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High Interfacial Hole-Transfer Efficiency at GaFeO; Thin

Film Photoanodes

Xin Sun, Devendra Tiwari,* and David J. Fermin*

The photoelectrochemical properties of polycrystalline GaFeO; (GFO) thin
films are investigated for the first time. Thin films prepared by sol—gel
methods exhibit phase-pure orthorhombic GFO with the Pc21n space group,
as confirmed by X-ray diffraction and Raman spectroscopy. Optical responses
are characterized by a 2.72 eV interband transition and sub-bandgap d—d
transitions associated with octahedral and tetrahedral coordination of Fe3*
sites. DFT-HSEO6 electronic structure calculations show GFO is highly ionic
with very low dispersion in the valence band maximum (VBM) and conduc-
tion band minimum (CBM). Electrochemical impedance spectroscopy reveals
n-type conductivity with a flat band potential (Ug,) of 0.52 V versus revers-
ible hydrogen electrode, indicating that GFO has the most positive CBM
reported of any ferrite. The photoelectrochemical oxidation of SO;%~ shows
an ideal semiconductor—electrolyte interfacial behavior with no evidence of
surface recombination down to the Ug,. Surprisingly, the onset potential for
the oxygen evolution reaction also coincides with the Ug,, showing interfacial
hole-transfer efficiency above 50%. The photoelectrochemical properties are

reaching values as high as 19% under
AM1.5 and 15% under concentrated solar
illumination with power output as high as
27 W3l These systems demonstrate not
only the feasibility of this concept but also
the potential for scalability combining the
electronic structure of the absorber with
catalysts and protecting layers.®”] These
advances also illustrate the challenges asso-
ciated with designing new materials with
appropriate optoelectronic properties, high
chemical, and thermal stability, as well as
amenable to scalable deposition methods.
Transition metal oxides have been
widely considered as candidates for
dimensionally  stable photoelectrodes.
Ferrite materials with bandgaps in the
range of 2-2.7 eV are particularly attrac-
tive due to their chemical stability and
Earth abundancy.® Fe,O; has been the

limited by bulk recombination due to the short-diffusion length of minority
carriers as well as slow transport of majority carriers. Strategies towards
developing high-efficiency GFO photoanodes are briefly discussed.

1. Introduction

Hydrogen generation through photoelectrochemical (PEC)
water splitting is one of the most important and challenging
concepts in electrochemical energy conversion. Over the last
5 years, important milestones have been achieved in terms of
solar-to-hydrogen conversion efficiency for unassisted PEC
systems based on integrated tandem III-V absorbers,!!
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most studied ferrite, showing a wide
range of performances depending on
deposition methods.! Other ferrite photo-
anodes include ZnFe,0,, MgFe,0,, and
CuFe,0,, achieving external quantum effi-
ciency values of close to 10% and photocurrent onset potentials
ranging from 0.6 up to 1 V.'OUI Ferrite photocathodes such as
LaFeO; and YFeO; have shown very interesting photovoltages
for the hydrogen evolution reaction, but their activity is limited
by bulk and surface recombination losses.'>""1 Ferroelectric
materials such as BiFeO; and Bi,FeCrO, show complex PEC
properties that have been linked to ferroelectric domains.['$1°]
For instance, BiFeO; exhibits both n- and p-type conductivity,
including above photovoltages larger than the bandgap./2°-22
This article describes, for the first time, the unique PEC
properties of GaFeO; (GFO), a ferrite widely investigated in the
context of ferroelectric systems.?>-2%! One of the unique aspects
of this material is the high density of cation disorder due to the
similar ionic radii of Ga** and Fe*". Polycrystalline GFO thin
films are prepared by sol-gel methods exhibiting a high degree
of phase purity (orthorhombic with the Pc21ln space group)
featuring over 150 X-ray diffraction (XRD) peaks, as well as 25
different Raman modes that are assigned to Ga and Fe sites in
octahedral and tetrahedral coordination. Indeed, a variety of
sub-bandgap optical transitions observed in as-grown films are
also consistent with both coordination geometries of Fe sites,
suggesting a degree of elemental disorder. On the other hand,
energy-dispersive X-ray spectroscopy (EDX) and X-ray pho-
toelectron spectroscopy (XPS) analyses show identical Ga:Fe
bulk and surface ratio, which is rather unusual in multicom-
ponent transition metal oxides with the general formula ABO;.

