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ABSTRACT: Water splitting in photoelectrochemical cells is a promising technology to produce solar hydrogen. Fe,TiOs pseu-
dobrookite with a bandgap of around 2 eV absorbs the predominant visible range of the solar spectrum and is emerging as a
promising photoanode for such cells. Herein, we present Fe:TiOs pseudobrookite-based films prepared by aerosol-assisted
chemical vapor deposition and the positive impact of Zn?* doping in their formation and performance. Undoped and Zn?*-
doped Fe:TiOs pseudobrookite-based photoanodes were characterized by techniques such as XRD, XPS, UPS and Mott-
Schottky analysis. We find that the Zn?* ions are preferentially incorporated in the pseudobrookite phase over a present sec-
ondary hematite (a-Fe203) phase. The Zn2* doping modifies the electronic properties of the films, increases their charge car-
rier concentration and upshifts their Fermi level, significantly improving their anodic photocurrent response by a factor of
three. In addition, charge transfer efficiency calculations reveal that Zn?* doping improves both charge separation and injec-
tion efficiencies, overall demonstrating a promising approach for the design of enhanced pseudobrookite-based photoanodes.

INTRODUCTION

A recent report by the Intergovernmental Panel on Cli-
mate Change (IPCC) highlighted the urgent need for chang-
ing our current energy portfolio, which is highly based on
fossil fuels, to a more sustainable one where solar energy
plays a key role.! Solar energy is abundant, reaching the
Earth’s surface at approximately 3.4 x 1024 ] per year, but
there is still a need to develop technologies such as photoe-
lectrochemical (PEC) water splitting to store this intermit-
tent energy in the form of chemical bonds, known as solar
fuels.2 Since its first discovery in 1972 by Fujishima and
Honda on TiOz photoanodes3 other types of materials such
as Fe203, W03, BiVO4, TaON, GaP and TasNs have been inves-
tigated.*> Metal oxides are the most promising type of ma-
terials owing to its semiconductor nature and good chemi-
cal stability in aqueous solutions. However, their reported
efficiencies are still low and far from commercialization.
The lack of existing materials able to meet the requirements
for PEC applications is triggering the research community
to look for unique material combinations and architectures
that would satisfy the challenging requirements of PEC.
Nanostructuring, doping, electrocatalyst loading, building
heterostructures or combining molecular catalysts with
semiconductors are among the most innovative approaches
to improve PEC performances.6-8

Among the various light-harvesting materials used in PEC
devices, iron titanate pseudobrookite (FezTiOs), a hybrid of
Fe203 and TiO; with Fe-O-Ti bonds, is a promising n-type
semiconductor with a bandgap of 1.9-2.1 eV and abundant
metal sources.?10 Although a promising material at a glance,
its development has been hindered by its difficulty to syn-
thesize and the lack of knowledge of its properties.

In 2014, Courtin et al. developed a sol-gel synthesis and a
dip coating process, reporting for the first time the Fe2TiOs
phase in thin films.!! Up to three different phases were iden-
tified in the final films — anatase (TiO2), hematite (a-Fe203)
and Fe,TiOs pseudobrookite— and their relative amounts
depended on the ratio of Fe:Ti used in the precursors. Alter-
natively, Bassi et al. synthesized a pure phase of Fe,TiOs us-
ing a solvothermal method and demonstrated its conduc-
tion and valence band edge positions were suitable for wa-
ter splitting applications.!? Very recently, Bassi et al. also re-
ported for the first time Fe2TiOs photoanodes grown by
pulsed laser deposition.'2 Lee et al. reported a novel electro-
chemical method based on the use of metal-catechol com-
plexes for the fabrication of pure Fe.TiOs photoanodes.!3
Kuang et al. reported an electrospray technique for the
preparation of Fe2TiOs photoanodes and posteriorly modi-
fied them by surface state passivation with Al3* and by
FeOOH decoration, showing both approaches were effective
in increasing the resulting photocurrent density values to
0.52 mA cm? at +1.23 Vrue.'* Similarly, Wang et al. carried
out a F-surface treatment of Fe:TiOs and increased photo-
current density values due to formation of Ti-F facilitating
hole transfer to the electrolyte.>

The multi-step deposition of thin layers of Fe,TiOs on top
of TiOz or a-Fe203 has also been researched. In 2014 Liu et
al. reported the synthesis of Fe2TiOs and a CoOx catalyst on
top of aligned TiO: nanotubes grown by electrochemical
deposition.!¢ This increased the incident-photon-to-current
efficiency at 400 nm and +1.23 Vrue from 5 to 40 %, showing
this staggered structure can result in anisotropic charge
carrier transport and reduced charge carrier transfer re-
sistance.!6 Similarly, a second deposition of a thin layer of
Fe2TiOs on a-Fe203 photoanodes also successfully enhanced



the IPCE of pristine a-Fe203 photoanodes due to improved
charge transfer.17-19

Aerosol-assisted chemical vapor deposition (AACVD) is a
deposition technique that has gained great interest in the
fabrication of thin films for PEC applications mainly because
it can produce large-area robust films with good reproduci-
bility and relatively low processing cost, which would help
in the fabrication of a large-scale PEC device.20-22

