formation of Fe2+ in
Fe2TiO5. To examine the effects of the Sn dopant on carrier
concentration in Fe2TiO5, the ionization energy of a defect-
bound polaron was examined. The result showed that Sn
dopants at the Fe sites can serve as donors and increase the
majority carrier density at room temperature. The combined
experimental and computational results clearly explained the
effect of Sn doping caused by the microwave annealing and
offered a significantly enhanced understanding of Fe2TiO5 as a
photoanode.
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