© 2020 The Authors. Published by Wiley-VCH GmbH
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The valence band spectrum is dominated by O 2p orbitals, as
confirmed by DFT-HSEO06 electronic structure calculations,
demonstrating the strong ionic character of this ferrite. Differ-
ential capacitance data extracted from electrochemical imped-
ance spectroscopy reveal an n-type conductivity with a flat band
potential (Up,) of 0.52 V versus the reversible hydrogen electrode
(RHE), which is the most positive value reported for any ferrite.
In the presence of SO;%7, GFO exhibits ideal semiconductor/
electrolyte behavior, with no surface recombination, but limited
by minority and majority carrier transport. Interestingly, the
photocurrent onset potential for the oxygen evolution reaction
(OER) coincides with Uy, showing the highest interfacial charge
transfer efficiency for polycrystalline thin films without the need
for any cocatalysts. We also demonstrate that charge transport
properties are highly sensitive to the Ga:Fe ratio, which opens
new avenues for developing high-performance photoanodes.

2. Results and Discussion

The complex structural properties of GFO prepared by ther-
molysis of a sol-gel precursor containing nitrate salts of both
cations, citric acid, and ethylene glycol at 400 °C, followed by
annealing at 600 °C in the air for 8 h (see Experimental Section),

www.advenergymat.de

are illustrated in Figure 1. The powder XRD pattern (Figure 1a)
features over 150 Bragg reflections that closely match the
standard pattern of orthorhombic GFO structure. The figure
also shows the large number of reflections associated with the
binary phases, £&Ga,0; and &Fe,03, over the range of 26 values
investigated. These results emphasize the need for high-quality
XRD diffractograms and quantitative refinement to unam-
biguously demonstrate phase purity in this complex material.
Figure 1a illustrates the full-profile Rietveld refinement of the
experimental diffractogram to the orthorhombic GFO struc-
ture (Pc21n space group), with correlation parameters R, = 5.11
and Ry, = 3.06 and a rather flat difference curve. The esti-
mated orthorhomblc unit cell parameters are a = 8.73589(72) A

b =9.38098(74) A, and ¢ = 5.07718(42) A, with the unit cell con-
sisting of 40 atoms equivalent to eight GFO formula units. The
unit cell in Figure 1b exhibits four different crystallographic
sites for metals atoms, including two with tetrahedral coordina-
tion and two with octahedral coordination. The octahedra form
a network in the structure through shared terminals. The struc-
tural parameters obtained from the refinement are summarized
in the crystallographic information file (CIF), which can be
accessed from the crystallographic database through the CSD
repository number 2025904. The analysis is consistent with
previous neutron diffraction studies reported by Mishra et al.[?’]
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Figure 1. GFO structural complexity: a) powder XRD with quantitative Rietveld refinement to orthorhombic GFO (Pc21n space group); b) schematic
of the GFO unit cell, featuring Ga (purple) and Fe (green) sites with tetrahedral and octahedral coordination geometries; c) high-resolution transmis-
sion electron micrograph of GFO powder with lattice fringes associated with {221} planes; d) Raman spectrum of GFO films under 514 nm excitation,
featuring 27 modes deconvoluted using Voigt functions.
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Figure 2. Surface composition analysis of GFO thin films using XPS: a) survey spectrum showing the different photoemissions features; b) Ga 2p

