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Bismuth ferrite (BFO) has shown great promise as a photoelectrode for photoelectrochemical (PEC)
reactions arising from its multiferroic properties at room temperature and suitable band gap for solar
harvesting. Further, despite being a p-type semiconductor, the internal electrical field in BFO can induce
significant anodic photocurrent, indicating a regulation of the p/n-type behavior of the material by
exploiting its switchable polarization capacity. However, the mechanism behind how the polarization
field controls the p/n-type behavior of a BFO photoelectrode remains ambiguous. Here, we report on
the effects of polarization on surface chemistry, charge dynamics and ultimately PEC performance, and
how these effects enable BFO to switch from p-type to n-type behavior. Conventionally, prompting a p-
to-n type behavioral switch in BFO requires the introduction of oxygen vacancies by annealing/vacuum
treatment at an elevated temperature, where the majority charge carrier in BFO is changed. In contrast,
the origin of induced n-type behavior in down-polarized BFO is different and is attributed to
a negatively-charged surface, gradient energy modulation, and negatively shifted band energies. The
strategy of exploiting the polarization states of BFO photoelectrodes to switch n/p-type behavior offers
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1 Introduction

Sunlight-driven water splitting for hydrogen production using
a photoelectrochemical (PEC) approach has received significant
attention from the global research community.”* Bismuth
ferrite (BiFeO3, BFO) stands out as an attractive photoelectrode
candidate due to its: (i) narrow band gap ranging from 2.2 to
2.7 eV, which facilitates the absorption of a broad portion of the
solar spectrum;** (ii) non-toxic and lead-free composition; and
(iif) suitable conduction band (CB) and valence band (VB)
positions for water splitting reactions.®

Different from conventional semiconductors, in addition to
inherent band-bending at the semiconductor-electrolyte inter-
face (SEI), BFO possesses a ferroelectric polarization-induced
internal electric field that can facilitate enhanced charge sepa-
ration and transport.®® The direction of the internal electrical
field can be manipulated by changing the ferroelectric polari-
zation state of BFO.? Furthermore, switching the polarization
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a facile approach for developing a tunable photoelectrode in PEC systems.

state of BFO alters the electronic state and surface properties of
the material, invoking changes in the charge transfer mecha-
nism and surface adsorption behavior.®'® For example, an
earlier study which integrated BFO with bismuth vanadate
(BVO), revealed that the BFO VB and CB energies in the BFO/
BVO composites shifted by 0.44 eV between the two polariza-
tion states. The difference facilitated control over reaction
activity."*

BFO naturally exhibits p-type conductivity as it has holes as
the majority charge carrier and a Fermi level located close to the
VB."”” When BFO comes into contact with an electrolyte, the
Fermi level alignment and charge transfer at the solid electro-
Iyte interface (SEI) invokes a downward band-bending effect
which facilitates electron transfer to the SEL> Consequently,
BFO is promising as a photocathode in PEC applications.”>** In
recent years, there has been growing interest in developing n-
type BFO for use as a photoanode.”*"” Similar to other metal
oxide semiconductors, BFO can be switched from p-type to n-
type by introducing oxygen vacancies. For instance, Radmi-
lovic and co-workers introduced oxygen vacancies in BFO by
annealing in a nitrogen environment at 500 °C for 2 hours. The
treatment resulted in a negative shift of the flat band potential,
bringing the Fermi level closer to the conduction band and
converting the BFO from p-type to n-type. In addition, an
increase in the charge carrier density was observed, delivering
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an anodic photocurrent density of 400 pA cm ™2 at 1.23 Vvs. RHE
for sulfite oxidation.” An alternative approach involving eight
hours of hydrogenation to fabricate oxygen vacancy-rich BFO
was reported by Wang and co-workers, which invoked n-type
behavior in photoelectrochemical tests.'”” While the above-
mentioned approaches have successfully converted p-type BFO
into n-type BFO, both methods involve prolonged high
temperature annealing in an inert or reducing environment
which is time-consuming and energy-intensive. Taking advan-
tage of ferroelectric polarization, BFO has been shown to exhibit
a significant anodic photocurrent upon downward polarization
compared to the unpoled and upward polarization states.****°
This unique feature establishes the potential to switch BFO
behavior from p-type to n-type-like within seconds at room
temperature. Thus, ferroelectric polarization switching offers
a promising alternative to time- and energy-intensive heat
treatment processes for achieving mild, rapid and potentially
reversible n/p-type switching of BFO, but the mechanisms
underlying n-type behavior driven by polarization switching and
the level of PEC performance that can be achieved in compar-
ison with heat treatment need to be established.