In this publication, we report the AACVD of Fe:TiOs pseu-
dobrookite-based films and the impact of Zn doping. We
have designed a stable precursor solution enabling the com-
position of titanium (IV) isopropoxide, iron (III) acety-
lacetonate and zinc acetate dihydrate in a single solution
mixture with ethyl acetate and methanol as solvents. From
this precursor solution, we demonstrate the deposition of a
homogeneous coating on a large substrate area (length of
20 cm) from a single aerosol outlet. X-ray diffraction of the
deposited films reveals that Zn?* doping boosts the for-
mation of the Fe:TiOs pseudobrookite phase. Moreover,
Zn2* jons preferentially occupy the Fe:TiOs pseudobrookite
phase over an existing a-Fez03 secondary phase. Character-
ization techniques such as X-ray photoelectron spectros-
copy, electrochemical impedance spectroscopy and ultravi-
olet photoelectron spectroscopy reveal that the addition of
Zn2* significantly modifies the electronic properties of the
films, by upshifting the Fermi level (Er) and enhancing the
electron carrier density (N4). When these films are studied
as photoanodes in PEC cells, the Zn?* doping contributes to
an overall enhancement of both the charge separation and
injection efficiencies, which triples their photocurrent den-
sity response under simulated sunlight. These results em-
phasize the importance of tuning the electronic properties
of Fe;TiOs pseudobrookite with dopants to realize its poten-
tial.

EXPERIMENTAL
Materials

Titanium (IV) isopropoxide, iron (III) acetylacetonate, zinc ace-
tate dihydrate, ethyl acetate and methanol were used as received
from Sigma Aldrich. Fluorine doped tin oxide (FTO) coated glass
(TEC 7) was provided by Pilkington and cut in 2.5 cm-wide and 30
cm-long substrates, for their use in the AACVD system. These sub-
strates were cleaned ultrasonically with a soap solution (10 vol%
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Triton X-100), ethanol and deionized water and finally dried with
compressed air.

Preparation of Thin Films

All photoanodes were prepared using AACVD on FTO-coated
glass and named after their constituent elements (e.g. Fe-Ti-O-Zn
and Fe-Ti-0). The aerosol droplets were generated using a TSI
Model 3076 Constant Output atomizer using argon as a carrier gas
(Figure 1) with the following precursor solutions.2324 For Fe-Ti-O
films, titanium (IV) isopropoxide (1.478 mL, 5.0 mmol) was dis-
solved in 10 mL of methanol and mixed together with a solution of
iron (III) acetylacetonate (3.531 g, 10 mmol) in 100 mL of ethyl ac-
etate. For Fe-Ti-O-Zn films, zinc acetate dihydrate (0.0549 g, 0.25
mmol) was added to the previous iron and titanium solution, cor-
responding to a molar percentage of 2.5% compared to Fe. As con-
trol experiments, Fe-0 and Fe-0-Zn films were also prepared by re-
moving the titanium precursor from the solution but keeping the
same stoichiometric and volumetric ratio of precursors and sol-
vents. All samples were deposited for 1 h at 450 °C. The obtained
films were annealed in air in two steps: at 500 °C for 12 h and at
650 °C for 2 h. The heating rate was 10 °C min-1. Other Zn concen-
trations and deposition times were also tried, but either lower per-
formance or phase segregation was obtained; the conditions de-
scribed here are therefore optimized.

Characterization

X-ray diffraction (XRD) patterns were collected from 10 to 60°
(20) using a Bruker D8 diffractometer with Cu Ka (0.15406 nm) ra-
diation. Measurements were carried out in a grazing incidence ge-
ometry (incidence angle = 0.5°). The coherent diffraction domain
sizes of Fe2TiOs were calculated using the Scherrer equation at the
020 and 110 peaks, respectively. Raman spectroscopy was per-
formed with a Renishaw inVia system using a 532 nm diode-
pumped solid-state laser (DPSS) manufactured by Cobolt™. A 50x
long distance objective was used to focus the laser beam onto the
sample. UV-Vis absorption measurements were carried out in a
Lambda 950 spectrometer (Perkin Elmer) with an integrating
sphere (150 mm). Diffuse-reflectance UV-Vis measurements were
performed in an Agilent Cary 100 spectrophotometer. Field-emis-
sion scanning electron microscopy micrographs (FE-SEM) were ac-
quired using a LEO/Zeiss Gemini Sigma300 instrument with a
Thermo Fisher energy dispersive X-ray (EDX) detector. EDX was
performed with an acceleration voltage of 15 kV. X-ray photoelec-
tron spectroscopy (XPS) was performed with a monochromatic Al
Ka X-ray source (1486.74 eV, Specs Focus 500 monochromator).
Adventitious C 1s was used for internal charge correction. Ultravi-
olet photoelectron spectroscopy (UPS) was carried out with an He
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Figure 1. Schematic AA-CVD set-up used in the preparation of all photoanodes.



I source (E = 21.218 eV) in the same system. A hemispherical ana-
lyzer (Specs Phoibos 100) was used for both XPS and UPS meas-
urements. The base pressure of the system was ~10-9 mbar.

PEC measurements

PEC performance of photoanodes was measured under simu-
lated solar light using a WACOM Super Solar Simulator (Model
WXS-505-5H, AM 1.5, Class AAA) and an EG&G Princeton Applied
Research Potentiostat/Galvanostat (Model 273A). PEC cells were
prepared using a three-electrode configuration with Pt as the coun-
ter electrode, a silver chloride reference electrode (Ag/AgCl-refer-
ence electrode, saturated KCl, XR300, Radiometer Analytical,
E4g/agci=0.197 Vrug) and the prepared photoanodes as the working
electrode. Illumination was directed from the back of the pho-
toanode via the FTO-coated glass substrate. An aqueous solution of
NaOH (1 mol L1, pH=13.6) was used as the electrolyte. All the
measured potentials (Eag/agci) were converted to RHE potentials
(EruEe) using the Nernst equation. Current-voltage curves for charge
injection and charge separation efficiencies were recorded using
the above-mentioned configuration, but with the addition of 10%
(v/v) of H202 as a hole scavenger in the aqueous NaOH electrolyte.
Charge injection efficiencies were calculated using the following
equation:

Ninj = 7 Jphoto (NaOH) (1)
photo (NaOH+H202)
and charge separation efficiencies were calculated using Equation
2:

Neep = Jphoto (I;zzszwaom (2)
where jphoto(Naor) and jphoto(NaoH+H202) are the measured photocurrent
density values in the aqueous NaOH and NaOH & H:0: electrolytes,
respectively. jabs is the theoretical maximum photocurrent density
obtained when all the absorbed photons are converted into current
density and it is calculated by integrating the absorptance spectra
with the standard AM 1.5G spectrum.19.25

Incident-photon-to-current efficiency (IPCE) measurements
were performed using a Xe lamp (LOT, LSH302), an Acton Research
monochromator (Spectra Pro 2155) and an electronic shutter
(Uniblitz LS6). The intensity of the monochromatic light arriving at
the film under back-side illumination was measured with a cali-
brated photodiode (PD300R-UV, Ophir) with an FTO-glass sub-
strate placed in front, in the same position of the working elec-
trode, inside the PEC cell with the quartz window and electrolyte
removed. The IPCE was calculated using the equation below:
|j(ma cm™2)| x 1239.8 (V nm)

Pmono(mMW cm=2)x A (nm)

IPCE (1) =

(3)

where j is the photocurrent density measured under monochro-
matic light of wavelength A and Pmono is the incident irradiation
power density. Absorbed-photon-to-current efficiency (APCE) was
calculated according to:

APCE () = IPCE(A)

To10-AD (4)
where A(2) is the absorbance measured at a wavelength A.

Applied-bias photon-to-current efficiency (ABPCE) | was calcu-
lated using Equation 5.26

] EHZO/UZ—Eam,
ABPCE = j, |=——,—"" x 100 (5)

where jp is the photocurrent density (mA cm-2), EH20/02 js the stand-
ard reversible potential for water oxidation (+1.23 Vrug), Eapp is the
applied potential and Pi» is the power density of the incident light
(mW cm-2).

PEC impedance spectroscopy (PEIS) was carried out under sim-
ulated solar light (AM 1.5G, 100 mWcm-2) at +1.23 Vrug, and at a
frequency range of 105-0.1 Hz with an amplitude of 10 mV.

Electrochemical impedance spectroscopy (EIS) measurements
in the dark were also measured to obtain Mott-Schottky plots.

These measurements were performed at a fixed frequency (100
Hz). The following equation was used:
1 2 KpT

= [ (B — Emp) - 27 (6)

C%2  Ngegge e

where C is the semiconductor depletion layer capacitance, N4 the
electron carrier density, e the elementary charge value, g, the per-
mittivity of the vacuum, ¢ the relative permittivity of the semicon-
ductor, Es the applied potential, Er» the flat band potential, and
[KeT/e] a temperature-dependent correction term. Np was ob-
tained from the slope of the Mott-Schottky plots, where € is 100 for
Fe2TiOs,10and [d(1/C?)/d(Es)]is the inverse of the slope obtained
from the Mott-Schottky plot.

RESULTS AND DISCUSSION

Fe-Ti-O and Fe-Ti-O-Zn films were grown using AACVD and
a homogenous film coverage was obtained across ca. 20 cm-
long pieces of the FTO-coated glass substrates (Figure S1t).
As-deposited films are black in color due to carbon residues
coming from the solvent and chemical precursors used (Fig-
ure S1t) and they are also amorphous (see for example Fe-
Ti-O films in Figure S27). After annealing them in air at 500
°C and subsequently at 650 °C crystalline films are obtained.
Figure 2a shows their XRD patterns. Fe-Ti-O shows the
characteristic diffraction peaks of Fe:TiOs pseudobrookite
(JCPDS 009-0182) along with some diffraction peaks of a-
Fe203 (JCPDS 006-0502) and TiOz rutile (diffraction peak at
27.6°, JCPDS 88-1173). A broad peak at 2 8 = 56° corre-
sponding to Fe17Tio2303 is also present.2” The main diffrac-
tion peaksat 2 0~ 18, 25.5,32.7 and 41.1° correspond to the
020, 110, 023 and 042 XRD peak positions of Fe:TiOs pseu-
dobrookite, respectively. Incorporation of Zn?* for Fe-Ti-O-
Zn samples leads to more intense pseudobrookite phase
peaks, narrower o-Fe203 diffraction peaks, and the disap-
pearance of the TiO: rutile and Fe17Tio2303 diffraction
peaks. No diffraction peaks corresponding to ZnO or
ZnFe;04 are observed for Fe-Ti-O-Zn films, suggesting that
Zn2* is either homogeneously dissolved in the solid, accu-
mulated in amorphous regions, or the amount is too small
to be detected by XRD. Figure 2b shows the close-up of the
110 diffraction peaks for Fe,TiOs and Figure 2c the 104 and
110 diffraction peaks for a-Fez0s, obtained from the Fe-Ti-
0 and Fe-Ti-0-Zn films. Interestingly, the addition of Zn2*
shifted the 110 Fe:TiOs diffraction peak from 25.54 to
25.31°,but did not shift the 104 nor the 110 diffraction peak
of a-Fe203, revealing the incorporation of Zn?* in the crystal
lattice happens mainly in the pseudobrookite phase. The
110 pseudobrookite peak (Figure 2b) can be deconvoluted
in two peaks at 25.4 and 25.6° belonging to two pseudo-
brookite phases of slightly different compositions (Fe1+Tiz-
x0s (0 < x < 1)). With the Zn?* incorporation, the intensity of
the lower-incidence-angle peaks are enhanced whilst the
larger-incidence-angle peaks almost vanish.