core-level; ¢) O 1s core-level; d) Fe 2p core-level. Spectral deconvolution is

One notable feature that is commonly observed in the GFO
crystal structure is the mixed occupancy at the metal sites, which
varies significantly with synthesis methods and condition. This
arises because of the similar ionic radius of Ga** and Fe**. This
feature is a defining aspect of the PEC responses, as discussed
further below. The crystalline nature of the GFO powders can
be observed by the lattice fringes in the high-resolution trans-
mission electron microscopy (HRTEM) image in Figure 1c, fea-
turing a d-spacing of 0.27 nm, which is linked to {221} planes.
The Raman signature arising from the C2v(9) point group
symmetry of orthorhombic GFO thin films is shown in
Figure 1d. The spectrum was recorded for 350 nm thin film
obtained by consecutive spin-coating, drying, and thermolysis
steps, followed by annealing at the 600 °C in the air for 8 h
(see Experimental Section). The spectrum is deconvoluted with
=27 modes in the range of 100-800 cm, matching the modes
reported in single crystals.?® These are assigned to Ga*" and
Fe" in tetrahedral as well as octahedral coordinations with
oxygen.l?732l The stretching modes are observed between 500
and 750 cm with tetrahedral and symmetric stretches appearing
at higher frequencies. The modes above 760 cm are likely due to
Ga*".33 The spectrum only shows a fraction of the 117 Raman
active normal modes expected for a 40 atom unit cell, including
29 Ay, 30 A,, 29 By, and 29 B,.?8l However, this pattern is highly
consistent with phase pure materials previously reported.?43]
The XPS survey spectrum in Figure 2a shows a variety of fea-
tures, including prominent Ga (Ga 2pyj,, Ga 2ps);, Ga 3s, Ga
3p, and Ga 3d), Fe (Fe 2py),, Fe 2p;);, and Fe 3p), and oxygen
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performed using Gaussian—Lorentzian mix functions.

(O 1s) photoemission lines, as well as the corresponding Auger
lines. Ga 2p (Figure 2b) shows the spin—orbit components of
Ga 2ps; and 2p;;, with a splitting of 26.9 eV, along with loss
feature at around 1136 eV. Furthermore, the Ga 2ps,, peak posi-
tion at 1118 eV is characteristic of native gallium oxide, con-
firming that Ga is in a +3 oxidation state.3*¥] The main fea-
ture of the O 1s spectrum (Figure 2c) is centered at 530.01 eV,
which is assigned to lattice bound oxygen,!®l while the other
contributions are linked to surface hydroxyl and carbonylated
groups.’8l Fe 2p core-level (Figure 2d) is significantly more
complex to rationalize due to contribution from various phe-
nomena such as multiple-splitting, multiple oxidation states,
and charge transfer effects. As a first approximation, the most
intense component in 2p;), is at 710.8 eV, with a 13.5 eV split-
ting from the 2p,;, component, which is consistent with a Fe+3
oxidation state.V! Other higher binding energy components
can be linked to higher oxidation states; however, this would
require further analysis of other Fe core-levels.?”! Interestingly,
the observed surface Ga:Fe ratio of 1.17 is very close to the bulk
ratio obtained from EDX spectrum (1.19, see Figure S1, Sup-
porting Information) and XRD refined site occupancy (1.15,
Figure 1a). This behavior is rather unusual for transition metal
oxides with the general ABO; formula (such as perovskites),
which often exhibit different A:B ratio in the bulk and at the
surface.3840]

The optical properties of GFO thin films in the visible range
are summarized in Figure 3. The absorption coefficient (o),
extracted from transmittance and reflectance spectra of 350 nm

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Optical properties of GFO thin films: a) absorption spectrum con-
structed from the transmittance and reflectance spectra (Figure S2, Sup-
porting Information); b) Tauc plot for bandgap determination assuming
direct band-band transitions; c) energy-differential absorption spectrum
along with symmetry assignment for ligand-field (LFT) and charge-transfer
transitions(C-T); d) modified TS diagram for Fe*" in tetrahedral and octa-
hedral field depicting the electronic configuration of states associated with
the optical transitions.

films (Figure S2, Supporting Information) are displayed as a
function of the photon energy, revealing several optical transi-
tions between 1 and 3 eV (Figure 3a). The large « values indi-
cate strong light capture cross section with energies larger than
the optical band gap, which is characterized by a direct transi-
tion at 2.72 eV as estimated from the Tauc plot in Figure 3b.
The energy differential plot of the absorption constant in
Figure 3c reveals the various sub-bandgap features in the vis-
ible range, which correspond to ligand-field or charge-transfer
transitions.?*l As described below, the valence band maximum
(VBM) and conduction band minimum (CBM) of GFO are
primarily made up of transition metal Fe-3d and O-2p states,
where Fe coordinates in both tetrahedral and octahedral geo-
metry; thus, the optical transitions can be described by merging
Tanabe-Sugano (TS) diagrams of Fe** in both coordination
geometries (Figure 3d).*Y The prominent d-d forbidden transi-
tions can be related to the presence of distortions in the lattice,
which is a further manifestation in the cation disorder in the
material.