The current work examines the mechanism behind the
transition from p-type to n-type behavior associated with
ferroelectric polarization switching of BFO in relation to PEC
performance. A series of PEC and surface characterization
methods, complemented by density functional theory (DFT)
calculations, are employed to systematically understand the
effects of polarization on surface chemistry, charge dynamics
and ultimately PEC performance of polarized BFO. The perfor-
mance and properties are compared with vacuum-treated BFO
as a conventional method of p-to-n type switching. While both
approaches introduce oxygen vacancies at the photoelectrode
surface, the down-poled BFO photoelectrode gave a higher
anodic photocurrent density at 1.23 V vs. RHE compared to
vacuum-treated BFO. The origin of the higher anodic photo-
current density exhibited by the poling approach relative to
vacuum treatment is then discerned. The strategy of exploiting
the polarization states of BFO photoelectrodes to switch their p/
n-type behavior represents a facile approach to tune photo-
electrode properties and performance in a PEC system.

2 Experimental
2.1 Synthesis of BFO electrode

FTO glass substrates were cleaned by sonication in water,
acetone, and ethanol for 15 min in each solvent to remove any
surface impurities. The FTO substrates were then dried and
treated with UV-ozone cleaner (Ossila, L2002A3) for 15 min
before use. The BFO thin film were deposited on FTO according
to method developed by Zhang et al.*® BFO precursor solution,
with a concentration of 0.25 M, was prepared by initially di-
ssolving bismuth nitrate pentahydrate (Bi(NOj);-5H,0) and
iron nitrate nonahydrate (Fe(NO;);-9H,0) in 2-methoxyethanol
(2-MoE) under constant stirring for an hour. The molar ratio of
Bi to Fe in the precursor solution was 1 : 1. Acetic anhydride was
subsequently added to the solution as a dehydrating and
chelating agent under constant stirring for another an hour.
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The preparation process was performed under ambient atmo-
sphere at room temperature. The precursor solution was
deposited on a pre-heated (60 °C) FTO substrate by spin coating
at a rate of 4000 rpm for 10 seconds, then dried at 250 °C for
5 min. The deposition-drying cycle was repeated three times.
The sample was then subjected to pyrolysis (450 °C, 30 min in
air) followed by crystallization (650 °C, 30 min in air). Vacuum
annealed samples were prepared following the pyrolysis/
crystallization steps. Vacuum annealing involved treating the
sample in a Neocera PLD chamber at 300 °C, 0.2 mTorr, for
30 min with a ramp rate of 20 °C min ™.

Ferroelectric poling was conducted in a two-electrode
electrochemical cell with a BFO film on FTO as the working
electrode and a Pt plate as the counter electrode. The poling was
carried out in an electrolyte solution consisting of 0.1 M lithium
perchlorate (LiClO,) dissolved in propylene carbonate.
Propylene carbonate was selected as the solvent due to its wide
electrochemical stability window, which prevents solvent
oxidation or reduction during the high-voltage poling process.’
The liquid electrolyte ensures uniform contact with the entire
BFO/BVO electrode surface, resulting in consistent and uniform
polarization across the sample surface.

2.2 BFO thin film characterization

X-ray diffraction (XRD) was used to study the crystal phase/
structure using a Philips X'pert MPD-Empyrean using Co Ka
radiation at a working potential of 45 kV and a current of 40 mA.
A Nova Nano SEM 230 field emission scanning electron
microscope (FESEM) was used to characterize the surface
morphology and photoelectrocatalyst distribution on the FTO.
Transmission electron microscopy (TEM) and selected area
electron diffraction (SAED) were conducted on a JEOL JEM-F200
microscope with an accelerating voltage of 200 kv. The surface
valence compositions and chemical states were analyzed using
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250Xi) with a mono-chromated Al Ko radiation source (1486.68
eV). All binding energy values in the XPS spectra were calibrated
using the C 1s peak at 284.8 eV. Commercial scanning probe
microscopy (SPM) (Cypher, Asylum Research, US) was used for
Kelvin probe force microscopy (KPFM), atomic force microscopy
(AFM) and piezoelectric force microscopy (PFM) measurements.
UV-vis spectroscopy (Shimadzu UV-3600 UV-vis-NIR spectro-
photometer) measurements were conducted over a 350 nm to
800 nm wavelength range with Kubelka-Munk transformation.