The lattice parameters calculated from the XRD patterns
are shown in Table 1. Lattice parameters varied remarka-
bly. Considering an orthorhombic compound that crystal-
lizes in the space group Cmcm as known for pseudobrookite
films, the addition of Zn?* leads to an increase of the a and b
lattice parameters but a shrinkage of the c axis value. The
change of the lattice constants in Fe-Ti-O and Fe-Ti-O-Zn
systems can be explained by a higher degree of cation dis-
order in the pseudobrookite crystal structure after intro-
ducing Zn?* cations.282° From a structural point of view,
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Figure 2. (a) XRD patterns of Fe-Ti-0-Zn and Fe-Ti-O. Yellow dot: FezTiOs, red dot: a-Fe203, blue dot: TiOz rutile, pink dot: Fe1.7Ti0.2303
and black dot: FTO. (b) Close-up XRD diffraction profile of the (b) Fe2TiOs pseudobrookite 110 peak and of the (c) a-Fe203 104 and

110 peaks for Fe-Ti-O samples.

those lattice changes are correlated with variations in the
cation (Fe, Ti)-oxygen bond length of corner-sharing coor-
dination octahedra in the pseudobrookite lattice.3 These
distortions are caused by the differences in ionic radii be-
tween Zn?* (0.74 A) and that of Ti** (0.605 A) as well as Fe3*
(0.79 &) and also Fe2* (0.92 A) and Ti3* (0.81 A) that are ev-
idently existing within these films (see XPS results be-
low).3132 [n addition, the similarity of our calculated a and b
lattice parameters for the Fe-Ti-O-Zn film with those re-
ported by Miiller-Buschbaum for a titanium-rich pseudo-
brookite (a=3.756 A and bh=9.812 A) suggests a titanium-
rich composition (small x in Fe1:xTi2x0s) in the samples.33
Conversely, our calculated a and b values for the Fe-Ti-O
sample suggest an iron rich pseudobrookite (x approaching
1 in Fe1.xTi2x0s5).3* However, compositional gradients in the
pseudobrookite parts of the films cannot be excluded. In ad-
dition, Fe-Ti-O-Zn exhibits a higher cell volume (365.4 A3)
when compared with Fe-Ti-0 (363.5 A3). This indicates that
Zn2* ions are most likely occupying interstitial positions in
the Fe.TiOs lattice. 3536

The coherent crystal domain sizes calculated from the
020 diffraction peak of Fe:TiOs in Fe-Ti-O and Fe-Ti-O-Zn

Table 1. Calculated lattice parameters.

o o g Volume
Sample a (A) b (A) c(A) (A%
aFe-Ti-0 3.729 9.801 9.946 363.5
aFe-Ti-0-Zn 3.763 9.824 9.884 365.4

a Lattice parameters calculated considering an orthorhombic

films are ca. 21 nm. Interestingly, the incorporation of Znz*
does not significantly influence the crystallite size.

Raman spectra of Fe-Ti-O and Fe-Ti-O-Zn are shown in
Figure S3*. Bands at 204, 342, 410, 610, 655 and 800 cm!
correspond to the vibrational modes of Fe.TiOs pseudo-
brookite in Fe-Ti-O and Fe-Ti-0-Zn samples.1¢37-39 The main
difference between these two spectra is a change of the in-
tensities of the vibration modes located at 610 and 655 cm-
1, The band at 610 cm-!is of higher intensity in Fe-Ti-O than
in Fe-Ti-0-Zn films, whereas the band at 655 cm- is of lower
intensity in Fe-Ti-O and becomes predominant in Fe-Ti-O-
Zn. The higher intensity of the 655 cm' band in Fe-Ti-O-Zn
is consistent with an increase of the b lattice constant ob-
served in the calculated lattice parameters (Table 1) and
further confirms the increase of cation disorder in Fe-Ti-O-
Zn films when compared with Fe-Ti-O films. Raman bands
ascribed to a-Fe;03 are also observed in Fe-Ti-O and Fe-Ti-
0-Zn films: bands at 223.7 and 494.4 cm'! corresponding to
Aigvibration modes, bands at 243, 290.8, 408.3 and 607.1
cm! corresponding to Eg vibration modes,*%4! and a strong
band at 1310 cm! corresponding to a two-magnon Raman
scattering.*® Therefore, the Raman results confirm the pres-
ence of pseudobrookite and a-Fez0s, as observed by XRD,
and supports cation-disorder characteristics in Fe-Ti-O-Zn
films.

UV-Vis absorptance spectra of photoanodes are shown in
Figure 3. Undoped Fe-Ti-0 exhibits an absorption edge at
~580 nm, whereas the Fe-Ti-0-Zn sample exhibits a red shift
of the absorption edge to ~590 nm. Fe-Ti-O-Zn has higher
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Figure 3. (a) UV-Vis absorptance spectra and (b) Tauc plots
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absorption values in agreement with its darker color (see
inset of Figure 3a). Accordingly, the Fe-Ti-O-Zn sample pos-
sesses a smaller band gap of 2.10 eV, in comparison with
2.13 eV for the undoped Fe-Ti-0 sample (Figure 3b). We at-
tribute the slight decrease in the band gap to the formation
of a shallow state below the CB with the addition of Zn?+.32
Band-gap values around 2.1 eV are consistent with previ-
ously reported band-gap calculations of Fe2TiOs.10

Figure 4 shows the FE-SEM micrographs of the top sur-
face of the photoanodes. Fe-Ti-O and Fe-Ti-O-Zn show a

Figure 4. FE-SEM micrographs of (a) Fe-Ti-O and (b) Fe-Ti-O-Zn.

very fine structure consisting of small particles. The addi-
tion of Zn2* does not significantly modify the final morphol-
ogy of the films. Cross-sectional FE-SEM micrographs (Fig-
ure S41) show that the thickness of the films is ~555 and
~400 nm for Fe-Ti-0 and Fe-Ti-0-Zn films, respectively. No-
ticeably, the incorporation of Zn2* results in the formation
of more compact films.