The valence band spectrum of GFO recorded using Al Ko
X-rays source as excitation is illustrated in Figure 4a. To ration-
alize these features, electronic structure calculations using
density functional theory (DFT) with HSE06 functional were
performed as described in the Experimental Section. The band
diagram (Figure S3, Supporting Information) is characterized

Adv. Energy Mater. 2020, 10, 2002784
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Figure 4. Bands composition and energy: a) valence-band spectrum of a
GFO thin film measured under Al-Kox X-ray excitation; b) DOS calculated
using hybrid DFT (HSEO6 functional). The Fermi level in the calculations
is offset to coincide with the spectral response; c¢) Mott—Schottky plot
constructed from electrochemical impedance spectroscopy data in Ar-
saturated 0.1 m Na,SO, aqueous solutions at pH 12.

by rather flat CBM and VBM, indicating high effective masses
of charge carriers and, thus, low mobilities. The calculated
bandgap of 2.65 eV agrees well with the experimental value.
Figure 4b shows that the calculated density of states (DOS)
and valence bandwidth reproduce the spectral response accu-
rately, although the finer orbital features are not experimen-
tally resolved due to the small cross section of the valence band
states under X-ray excitation. The DFT calculations reflect the
ionic nature of the oxide with the O 2p and Fe 3d states domi-
nating the VBM and CBM, respectively. Only a small degree of
hybridization is calculated in the valence (O 2p, Fe 3d, and Ga
4p orbitals) and conduction bands (Fe 3d and O 2p orbitals),
thus indicating ionic nature of GFO.

A Mott-Schottky plot, constructed from the potential depend-
ence of differential capacitance in Ar-saturated Na,SO, aqueous
solutions at pH 12 (Figure S4, Supporting Information), is dis-
played in Figure 4c. The positive slope reveals n-type semicon-
ducting properties of as-grown GFO thin films, with a density

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Band alignment of GFO band edges with respect to common electron transport layer (ETL)) and hole transport layer (HTL).[*l Band offset
with other Fe-based photoelectrodes including LaFeOs; (LFO),ll YFeO; (YFO),I! BiFeO; (BFO),*] CaFe,0, (CaFO),1*¥! CuFeO, (CuFO),*1 ZnFe,0,

(ZFO),*8 and Fe, 05" illustrates how positive is the VBM in GFO.

of donor states (Np) of 1.9 x 10®® cm=3. The linear Mott-Schottky
plot over a range of 1V and right down to the flat band poten-
tial strongly suggests a low density of sub-bandgap states near
the CBM. The absence of Fermi level pinning is rather unusual
in multicomponent semiconductor oxides,?! in which cation
and oxygen vacancies can generate a wide range of deep trap
states.[*]

A Upg, of 0.52 V versus RHE can be estimated from the Mott—
Schottky plot, which, as illustrated in Figure 5, corresponds to
a VBM value located at 3.22 V versus RHE. This is not only the
most positive VBM reported for ferrite absorbers, but also even
more positive than wide-bandgap oxides such as ZnO and TiO,.
This unusual band energetic can be rationalized in terms of the
effect of the FeOg octahedral tilting on the energy of the O 2p
orbitals.’”! The ionic radius of gallium (0.62 A) is significantly
smaller than other A-site elements, such as La (1.36 A), Y (0.9 A),
and Bi (1.03 A); thus, the Fe—O-Fe angle is less than 180° leading
to the decrease of VBM. Furthermore, based on the model pro-
posed by Meng et al.’!l rather electronegative A-site cations
(such as Ga*') tend to lower the CBM in FeOg coordinated struc-
tures with a low degree of hybridization. Figure 5 also shows
the band alignment of GFO with common electron-transporting
layer (ETL) and hole-transporting layer (HTL), indicating that
establishing semiconductor junctions with appropriate band
alignment will require unconventional materials.