Fe K-edge and Bi Lyredge X-ray absorption spectra were
recorded on the Medium Energy XAS (MEX-1) beamline at the
Australian Synchrotron. The beam energy was 3 GeV with
a beam current of 200 mA. Data was collected in fluorescence
mode. The obtained XAFS data was processed in Athena for
background and pre/post-edge line calibration. Fourier trans-
formed fitting was carried out in Artemis. The amplitude
reduction factor S02 was defined at 0.78, obtained by the fitting
result from standard Fe foil k*-weighted FT-EXAFS spectra.
Coordination number, bond length, Debye-Waller factor, and
E, (inner potential correction) shift (AE,) were fitted without
being fixed or constrained.

This journal is © The Royal Society of Chemistry 2025
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2.3 Photoelectrochemical performance

PEC performance of the BFO photoelectrodes was determined
using a one compartment cell with Ag/AgCl and Pt as the
reference and counter electrodes, respectively. The potentials
were measured versus the Ag/AgCl reference electrode, and were
converted to reversible hydrogen electrode (RHE) using the
Nernst equation (eqn (1)):

Eruge = Eagiager + EOAg/AgCI +0.059 pH (1)

where Egyg refers to the converted potential vs. RHE and Eag/agci
is the external potential measured against the Ag/AgCl reference
electrode. E° ag/agcl Fepresents the standard potential of Ag/AgCl,
which is equal to 0.197 V at 25 °C.

EIS was conducted under illuminated conditions over the
frequency range from 0.01 Hz to 10° Hz. The data was fit by Nova
software for the equivalent circuit.

A Newport solar simulator was used as the light source
during PEC experiments. The light source was calibrated to AM
1.5 G (100 mW c¢m ). The electrolyte used during PEC perfor-
mance assessment was a 0.5 M sodium sulfate solution at
neutral pH.

2.4 Computational methods

Slab models of BFO and dp-BFO were constructed as described
in our previous work.* BFO was modelled as up-poled BFO with
a Fe,O, surface-terminating layer. v-BFO was modelled by
introducing surface oxygen vacancies to the up-poled BFO,
giving a surface stoichiometry of Fe,O; 5. The dp-BFO was
modelled by progressively removing the weakest-bonded
surface oxygen atoms from the initial down-poled configura-
tion with Fe,O, surface-terminating layer until reaching the
energy-minimizing stoichiometry of Fe,0;50. Density func-
tional theory (DFT) calculations of the three models, i.e. BFO, v-
BFO and dp-BFO, were done with the CRYSTAL23 code,** using
the B3LYP method with D3 dispersion corrections and spin
polarization.?**

3 Results and discussion
3.1 Material characteristics

The BiFeO; photoelectrode fabrication process is illustrated in
Fig. 1a. BFO thin films were prepared by spin coating precursor
solutions onto a fluorine-doped tin oxide (FTO) glass
substrate.>® The deposited BFO film was heated at 90 °C to
induce gelation and then 250 °C to evaporate the solvent. The
coating-drying process was repeated three times (unless other-
wise stated) to give the desired BFO layer thickness. A BFO
photoelectrode was obtained by subjecting the BFO film to
pyrolysis and crystallization processes in an air atmosphere at
450 °C and 650 °C, respectively. The as-synthesized BFO film
(referred to as pristine BFO) was then polarized using an
electrochemical method at +8 Vin a 0.1 M LiClO, in propylene
carbonate electrolyte to control the bulk polarization state. The
pristine BFO film was also subjected to vacuum treatment (v-

This journal is © The Royal Society of Chemistry 2025
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BFO) as a benchmark for the property and performance
characteristics.

Scanning electron microscopy (SEM) images (Fig. 1b and c)
of the pristine BFO film show polycrystalline BFO covering the
FTO substrate, with a thickness of ~135 nm. The X-ray
diffraction (XRD) pattern (Fig. 1d) shows that BFO comprises
a pure rhombohedral R3¢ crystal structure (ICDD: 04-009-2327),
dominated by the (012), (104) and (110) orientations at 26.2°,
37.1° and 37.5°, respectively. The bright-field transmission
electron microscopy (BF-TEM) image (Fig. 1e) and the corre-
sponding selected area electron diffraction (SAED) pattern
(Fig. 1f) further confirm the presence of (012), (110), and (104)
oriented BFO with interplanar lattice spacings of 0.402 nm,
0.286 nm, and 0.280 nm, respectively. To confirm the ferro-
electric nature of BFO, measurements of the piezoelectric
response phase under an applied DC bias were conducted.
Notably, an abrupt 180° phase change from —20° to 160° was
observed (Fig. 1g) when sweeping the DC voltage. The findings
indicate localized switching of the ferroelectric polarization
within the BFO thin film.