The composition and chemical state of the film surfaces
were evaluated using XPS analysis. The Zn 2ps,2 high-reso-
lution XPS spectrum of Fe-Ti-O-Zn is shown in Figure 5a
with the main characteristic peak of Zn?+ at 1020.3 eV.42 A
binding energy of 1021.0 eV was previously reported for
heterostructured Zn 2p in ZnFeOs/Fe;TiOs/TiO2 nanotube
arrays, in which ZnFeOs consists of a spinel structure.*3
These differences in binding energies suggest a different lig-
and field coordination for Zn2* in the structure. In the case
of ZnFeO4, a tetrahedral coordination exists whereas in our
Fe-Ti-O-Zn system, an octahedral coordination is ex-
pected.*3 XPS survey spectra show that Fe-Ti-O-Zn contain
0.11 at% of Zn2* on the surface (Figure S5%). The presence
of Zn2* in Fe-Ti-0-Zn is further confirmed by SEM-EDX (Fig-
ure S61).

Ti 2p high-resolution XPS spectra of Fe-Ti-O and Fe-Ti-O-
Zn are shown in Figure 5b and peak positions are listed in
Table 2. Fe-Ti-O sample has the two characteristic peaks of
Ti** corresponding to Ti 2p1/2 and Ti 2ps/2.4* Interestingly,
Fe-Ti-O-Zn shows a shift of 1.3 eV towards lower binding
energies, assigned to a Ti3* oxidation state.** This change of
oxidation state from Ti** to Ti3* is usually accompanied by
the presence of oxygen vacancies in the film to compensate
any charge imbalance introduced into the lattice due to the
addition of Zn?+354546 This indicates that Zn?* ions are most
likely to be occupying Ti** positions or interstitial sites in
the pseudobrookite lattice structure, as also demonstrated
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in the calculated lattice parameters (Table 1) and XRD pat-
terns (Figure 2b,c).32 Figure 5c shows the Fe 2p high-reso-
lution XPS spectra of Fe-Ti-O and Fe-Ti-O-Zn. Both samples
show the characteristic peaks of Fe 2p1/2 and Fe 2ps,2 at ca.
725 and 710 eV, respectively, along with satellite signals at
around 8 eV above the Fe 2ps/2 (peak D, Figure 5c), corre-
sponding to Fe3+.4748 This satellite signal could also corre-
spond to Sn 3ps,2 core level coming from the FTO in the sub-
strate.*® Peak fitting analysis of the Fe 2p XPS spectra shows
that Fe-0-Ti consists only of Fe3* species (peaks A-C, Figure
5c). However, a substantial contribution of Fe?* appears in
the Fe-Ti-O-Zn sample, as demonstrated by the additional
peaks required for the fitting (peaks E and F), assigned to
Fe2* species.®® An Fe2*:Fe3* ratio of 0.2:0.8 is estimated from
the peak areas of the deconvoluted Fe 2ps/2 spectra. The
presence of Fe2* centers in Fe-Ti-O-Zn suggests that Zn?*
might also be occupying octahedrally coordinated sites in
the pseudobrookite lattice. A small shift towards lower
binding energies is also observed in fitted Fe 2p peaks of Fe-
Ti-0-Zn when compared with undoped Fe-Ti-0, as shown in
Table 2. However, this shift is significantly smaller in Fe 2p
spectra than in Ti 2p spectra. We attribute this to band-
bending effects, confirming the formation of a depletion
layer after Zn loading.51-53 The shift observed in the Ti 2p
spectrum for Fe-Ti-O-Zn is, therefore, ascribed to a combi-
nation of band-bending effects, the presence of Ti3* centers
and oxygen vacancies.

Therefore, from XPS along with XRD analysis we suggest

that the pseudobrookite phase in Fe-Ti-0-Zn samples can be
described as Fe2+o2Fe3*0s(Ti3*xTi**1x)20s-s at the surface
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with Zn?* ions occupying cations (Fe or Ti) sites or octahe-
drally coordinated interstitial sites of the pseudobrookite
phase.

The PEC performance of the photoanodes was evaluated
under simulated sunlight for back- and front-side illumina-
tion (Figure 6a and Figure S71, respectively). Back-side illu-
mination measurements show higher PEC performances
when compared with front-side illumination measure-
ments, indicating that electron transport is less efficient
than hole transport in the films and/or a more effective bias
closer to the FTO.54 Based on this, all further measurements
were performed with back-side illumination. The Fe-Ti-O
sample shows a photocurrent density value of 0.2 mA cm-2
at +1.23 Vrug, but the Fe-Ti-O-Zn sample demonstrates a
much higher photocurrent density of 0.6 mA cm2 at +1.23
Vrug, which is an outstanding photocurrent response for an
Fe2TiOs-based system in which Fe,TiOs is the major phase.
We attribute this PEC enhancement to the beneficial effects
of Zn doping in the Fe2TiOs pseudobrookite phase. The inti-
mate contact between the major Fe;TiOs phase and the mi-
nor o-Fe203 phase in both Fe-Ti-O and Fe-Ti-O-Zn samples
forming a type II- band alignment configuration might also
contribute to improve the PEC performance due to charge
separation.'19 As control experiments, j-V curves of films
prepared in the absence of Ti were measured and they
showed poorer PEC performance (pure hematite Fe-O and
Fe-0-Zn films, Figure S8).