The unique structure and optical and electronic properties
of GFO thin films bring about a very unusual PEC behavior as
described in Figure 6. Figure 6a contrasts the current-voltage
characteristics of a 350 nm GFO thin film under chopped
illumination (405 nm) in Ar-purged 0.1 M Na,SO;3 and 0.1 M
Na,SO, solutions (pH 12). The photocurrent onset-potential
(photovoltage) is between 0.4 and 0.5 V versus RHE in both
electrolytes, which is remarkably close to the Uy, The magni-
tude of the photocurrent responses is larger in the presence of
S0;%7, a strong hole scavenger that can effectively suppress sur-
face recombination.”” The photocurrent decay in the light on-
transients and the negative overshoot in the off-transient in the
SO4> solution are also evidence of surface recombination com-
peting with the OER.’? The photocurrent ratio between both
electrolytes is a measure of the interfacial hole-transfer effi-
ciency towards OER, the so-called surface charge transfer effi-
ciency (SCTE).”® In the case of 350 nm GFO films, the SCTE
value is 55% at 1.23 V versus RHE, which is significantly larger
than other ferrites photoanodes such as CaFe,O, (5%) and
ZnFe,0, (10-40%)." The internal quantum efficiency (IQE)
spectra recorded at 1.4 V versus RHE in Figure 6b, as well as
the corresponding Tauc representation (Figure S5, Supporting

Adv. Energy Mater. 2020, 10, 2002784
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Information), are strongly consistent with the estimation of the
optical band gap (2.7 eV), further confirming that sub-bandgap
transitions do not generate free charge carriers.

The absence of surface recombination in the presence of
SO;% allows rationalizing the photocurrent—voltage character-
istics in terms of the Gaertner expression[>>%+°’]
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Figure 6. PEC responses of 350 nm GFO thin films: a) linear sweep vol-
tammetry recorded at 5 mV s~ under square wave 405 nm light perturba-
tion and 4.25 x 10" cm™ 57! photon flux in Ar-saturated 0.1 M Na,SO; and
Na,SO, electrolytes (pH 12); b) IQE at 1.4 V versus RHE as a function of
wavelength; c) potential dependence of IQE in Ar-saturated 0.1 M Na,SO;
electrolytes (pH 12), along with fits to the Gaertner model (Equation (1)),
consistent with a hole-diffusion length L, =12.5 £ 0.3 nm.
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where W is the width of the space charge region, and L, is
the holes diffusion length. The fit to the IQE-voltage curves
at different wavelengths in Figure 6c was obtained using
Equation (1), the o values displayed in Figure 3a, while W is
calculated from the Schottky equation>4>3

W [2880 P

gNp

(Ug, — E):|

employing the experimental values of Uy, and Np. From this
analysis, a L, = 12.5 £ 0.3 nm can be estimated across the range
of wavelengths. The fact that Equation (1) reproduces the exper-
imental curves down to the Uy, confirms that surface recom-
bination is negligible in the presence of SO;2~. On the other
hand, the very short L, indicates that photoelectrode efficiency
is primarily limited by bulk recombination. This conclusion is
consistent with the very low band dispersion (Figure S3, Sup-
porting Information), which induces heavy effective masses of
electrons and holes.

Further evidence of the role of carrier transport in the
photocurrent responses can be elucidated from the thickness
dependence and illumination direction shown in Figure 7. The
photocurrent magnitude increases with an increasing thick-
ness (Figure 7a), which is determined by the number of coating
steps (see Experimental Section). The photocurrent magnitude
increases by a factor of three upon increasing the film thickness
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from 110 to 350 nm. Based on the optical constant (Figure 3a),
the penetration depth of light at a wavelength of 405 nm (1/¢)
is =500 nm. Thus, increasing film thickness in this range effec-
tively increases the flux of carrier generation. Figure 7b shows
that 350 nm films exhibit twice larger photocurrents under
back illumination (through the FTO coated glass) than under
front illumination (through GFO/electrolyte junction). On the
other hand, the difference between front and back illumination
is very small in 110 nm films (Figure 7c). Photocurrent tran-
sients in Figure S6, Supporting Information, also show a slower
rise time and decay in the 350 nm films, while the 110 nm film
displays a sharper response. These results clearly indicate that
electron transport in these films is also a key limiting factor in
the performance of these materials, which may arise not only
from intrinsically low mobility but also the presence of deep
trap states.>%l