3.2 Photoelectrochemical performance

Photoelectrochemical tests were conducted to observe the PEC
behavior of the BFO thin films. PEC linear sweep voltammetry
(LSV) tests (Fig. S1, SI) show the pristine BFO photoelectrode
exhibits a typical p-type photocurrent density curve with
minimal anodic photocurrent density. Cathodic photocurrent
refers to the photocurrent density at potentials where the pho-
toelectrode acts as a photocathode, facilitating the hydrogen
evolution reaction. In contrast, anodic photocurrent corre-
sponds to the photocurrent density under a positive applied
bias, where the photoelectrode operates as a photoanode,
driving the oxygen evolution reaction (OER). When polarized
with +8 V (referred to as up-BFO), an enhanced cathodic
photocurrent density is observed compared to pristine BFO,
while the anodic photocurrent density remains unchanged
(Fig. S1, SI). Significant enhancement in the anodic photocur-
rent compared to the pristine BFO are observed when the BFO
was poled with —8 V (dp-BFO), accompanied by negligible
cathodic photocurrent density (Fig. S1, SI). The behavior
suggests a transition of the semiconductor characteristic from
p-type to n-type. Accordingly, ensuing physicochemical, elec-
tronic, and PEC characterizations focus on the BFO, v-BFO and
dp-BFO samples.

The effectiveness of down polarization was evaluated by
measuring the PFM phase of the dp-BFO sample (Fig. S2, SI).
The resulting phase image reveals a well-oriented PFM phase in
the outer region of the scanned area, which is dominated by
a yellow contrast. This color signature closely resembles that
observed in the central down-poled region that was poled
directly by PFM, indicating successful polarization switching
toward the downward orientation. The XRD pattern of dp-BFO
(Fig. S3, SI) indicates minimum changes on crystallinity of
BFO after down-polarization.

The LSV plots (Fig. 2a) show that a cathodic photocurrent
density of —40 pA cm™? at 0 V vs. RHE and negligible anodic
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(a) Schematic depicting the synthesis process for the BFO thin film. (b) Top-view and (c) cross-sectional SEM images of the BFO film. (d)

XRD pattern of the BFO sample. (e) Bright-field transmission electron microscopy (BF-TEM) image of the BFO film and (f) selected area electron
diffraction (SAED) pattern of the region indicated by the yellow square in (e). (g) PFM amplitude-voltage butterfly loop (green) and phase-voltage

hysteresis loop (blue) of the BFO film.

photocurrent density (6 A cm ™ ?) at 1.23 V vs. RHE was achieved
by the pristine BFO photoelectrode. In contrast, dp-BFO
demonstrated an enhanced anodic photocurrent compared to
the pristine BFO sample, achieving a photocurrent density of 62
HA cm? at 1.23 V vs. RHE, with a negligible cathodic photo-
current (—1 pA cm™? at 0 V vs. RHE). When oxygen vacancies
were introduced into the v-BFO, it exhibited an anodic photo-
current density of 25 pA cm ™2 at 1.23 V vs. RHE with a decrease
in the cathodic photocurrent density magnitude compared with
pristine BFO (—16 pA cm ™2 at 0 V vs. RHE). Similar trends were
evident in amperometry measurements of the photoelectrodes
at 1.23 Vvs. RHE (Fig. 2b). They show a significant photocurrent
density for both dp-BFO and v-BFO at this positive bias, with the
pristine BFO sample offering only a small photocurrent.
Conversely, both v-BFO and dp-BFO exhibited lower photocur-
rent density magnitudes at 0 V vs. RHE relative to the pristine

34522 | J Mater. Chem. A, 2025, 13, 34519-34529

BFO (Fig. S4, SI). These trends suggest that both dp-BFO and v-
BFO exhibit n-type-like behavior.

The photocurrent density trends at positive applied poten-
tials were also reflected in the Nyquist plots (Fig. 2¢) obtained
from photoelectrochemical impedance spectroscopy (PEIS)
measurements at 1.23 V vs. RHE. The obtained plots were fitted
to an equivalent circuit, as shown in the Fig. 2¢ inset, where R
and R, represent the charge transfer resistance values of the
electrolyte solution and within the photoanode, respectively.*
The fitting parameters (available in Table S1, SI) indicate that all
samples exhibit similar Ry values, which accounts for the
resistance of the electrolyte. In contrast, the R, value decreased
from 544 kQ for the pristine BFO to 178 kQ for v-BFO, and
further to 11.3 kQ for dp-BFO, suggesting improved photog-
enerated charge dynamics upon vacuum treatment and down-
poling.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Linear sweep voltammetry profiles and (b) light-on/light-off chronoamperometry curves, (c) Nyquist plots with inset depicting

equivalent circuit employed to calculate the parameters given in Table S1. (SI), and (d) Bode's plots of the BFO-based photoelectrodes measured
in 0.5 M sodium sulfate solution under AM 1.5 G, 100 mW cm™2 illumination. The chronoamperometry and photoelectrochemical impedance

spectroscopy tests were conducted at 1.23 V vs. RHE.