Table S1t reports the state of the art of Fe:TiOs-based
photoanodes. Compared with our Fe-Ti-O-Zn samples,

Table 2. Peak positions used to fit Fe 2p and Ti 2p XPS spectra.

Ti 2p (eV) Fe 2p (eV)
Sample 2p3/2 2p1,2 A B C
Fe-Ti-O 458.3 464.0 710.3 712.1 724.6
Fe-Ti-O-Zn 457.0 462.8 710.0 712 724.5
AE 1.3 1.2 0.3 0.1 0.1

AE corresponds to the difference between the undoped sample (Fe-Ti-0) and doped sample (Fe-Ti-O-Zn).
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Figure 6. j-V curves of Fe-Ti-O-Zn and Fe-Ti-O, in (a) 1 mol L1
NaOH (pH=13.6) and (b) 1 mol L1 NaOH + 10 % (v/v) Hz202
(pH=11.9). All measurements were performed under chopped
simulated sunlight (AM 1.5, 1 sun) and back-side illumination.

higher photocurrent performances have only been reported
in systems that required the fabrication of more complex
heterostructures such as the incorporation of metal oxides
underlayers to prevent back electron injection from FTO to
the electrolyte in porous electrodes combined with electro-
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catalysts on the surface for improved water oxidation kinet-
ics. For example, H. Zhang et al. recently reported the high-
est performance to date, reaching photocurrent density val-
ues of 2.08 mA cm? at +1.23 Verue under simulated solar
light.55 The optimized system consisted of a Ga:03 under-
layer and (Ni2CoFe)OOH electrocatalyst on the surface. Pre-
viously, the same author also reported improved perfor-
mance (0.93 mA cm2) on Fe;TiOs systems that also required
the use of a TiOz underlayer and the loading of a FeNiOx elec-
trocatalyst.>¢ Higher performances have also been achieved
in systems where an ultrathin layer of Fe:TiOs has been de-
posited on top of TiOz or Fe203 based photoanodes. How-
ever, in these systems FezTiOs is not the major phase and
hence they are not comparable.16-18

To further investigate the charge transport efficiencies,
the PEC performances of the photoanodes were measured
in the presence of H20: as a hole scavenger (Figure 6b). Un-
der these conditions, photocurrent transients are not ob-
served for all samples since most of the holes reaching the
surface of the sample can be effectively transferred to the
electrolyte to oxidize H20: due to its fast reaction kinetics.
In the presence of H20z, all photocurrent density values are
higher confirming the scavenging effect of H202. Fe-Ti-0-Zn
shows the highest photocurrent density value of 1.1 mA cmr
2 at +1.23 Vrur, which we attribute to the Zn doping of the
Fe2TiOs phase. The Fe-Ti-O sample achieves lower photo-
current density values of 0.3 mA cm2 at +1.23 Vrue. Charge
injection efficiencies were calculated by the division of the
photocurrent densities with and without H20: hole scaven-
ger and the results are shown in Figure 7a.2°> Fe-Ti-0-Zn has
the highest efficiency in the widest bias range, reaching a 60
% plateau beyond +1.35 Vrue. A different trend is observed
for Fe-Ti-0, in which the injection efficiency gradually in-
creases as a function of applied bias without reaching a plat-
eau. These two trends indicate that the applied potential is
sufficient to suppress surface state recombination in the Fe-
Ti-0-Zn sample, but not in the Fe-Ti-0, even at high applied
bias.57 At applied bias above 1.4 Vrue charge injection effi-
ciencies are higher in Fe-Ti-O than Fe-Ti-0-Zn, although the
photocurrent performance (Figure 6a) is much lower at this
potential. Since photocurrent performance depends on both
charge injection and separation efficiencies, this trend sug-
gests that charge separation efficiencies are higher for Fe-
Ti-O-Zn at all the applied bias range studied (see below).
Overall, the better injection efficiency values for Fe-Ti-0O-Zn
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Figure 7. (a) Charge injection and (b) charge separation efficiencies of Fe-Ti-O-Zn and Fe-Ti-O.
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Figure 8. (a) IPCE and (b) APCE spectra of Fe-Ti-0 and Fe-Ti-O-Zn. All measurements were performed in 1 mol L-1 NaOH (pH=13.6) and an applied

potential of +1.23 Vrxe.

indicate either faster water oxidation kinetics or slower
charge recombination at the surface of the photoanodes
compared with Fe-Ti-0.1957.58

The charge separation efficiency describes the ability of
photogenerated holes to avoid bulk recombination and suc-
cessfully reach the surface/electrolyte interface. The calcu-
lated values for the different photoanodes are shown in Fig-
ure 7b and the corresponding juss values are shown in Figure
S9t and Table S2t. Fe-Ti-O-Zn achieves the highest separa-
tion efficiency values at all applied bias. The difference be-
tween Fe-Ti-0-Zn and Fe-Ti-0 is remarkable, indicating that
the incorporation of Zn?* in the Fe;TiOs lattice structure en-
hances bulk charge separation.

Photostability measurement at +1.23 Vrue under simu-
lated sunlight for Fe-Ti-O-Zn is shown in Figure S10t. Like
in the j-V curves, an anodic transient appeared when the
light was turned on and a cathodic transient when the light
was turned off, indicating accumulation and dissipation of
charges under these conditions.>? Discarding the initial 200
s of stabilization, 80 % of the initial photocurrent was re-
tained for 42 min. The photocurrent was recovered when
the light was turned on and off. The observed decrease in
photocurrent density over time in this alkaline electrolyte
is most likely due to photocorrosion at the surface of the
photoanode by accumulated holes.