Finally, Figure 7d illustrates the strong effect of the Ga:Fe
ratio on the PEC responses. Decreasing Ga:Fe ratio from 1.5
to 0.54 leads to a tenfold increase in photocurrent, suggesting
that the nature of trap states may be connected to Ga sites.
The Ga:Fe ratios reported in Figure 7d correspond to the com-
position of the sol-gel precursor. Analysis of the film com-
position reveals small variations of =10% with respect to the
Ga:Fe ratio in the sol-gel precursor. Representative XRD pat-
terns (Figure S7, Supporting Information) show no clear evi-
dence of the binary oxide phase in this range of compositions,
although the Ga—Fe—O phase diagram is very rich as a result
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Figure 7. Thickness and composition dependence of photocurrent responses, measured in Ar-saturated 0.1 m Na,SO; aqueous solutions at pH12:
a) linear sweep voltammetry responses of films with a thickness between 110 and 350 nm; photocurrent responses under the back and front illumina-
tion at b) 350 nm and c) 110 nm films; d) photocurrent responses as a function of Ga:Fe ratio in the sol-gel precursor. Scan rate, wavelength, and

photon flux values are as indicated in Figure 6a.
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of the similar jonic radii of both cations.l’”*® Cyclic voltam-
mograms recorded as a function of the GFO composition
(Figure S8, Supporting Information) show that decreasing the
Ga/Fe ratio systematically shifts the flat-band potential towards
more negative values, which is also consistent with the model
proposed by Meng et al.P!l Beyond the limitations imposed by
bulk recombination losses, the relatively large bandgap of GFO
(2.7 eV) would limit the performance of this material to values
in the range 5% solar-to-hydrogen efficiency according to the
analysis by Fountaine et al.”®! However, the tunability of the
band edges with the Ga:Fe ratio enables the implementation of
new strategies towards high-efficiency photosystems including:
1) improving carrier collection and light capture cross section
by depositing ultrathin GFO layers onto highly textured elec-
tron transporting layers; and 2) tuning band alignment in
multijunction tandem devices.

3. Conclusions

Solution-processed GFO thin films exhibit unusual PEC prop-
erties, including high surface charge transfer ratio towards the
OER, which manifests itself by a photocurrent onset potential
close to the flat band potential (between 0.4 and 0.5 V vs RHE).
We are not aware of any other semiconductor material capable
of evolving oxygen at the flat-band potential in the absence of
protecting layers and cocatalysts. In the presence of SO;%~ ions
acting as hole scavengers, no evidence of surface recombina-
tion is observed. Based on the Gaertner model, a hole diffusion
length of 12.5 + 0.3 nm can be estimated under a range of wave-
lengths close to the bandgap. The ideal behavior of the GFO/
electrolyte junction is also observed in capacitance—potential
curves, which follows the Mott-Schottky equation for more
than 1 V down to the flat-band potential. The CBM is located
0.52 V versus RHE, which is the most positive CBM reported
for any ferrite. DFT-HSEOQ6 calculations show that this material
is highly ionic, and the relatively positive CBM can be ration-
alized in terms of Coulombic potential generated by the Ga**
cation. Our study also shows that the similar ionic radii of Ga**
and Fe’" ion introduces significant complexity in the material
structure, featuring tetrahedral and octahedral coordination
of the cations, which manifest themselves in multiple Raman
modes and optical transitions. The GFO photoresponses are
dominated by bulk recombination losses, linked to low car-
rier mobility resulting from low band dispersion and deep trap
states. Our results also show that bulk recombination is sig-
nificantly decreased in Ga-poor films. These experimental and
computational results demonstrate not only the potential of this
material as photoanodes but also the tunability of its electronic
properties and the potential for integration into highly efficient
PEC devices.