Bode's plots were also constructed to identify the key factors
behind the improved charge dynamics of the dp-BFO and v-BFO
samples. The Bode's plots of the photoelectrodes reflect the
impedance (Z) of the photoelectrode at various frequencies
(Fig. 2d). The lower and higher frequency regions of Bode's plots
are typically associated with charge transfer impedance at the
SEI and in the bulk photoelectrode, respectively. The v-BFO
sample showed a decrease in impedance at lower frequencies,
while no significant difference was observed in the higher
frequency region. The finding demonstrates that the charge
transfer improvement for v-BFO is only observed at the SEI and
not within the bulk structure. In contrast, dp-BFO exhibits
a decrease in impedance value for both the lower and higher
frequency regions, indicating a decrease in both bulk and
interfacial charge transfer resistance compared to the pristine
BFO.

3.3 Spectroscopic analyses

Examination of the surface chemistry and bulk structure of the
BFO samples was conducted to identify the effect of vacuum
treatment and down polarization on the photoelectrodes.
Raman spectroscopy (Fig. 3a) reveals changes in the bonds of
both dp-BFO and v-BFO compared to the pristine BFO photo-
electrode. At room temperature, BiFeO; typically presents 13
Raman modes (4A; + O9E) at low frequencies (up to
262 cm™').*3 For both v-BFO and dp-BFO, the A; peak at

This journal is © The Royal Society of Chemistry 2025

140 cm™" (Fig. 3b) is red-shifted relative to pristine BFO, indi-

cating changes in the Bi-O bonds. Lahmar et al. reported that
the red-shifted peak at 140 cm™" is induced by surficial oxygen
vacancies which affect Bi-O bonds at the surface.?*

To further elucidate the chemical changes on the photo-
electrode surfaces, X-ray photoelectron spectroscopy (XPS) was
conducted. As shown in Fig. 3c, the O 1s signal for BFO can be
deconvoluted into two peaks at 529.4 and 531.1 eV, attributed to
lattice oxygen (Op) and chemisorbed oxygen species (O.qs),
respectively.®® The presence of the O,q45 peaks is typically closely
associated with surface oxygen vacancies. Due to their reactivity,
oxygen vacancies are rapidly oxidized under ambient condi-
tions, leading to the presence of the O,qs peak.®® O.qs is
observed in pristine BFO due to oxygen vacancy formation
during the synthesis process. Vacuum treatment further
increases the surface oxygen vacancy concentration at the v-BFO
surface, hence the O,qs peak is slightly stronger for the v-BFO
sample.’” Unlike v-BFO, down polarization significantly alters
the O,qs peak by inducing a slight shift to the lower binding
energy (530.9 eV) and increasing its intensity. Based on our
earlier study,” this enhancement at 531.1 eV arises from the
accumulation of physisorbed water on the down-poled surface
and the formation of surface lattice hydroxide. The latter is
initiated by the negatively-charged surface of down-poled BFO
(discussed below), which facilitates proton (H') adsorption
from the electrolyte. This process converts surface lattice O to
OH, resulting in a new O 1s XPS signal that overlaps with the

J. Mater. Chem. A, 2025, 13, 34519-34529 | 34523
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0,45 peak." Notably, dp-BFO also exhibits an additional peak at
532.9 eV, which is absent in v-BFO. This peak is attributed to
chemisorbed water molecules (Ow._c), as previously identi-
fied."**® The formation of surface lattice hydroxide and the
accumulation of adsorbed water on the dp-BFO surface syner-
gistically enhance OER by facilitating proton-coupled electron
transfer steps and accelerating interfacial charge transfer
kinetics.*

All samples show Bi 4f peaks at 158.8 and 164.1 eV, corre-
sponding to Bi*".* These peaks are found to be slightly shifted
towards higher energies (158.9 and 164.2 eV) for both dp-BFO
and v-BFO compared with pristine BFO, but no new peaks
appear, indicating there is no change in the Bi oxidation state.
Pristine BFO exhibits features corresponding to Fe>" at 710.1 eV
and Fe®" at 712.4 eV. The presence of these two oxidation states
is expected for pristine BFO, attributed to the formation of
intrinsic defects such as oxygen and bismuth vacancies during
the synthesis.”” The same two peaks are seen for v-BFO and dp-
BFO, but the ratio of Fe** to Fe*" decreases, to 0.34 for v-BFO
and 0.33 for dp-BFO, compared to the pristine BFO (0.35). The
decrease in the Fe®":Fe’" ratio is associated with both the
negatively-charged surface and presence of surface oxygen
vacancies for dp-BFO surface and with the presence of vacuum-
induced oxygen vacancies on the v-BFO. Additionally, following
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the same trend as the Bi peaks, the Fe peaks for dp-BFO and v-
BFO appear at higher energies compared with pristine BFO. The
binding energy shifts for bismuth and iron in v-BFO and dp-
BFO can be generally attributed to oxygen vacancy formation
which would increase the electron density at the cation sites
and subsequently increase the binding energies.'*"’