IPCE values of Fe-Ti-O and Fe-Ti-O-Zn at +1.23 Vrur are
depicted in Figure 8a. Fe-Ti-O-Zn shows the highest IPCE
performance, increasing gradually from 0.6 % at 590 nm to
23 % at 340 nm. Integration of the IPCE curves for Fe-Ti-O
and Fe-Ti-O-Zn over the AM 1.5 solar spectrum results in a
photocurrent density value of 0.19 and 0.62 mA cm?, re-
spectively, being consistent with the measured photocur-
rent density values under simulated sunlight (see Figure
6a). As of PEC performances, this value is one of the highest
IPCE values reported for Fe:TiOs pseudobrookite based
photoanodes (Table S1t). Calculated APCE values for Fe-Ti-
0 and Fe-Ti-O-Zn are shown in Figure 8b. Accordingly, the
Fe-Ti-0-Zn sample shows the highest values that gradually
increase from 4.0 % at 400 nm to 33.9 % at 340 nm. IPCE
and APCE both confirm that Zn?* incorporation in the
Fe2TiOs structure results in a superior utilization of the ab-
sorbed photons, in agreement with the improved charge
separation efficiency.
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ABPCE of photoanodes were also calculated and shown in
Figure S11t. Fe-Ti-0-Zn exhibits the highest ABPCE efficien-
cies, reaching a maximum efficiency of 0.07 % at 1.04 Vrue
and outperforming by a factor of eight the highest Fe-Ti-O
efficiency. This further confirms the positive impact that Zn
incorporation on Fe-Ti-O has on improving PEC perfor-
mances and photoconversion efficiencies.

EIS measurements under simulated solar light were per-
formed to evaluate charge transfer process in the pho-
toanodes. Figure 9a shows Nyquist plots of Fe-Ti-O and Fe-
Ti-0-Zn samples along with the equivalent circuit used to fit
the data. The circuit includes the pair R;/CPE; that describes
the semiconductor resistance and capacitance at the deple-
tion layer, and the pair Rz/CPE: which describes the re-
sistance and capacitance of the semiconductor at the Helm-
holtz layer of the photoanodes. Rs describes the series re-
sistance of the cell.55 The obtained fitted results indicate R;
and R values of 418.5 and 8,483 Q) for Fe-Ti-0, and 39.6 and
850.4 Q for Fe-Ti-0-Zn, respectively . The smaller resistance
values of Fe-Ti-O-Zn indicate a better separation efficiency
and faster transfer rate for photogenerated charges at the
electrode/electrolyte interface. This agrees well with the
higher photocurrent performances and improved charge
separation and injection efficiencies obtained for Fe-Ti-O-
Zn photoanodes.

EIS measurements in the dark were carried out in the
form of Mott-Schottky analysis to characterize the intrinsic
properties of the photoanodes, such as the flat band poten-
tial (Ers) and the carrier concentration (Np). An ideal capac-
itive response, which is the pre-requisite for Mott-Schottky
analysis, corresponding to a linear relation between log (Z”)
vs. log (f) and log (Z’) vs. log (f) with slopes of -1 and 0, re-
spectively, was obtained at 100 Hz frequency (data not
shown). Performing the Mott-Schottky analysis at this fre-
quency allowed us to obtain accurate Ers and Np values.
Mott-Schottky plots are shown in Figure 9d. Both plots indi-
cate that all samples possess a positive slope, typical of n-
type semiconductors.6® The flat band potentials (Ers) and
electron carrier densities (Np) for all samples are listed in
Table 3. The incorporation of Zn?* does not significantly
modify the Erp of Fe-Ti-0 and Fe-Ti-0-Zn samples. However,
Zn2* doping remarkably increases the Np values of Fe-Ti-O
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Figure 9. (a-c) Nyquist plots of Fe-Ti-O and Fe-Ti-O-Zn measured at +1.23 Vrue under simulated solar light (AM 1.5G, 100 mW cm-2). The
equivalent circuit used to fit the data is shown in the inset of (a). (d) Mott-Schottky plots of Fe-Ti-O-Zn and Fe-Ti-O, measured at a fixed

frequency of 100 Hz. All measurements were performed in 1 mol L-! NaOH (pH=13.6).

from 2.1 x 107 to 9.1 x 1017 cm3, evidencing improvement
in charge transport and electrical conductivity.s0

The enhancement in Np values is initially a bit counter-
intuitive since Zn2+ has lower valence than Ti4* or Fe3+,
which is typically compensated by a reduction in the con-
centration of free electrons according to the following de-
fect chemical equation (based on the Kroger-Vink notation):

1 , Fe;TiOs % " x
Fe,0; +Zn0 +;02(g) + 2e' —— 2Feg, + Zny; + 50,
(7

Alternatively, the ionic compensation reaction may oc-
cur; in fact, this is far more likely to occur than the electronic
compensation reaction, since the concentration of free elec-
trons in the undoped films (2.1 x 1017 cm-3) is about 3 orders
of magnitude lower than the concentration of Zn dopant
ions (few %). In the case of ionic compensation, Zn doping
is charge-compensated by the formation of oxygen vacan-
cies:

Fe,TiOs

Fe,0; + Zn0 —— 2Fep, + Zny; + 405 + Vy (8)

Note that while the presence of oxygen vacancies is nor-
mally associated with the presence of free electrons (which
is indeed the case if an n-type oxide would be reduced in an
oxygen-poor atmosphere), this is not the case here: for ZnO
doping, the oxygen vacancies are compensated by the Zn ac-
ceptors, not by free electrons. This means that even though
the presence of oxygen vacancies is suggested in our XPS