4. Experimental Section

GFO Thin Film Preparation: GFO thin films were synthesized following
a modified sol-gel method.™ First, 0.5 m Ga(NOs);-6H,0 aqueous
solution (1 mL) and 0.5 m Fe(NO;3);3-9H,0 aqueous solution (1 mL) were
mixed under strong stirring at 60 °C for 1 h. 1 m citric acid ethanolic
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solution (1 mL) and ethylene glycol (62.5 mL) were subsequently added,
and the solution was further stirred overnight in a capped glass vial. The
precursor solution was spin-coated onto clean F:SnO, (FTO) conductive
glass at 3000 rpm for 30 s, followed by drying at 100 °C for 10 min and
thermolyzing the metal-complex at 400 °C for 1 h, to deposit 1 layer of
GFO. Thicker films were obtained by repeating the same procedure and
building the thickness layer-by-layer. The final films were annealed at
600 °C for 8 h to obtain crystalline GFO thin films. The Ga** and Fe**
precursors were stoichiometrically changed following Ga,_,Fe, O3 (x from
0.8 to 1.3) compositions to prepare the thin films with different Ga:Fe
ratio.

Characterization Methods: Crystal structure was probed using powder
XRD with Cu Ko radiation (4 = 1.54016 A; Bruker AXS D8 ADVANCE).
Scanning electron microscopy (SEM, JEOL IT300) revealed the
morphology and film thickness. Energy-dispersive X-ray detector coupled
to the SEM (Oxford X-Max-80 detector) was used to quantify Ga and
Fe content. HRTEM was carried out in a JEOL JEM 2100. Reflectance
and transmittance spectra in the UV-visible region were measured by
a Shimadzu UV-2600 spectrophotometer. XPS of GFO thin-film was
recorded at the Bristol NanoESCA Facility. The configuration included
an ultra-high vacuum chamber pumped below a base-pressure of
4 x 10" mbar, a non-monochromatic Al Ker X-rays source as excitation,
and an ARGUS spectrometer with an overall energy resolution of 0.9 eV,
for photoelectron detection. High-resolution scans of the core levels
and survey scans were collected on “as-received” film with 20 and 50 eV
pass energies, respectively. The films exhibit considerable charging,
which was compensated using charge neutralization through electron
flood gun. The charge correction on the measured spectra was applied,
assuming the C 1s peak at 284.8 eV. The spectra were deconvoluted by
Gaussian—Lorentzian mixture peaks after a Shirley background removal
using XP SPEAK code.

Electrochemical impedance spectroscopy of GFO film in Na,SO,
aqueous electrolyte was performed with Modulab potentiostat and
frequency response analyzer. The frequency scans were acquired
with 13 mV (RMS) AC modulation between 1.7 Hz and 11.7 kHz. PEC
experiments were carried out in Ar-purged aqueous solutions containing
0.1 M Na,SO, or Na,SO; at pH 12. The dark and photocurrent-voltage
measurements were conducted with an Ivium CompactStat potentiostat,
using three-electrode configuration (working electrode, carbon counter-
electrode, and Ag/AgCl reference electrode). All potentials are referred to
against the RHE. For photocurrent transients, the films were illuminated
with a 405 nm light-emitting diode (Thorlabs) driven by a Stanford
Research Systems waveform generator. The lock-in amplifier (Stanford
Research Systems SRS 830)-based photocurrents with potential
dependence and spectral response were acquired under a 27 Hz
chopped illumination by a 100 W quartz halogen lamp (Bentham ILD-
D2-QH) through a monochromator (Bentham TMc300). The photon flux
from both the light sources was measured by a calibrated Si photodiode
(Newport Corporation).

Computational Methods: GFO electronic structure calculations were
carried out using the CASTEP and HSEO06 functional-based hybrid-DFT
methodology.®¢1l Norm-conserving pseudopotentials with an energy
cutoff of 1100 eV and Monkhorst-Pack k-point grid spaced <0.02 A were
employed throughout the calculations. For structure optimization, strict
convergence criteria were implemented, including energy and force
tolerances of 1 neV and 1 meV A~, respectively. The optimized unit
cell has orthorhombic symmetry (Pc21n) and dimensions within 1% of
experimental results. The band structure and DOS calculations were
also performed with the same energy convergence and parameters.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. All data presented in this paper can be freely accessed
from the Bristol's Research Data Repository, data.bris, at https://doi.
org/10.5523 /bris.c4w8vwn8xfr2kozw9k8Ib7o1.
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