To gain insights into the local structure of pristine BFO, dp-
BFO and v-BFO, X-ray absorption spectroscopy (XAS) was con-
ducted at the Bi Ly-edge and Fe K-edge. The bulk oxidation
state of Bi in the pristine BFO, v-BFO and dp-BFO was deter-
mined by comparing the Bi Ly; X-ray absorption near edge
structure (XANES) spectra with the spectrum of a Bi,O; refer-
ence (Fig. 4a). The Bi Lyredge XANES region of the X-ray
absorption spectra for all samples overlaps with that of Bi,Os.
The result confirms the existence of Bi** in BFO and that neither
vacuum treatment nor down poling alter the Bi oxidation state,
consistent with the XPS results.

The Fe K-edge XANES spectra of the BFO photoelectrodes are
compared with that of Fe foil, FeO and Fe,O; references
(Fig. 4b). The EXAFS fitting parameters are available in Table S2.
The spectrum of the pristine BFO overlaps with the Fe,O;
reference at an edge energy position of 7123.7 eV, indicating
that the Fe in bulk BFO is predominantly Fe*". As XAS is a bulk
characterization technique while XPS is sensitive only to the

This journal is © The Royal Society of Chemistry 2025
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the Fe K-edge. Fitting range: 1 < R (A) < 3.

surface region (depth of <10 nm), it can be concluded that the
Fe*" observed from XPS corresponds to the surface Fe species.
As previously mentioned, surficial Fe** formation is due to
bismuth loss and oxygen vacancy formation during the
synthesis process.** The extended X-ray absorption fine struc-
ture (EXAFS) and associated Fourier transform (FT EXAFS) were
fitted to extract further local structural information around the
Fe’* (Fig. 4c and d). The first coordination shell around the Fe in
pristine BFO is well fitted by the Fe-O path with a coordination
number of 5.7 and a bond length of 1.98 A. The Fe K-edge
XANES spectrum of v-BFO shares identical features with that
of pristine BFO, suggesting the Fe oxidation state in the bulk v-
BFO structure is not affected by vacuum treatment.
Conversely, the Fe K-edge XANES spectrum of dp-BFO indi-
cates changes to the local structure upon polarization. While
the edge energy position of dp-BFO is the same as for pristine
BFO, the shoulder peak at 7127 eV has disappeared. Simulta-
neously, the post-edge peak at 7133 eV has shifted to a lower
energy with a higher white line intensity than the pristine BFO.
The peak at 7127 eV is associated with the O 2p band transfer to
the Fe 3d orbital, the so-called ligand-to-metal charge transfer
process, while the peak at 7133 eV is caused by the 1s to 4p
dipole-allowed transition.*” The fitting results for the EXAFS
and FT-EXAFS spectra for dp-BFO at the Fe K-edge further

This journal is © The Royal Society of Chemistry 2025

confirm the increase in Fe-O bond length (by 0.01 A to 1.99 A)
and the decreased Fe-O coordination number (5.3). Based on
previous reports, the increase in Fe-O bond length and the
decrease in coordination number are indicative of a change to
the lattice oxygen in the material.*>**** In contrast to the v-BFO
that experiences surface changes alone, the results highlight
that the changes to dp-BFO are substantial, affecting the overall
bulk structure.

3.4 Electronic and optical characteristics

To understand the effect vacuum and down-poling treatments
have on the electronic properties of the BFO photoelectrodes,
DFT calculations were used to extract information on the elec-
tronic densities of states for each sample (Fig. 5a). Based on the
characterization outcomes for the v-BFO, the v-BFO was
modeled by introducing oxygen vacancies at the upward
polarized BFO surface. The Fermi level of v-BFO was calculated
to have shifted by 1.2 eV to higher energies (towards the CB)
compared to the pristine upward polarized BFO, due to the
introduction of occupied, localized mid-gap states above the VB.
The ultraviolet photoelectron spectroscopy (UPS, Fig. 5b) result
shows the same trend with a 0.2 eV Fermi level shift closer to the
CB for v-BFO compared to pristine BFO. Note that the difference
in the magnitude of the Fermi level shift arises from the