Table 3. Charge carrier concentration and flat band
potential obtained from Mott- Schottky analysis.

analysis, this is not enough to explain the increase in Np val-
ues for the Fe-Ti-0-Zn samples. The only way to explain an
increase in the Np values of Fe,TiOs after Zn doping is to as-
sume that the Zn ions occupy interstitial sites in the Fe,TiOs
lattice, as shown below:
Fe,TiOg 1

Inz, + 05 ——Zn; + 2e' + 20,(9) 9)

We cannot a priori say which of the reactions (8) or (9) is
more likely to occur. However, even if reaction (8) is ener-
getically more favorable at low defect concentrations, this is
likely to change as more and more charged defects (V, and
Zn7;) are formed and the defects start to ‘feel’ each other. At
some point, the compensation mechanism is likely to
change to that of Eq. (9), which contains only one charged
ionic point defect. From this point, one would indeed ob-
serve an increase in Np values and electrical conductivity.
The proposed switch in compensation mechanisms is con-
sistent with the fact that we have ~101% cm=3 (i.e., 0.11 at.%)
of Zn in the film, yet the Np is at least two orders of magni-
tude smaller. Furthermore, these observations are also in
agreement with the observed cell lattice expansion after
Zn2* incorporation (Table 1), suggesting that interstitials
(Eq. 9) are more dominant than oxygen vacancies (Eq. 8).
Based on these considerations, we conclude that Zn?* ions
play a role in modifying the electrical conductivity of our
Fe2TiOs pseudobrookite-based films, contributing to an en-
hancement in the PEC performance.

To further understand the effect of incorporating Zn?* on
the electronic properties of the material, UPS measure-
ments were undertaken to calculate the position of the
Fermi level (Er) and valence band (VB). Figure S12at and
Figure S12bt show the UPS spectra with bias (Upias = -2 V)

Sample Np (cm3 Ers (RHE

? b ( ) m ) and without bias for Fe-Ti-O and Fe-Ti-O-Zn. For compari-
Fe-Ti-O 2.1x10v 0.71 son, UPS spectra of Fe-O (a-Fe:03 films) and Fe-0-Zn (a-
Fe-Ti-0-Zn 9.1x 1017 0.76 Fe;0s3 films with Zn) are also shown. Figure S13t shows an

expansion of the UPS spectra without applied bias (i.e., Fig-
ure S12bt) on a linear and logarithmic scale. It is clear that,
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especially from the logarithmic plot, Fe-Ti-O and Fe-Ti-0-Zn
show a similar VB density-of-states pattern, and it is quite
different from that of Fe-O and Fe-O-Zn. This indicates that
the Fe-Ti-O films are clearly dominated by the Fe2TiOs pseu-
dobrookite phase, in spite of having some a-Fe203 present
in the films as shown in XRD patterns (Figure 2a), allowing
us to calculate the VBM by linear extrapolation for all sam-
ples.®! The work function (¢) was calculated using the equa-
tion shown in the inset of Figure S12af, and the results are
tabulated in Table S31.62-64 The calculated values for all sam-
ples fall in the range of previously reported values.106566
From these values along with the UV-Vis absorptance spec-
tra for the band-gap calculation (Figure 3 and Figure S14%),
a schematic energy diagram was estimated and is repre-
sented in Figure 10 and Figure S15t. The CB and VB posi-
tions of both Fe-Ti-O and Fe-0 systems agree with Fe:TiOs
and a-Fe203 values in literature.10 This further confirms that
Fe-Ti-O systems consist of a majority of Fe.TiOs phase. Fe-
Ti-0-Zn shows an upward shift of the Er toward the CB in
comparison with Fe-Ti-O agreeing with Mott-Schottky and
Np calculations, where higher Np values are found for Fe-Ti-
0-Zn. Higher carrier concentration (Np) leads to an upward
shift of the Er and an increase in the electric field providing
a higher density of electrons close to the CB, which can fa-
cilitate the charge separation at the semiconductor-electro-
lyte interface.t06367 These differences in the Er positions
support that Zn?* ions were efficiently incorporated into the
crystal structure of Fe2TiOs, improving mainly its electrical
conductivity.

CONCLUSIONS

In this work, we have demonstrated aerosol-assisted
chemical vapor deposition of an Fe-Ti-O system and the im-
pact of Zn2* doping on its synthesis, crystallization and pho-
toelectrochemical properties. We observed that Zn2+ dop-
ing boosts the formation of a Ti-rich Fe:TiOs pseudobrook-
ite phase over other secondary phases such as a-Fe203. Zn?*

incorporation preferentially occurs in the Fe.TiOs phase
over the a-Fe203 phase. It results in a 3-fold enhancement of
the anodic photocurrent density values of prepared Fe:TiOs
pseudobrookite-based films, from ca. 0.2 to 0.6 mA cm2
at+1.23 Vrue. This is attributed to the better charge separa-
tion and injection efficiencies as observed in the resulting
Zn-doped films. Mott-Schottky analysis reveals a significant
increase in carrier concentration (Np) upon Zn doping,
which we attribute to Zn?* ions occupying interstitial sites
of the Fe;TiOs pseudobrookite phase. Furthermore, ultravi-
olet photoelectron spectroscopy measurements show an
upward shift of the Fermi level (Er) after incorporation of
Zn2*, agreeing well with the observed higher Np values.
Overall, these results demonstrate a simple scalable chemi-
cal vapor methodology for the preparation of Zn-doped
Fe2TiOs pseudobrookite-based photoanodes with improved
photoelectrochemical performance. These results prove the
importance of doping ternary metal oxides, such as Fe:TiOs,
for their selective formation and tailored electrical proper-
ties.
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