J. Mater. Chem. A, 2025, 13, 34519-34529 | 34525
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idealization of the DFT models. The BFO was modeled as
a pristine framework possessing no structural defects, whereas
the synthesized BFO sample contains inherent oxygen vacan-
cies, as illustrated by the earlier O 1s XPS profile (Fig. 3c). It has
been widely reported that oxygen vacancies on the surface of
BFO can generate unpaired electrons, and consequently shift
the Fermi level to a higher energy (towards the CB).**** Thus, the
increased vacancy concentration in v-BFO results in the
observed up-shift of the Fermi level towards the CB, with a cor-
responding increase in electron carrier density and a decrease
in hole carrier density. The shift in Fermi level and change in
carrier densities leads to a shift from p-type to more n-type
behavior. A shift in the Fermi level to a higher energy also
impacts the band-bending at the SEI, inducing upward band-
bending, facilitating hole transport to the photoelectrode
surface which is favorable for the OER.*® The phenomenon
leads to an increased anodic photocurrent density for the v-BFO
photoelectrode as more holes can reach the v-BFO surface to
oxidize water molecules. Introducing surficial oxygen vacancies
has also been reported to facilitate enhanced charge transfer at
the SEI in a metal oxide photoanode, and accelerate water
oxidation reactions at the surface of photoanodes.*”” The DFT
calculations show that the VB and CB positions of v-BFO remain
unchanged relative to the original pristine BFO positions, while
the UV-vis spectra (Fig. 5¢) similarly show no significant change
in the band gap.

34526 | J. Mater. Chem. A, 2025, 13, 34519-34529

In contrast, DFT calculations indicated the Fermi level of dp-
BFO shifted by 0.8 eV to a lower energy level compared to
pristine BFO (Fig. 5a). Similarly, the UPS (Fig. 5b) shows that the
Fermi level of dp-BFO shifted by 0.3 eV to a lower energy level. In
contrast to v-BFO, the Fermi level shift for dp-BFO theoretically
induces stronger downward band bending at the SEI compared
to the unpoled BFO, hindering hole transfer to the SEI. As well
as the Fermi level shift, the DFT calculations revealed the dp-
BFO CB and VB shifted by ~0.9 eV to lower energies
compared to the pristine BFO. These calculated band shifts
agree with experimentally-obtained VB energies reported in an
earlier study." The repositioned VB leads to a greater difference
between the VB potential and the electrolyte oxidation poten-
tial, which benefits the OER reaction - the larger VB offset
creates a wider depletion region and stronger electric fields at
the SEI which accelerates the transfer of holes to the dp-BFO
surface.*®* Further, it has been reported that the electric field
across the BFO arising from down polarization induces
a gradient in the band energies, promoting hole transport to the
SEI.>*°* Regardless of the band position changes in dp-BFO, the
UV-vis spectra (Fig. 5¢) and the DFT calculations (Fig. 5a) both
show there is no significant change in the band gap.

Measurement of the contact potential difference (CPD) by
Kelvin piezoresponse force microscopy (KPFM, Fig. 5d) showed
that down poling induces a negatively-charged BFO surface
(~250 mV). The change in surface charge will also influence the
energy level at the SEI. The negative charge on the dp-BFO

This journal is © The Royal Society of Chemistry 2025
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surface will invoke upward band bending and facilitate hole
transfer at the SEI, which is consistent with the work reported
by Li and co-workers.® In combination, it appears that the
effects of a charged surface, VB shift and gradient modulation
for dp-BFO overshadow the downward band bending effect
arising from the Fermi level shift. Consequently, the anodic
photocurrent density is enhanced under a positive applied
potential.

Schematics depicting the distinct influence the BFO treat-
ments have on the charge transfer mechanisms for pristine
BFO, v-BFO and dp-BFO, as derived from the findings, are pre-
sented in Fig. 6. For pristine BFO, the relatively low Fermi level
produces upward band bending at the SEI, which is favorable
for electron transfer to the electrolyte but not hole transfer;
thus, pristine BFO shows a strong cathodic photocurrent but
small anodic photocurrent. In the case of v-BFO, the shifted
Fermi level arising from vacuum treatment promotes a shift in
band bending at the SEI from upward to downward, acceler-
ating hole transfer to the BFO surface/SEI to drive the OER
reaction. The proposed mechanism is supported by PEIS
measurement at positive applied potential, which showed
a reduced charge transfer resistance at the SEI, corresponding
to the increased anodic and decreased cathodic photocurrent
for v-BFO relative to pristine BFO. Based on the spectroscopy
results showing changes only in the surface chemical and
electronic structure, it can be concluded that for v-BFO, the
enhanced charge carrier dynamics predominantly occur at the
SEI, while the bulk charge transfer behavior remains
unchanged compared to pristine BFO. In the case of dp-BFO,
the shifted Fermi level delivers stronger downward band-
bending at the SEI. However, this effect is overshadowed by:
(i) the negatively-charged dp-BFO surface inducing upward
band-bending at the SEI; (ii) accelerated hole transfer due to
a wider depletion region at the SEI; (iii) band gradient modu-
lation throughout the BFO that facilitates hole transfer to the
SEI; and (iv) the formation of surface lattice hydroxide and the
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accumulation of adsorbed water on the that can accelerate OER.
Moreover, the effects unite to improve bulk transport of holes
within the BFO towards the SEI (and electrons to the FTO
substrate) as well as hole transfer at the SEI, confirmed by the
reduced charge transfer resistance seen from PEIS and evidence
from spectroscopy of changes in both the bulk and surface
structure, which accounts for the improved anodic PEC
performance, with negligible cathodic photocurrent
production.

The oxygen vacancies in v-BFO affect the charge dynamics
predominantly at the SEI. Consequently, it is expected that v-
BFO will exhibit n-type behavior only when it is thin enough
for the surface effects to be dominant and govern photo-
electrode behavior. In a thicker photoelectrode, the impact of
vacuum annealing will not be as significant with the subdued
effect not sufficient to control the semiconducting behavior.

To validate this hypothesis, both vacuum annealing and
downward poling were applied to BFO films of two additional
thicknesses (65 nm and 260 nm), with film thickness tuned by
varying the number of deposition cycles while keeping all other
parameters constant to minimize extraneous influences. Given
that surface roughness can affect both ferroelectric poling
behavior and PEC performance, atomic force microscopy (AFM)
measurements were conducted for all BFO films.** The results
(Table S3, SI) confirmed similar surface roughness values for
the 65 nm, 135 nm, and 260 nm films, suggesting that surface
roughness plays a negligible role in modulating polarization or
PEC activity. All BFO films were poled using a fixed bias of -8V,
which is sufficient for full polarization switching across the
different film thicknesses, based on the known coercive field of
BFO (150-370 kV cm™ ") and the observed phase switching in
PFM measurements (Fig. $6).°*>

For the 65 nm-thick BFO photoelectrode (Fig. S5a and b), the
impact of vacuum annealing on anodic photocurrent density is
more significant than for a 260 nm-thick BFO layer (Fig. S5c and
d). Notably, the performance enhancement of the 135 nm film

BFO
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v-BFO
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Fig. 6 Schematics depicting the charge transfer mechanisms in pristine BFO, v-BFO and dp-BFO photoanodes at an applied positive bias. The
impact on charge transport of SEl band bending, electronic band shifting and gradients in band energies within the BFO layer, arising from the
vacuum annealing and down poling treatments, are illustrated. Arrow colors indicate the relative rates of charge transfer: The green arrows in v-
BFO and dp-BFO represent faster charge transfer relative to the black arrows in pristine BFO.
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lies between that of the 65 nm and 260 nm samples. In contrast,
the PEC enhancement achieved by downward polarization
remained consistent across all film thicknesses, indicating that
the polarization effect extends beyond charge transfer dynamics
at the SEI as well as across the bulk structure. This demon-
strates that downward poling enhances anodic PEC perfor-
mance in a thickness-independent manner.

4 Conclusions

Ferroelectric polarization has been demonstrated to manipulate
the behavior of pristine BFO for PEC reduction or oxidation
reactions. The internal electrical field in BFO enables regulation
of the n/p-type behavior of the material by exploiting its
switchable polarization capacity. Down-poling a BFO thin film
yields better anodic performance than the conventional
vacuum-annealing of BFO thin film. Vacuum annealing intro-
duces surfice oxygen vacancies and shifts the Fermi level
towards the CB with charge transfer efficiency improved at the
SEL In contrast, while down-poling shifts the Fermi level to
a lower energy (more positive potential), it also enhances both
bulk and interfacial charge transfer within the BFO film. These
improvements arise from a combination of effects from the
negatively-charged surface, negatively shifted band energies,
positive energy gradient, the formation of surface lattice
hydroxide and accumulation of chemisorbed water on the dp-
BFO. Together, these factors outweigh the Fermi level shift
and facilitate photo-generated hole transfer, thereby, intensi-
fying photoanodic performance. The findings highlight the
significant potential of ferroelectric polarization to readily and
rapidly alter the p/n behavior of a photoelectrode under mild
treatment conditions.
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