¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

The origin of annealing atmosphere-dependent
defect formation and photocathodic behaviour in
BiFeO3 thin films

Syeda Reha Khadri, ©¢ N. V. Srihari,
Dharmapura H. K. Murthy (2 *@

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 8713

b

® K. K. Nagaraja® and

Bismuth ferrite (BiFeOs) offers a unique blend of advantages—made of earth-abundant materials,
capable of harnessing visible light (1 < 600 nm), and the prospect of piezocatalysis due to its inherent
ferroelectric behaviour. Despite these advantages, the inadequate photocatalytic performance of BiFeOs
is attributed to charge carrier recombination/trapping processes, promoted by defects formed upon
varying the synthesis parameters. This work investigates the effect of the annealing atmosphere (argon
or ambient air) on structural/optoelectronic properties and photoelectrochemical water splitting.
Though optical absorption and the electrochemical surface area remained virtually similar, almost four
times enhancement in photocathodic current density is observed for BiFeOs annealed in argon
compared to that annealed in ambient air. This intriguing observation is rationalised based on the
mutually correlated complex defect chemistry, Fermi level position, band bending profile, and efficiency
of the interfacial charge transfer process. The interaction of Bi (due to its volatile nature) with its

Received 1st September 2025, surrounding gas during the annealing process eventually determines the overall optoelectronic

Accepted 13th October 2025 properties of BiFeOs. Results offer a simple and facile yet effective strategy to engineer defects by just
controlling the annealing atmosphere without doping or complicated post-synthesis processes.

Discussed mechanistic insights shed light on the vulnerable nature of defects in BiFeOs and tuning them
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1. Introduction

Considering the ever-rising global energy demand and carbon
emissions from fossil fuels, it is critical to utilise renewable
energy sources. Harvesting abundantly available sunlight via
the photocatalytic/photoelectrochemical (PEC) method to pro-
duce solar fuels offers a sustainable approach. However, to
realise solar fuel production at scale, photocatalyst design plays
a key role." Among the several photocatalysts developed, metal
oxides (SrTiO;, TiO,, etc.) are still extensively used, despite
having a wide band gap capable of absorbing only ultraviolet
light.>* To further enhance the solar fuel production efficiency,
it is essential for a photocatalyst to be earth-abundant and
simultaneously absorb a wide part of the solar spectrum. For
instance, visible light absorbing Bi-based photocatalysts such
as BiVO,, modified with a cocatalyst, have been utilized to
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rationally for enhancing the solar fuel production.

effectively harness the photogenerated holes for PEC water
splitting, achieving an incident photon-to-current efficiency
(IPCE) of 34.37%.° In this context, bismuth ferrite (BiFeO,;
(BFO)), another Bi-based photocatalyst, is a promising visible-
light (2 < 600 nm) absorbing photocatalyst. BFO is susceptible
to doping at both Bi and Fe sites due to its perovskite-type
structure,® thus offering tunable optoelectronic properties. In
addition, the prospect of phase-dependent multiferroic beha-
viour is proposed to enhance charge separation yield; conse-
quently, the efficiency of photocatalytic reaction in BFO is
amenable.”® Though other Bi-based photocatalysts, such as
BiVO, and bismuth oxyhalides, are extensively investigated,’
utilization of BFO for photocatalytic/PEC water splitting reac-
tion remains unexplored, despite its promising prospects and
advantages.

A few challenges limiting the effective utilization of BFO for
PEC water splitting application are (i) difficulty in preparing
phase-pure BFO, (ii) inherent challenges in controlling stoi-
chiometry that lead to ubiquitous defects affecting charge
carrier transport, (iii) lack of comprehensive correlation
between synthesis conditions and the resulting optoelectronic
properties, and (iv) pronounced charge carrier recombination
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and trapping.'>'® While these parameters collectively deter-
mine the PEC water splitting efficiency, their origin can be
attributed to the unique properties of the elements in BFO
and their electronic interaction. Among the constituents of
BFO, Bi has a relatively lower melting point of ~271 °C. Hence,
Bi is prone to escape from the lattice at an early stage during
the synthesis of BFO, naturally resulting in the formation
of Bi vacancies. Consequently, owing to the charge compensa-
tion mechanism, oxygen vacancies are mutually formed
alongside Bi vacancies. This overall process leaves unpaired
electrons that convert the valence state of Fe in BFO to Fe>*
from Fe®" (expected as per ideal BiFeO;, stoichiometry)."”
Collectively, the formation of Bi and oxygen defects influences
the Fermi level (Er) position, charge carrier transport,
and electron-hole recombination.’® Besides solar fuel
production via PEC or photocatalytic approaches, BFO is
a promising candidate for applications in piezoelectrics,
ferroelectric materials, spintronics, sensors, and optoelec-
tronics.’®?° However, a major factor limiting the wider
utilization of BFO is its inherently high leakage current
correlated to oxygen vacancies.

A few approaches to control the vacancies include chan-
ging synthesis parameters and doping. Doping samarium at
Bi sites of the BFO host enhanced the concentration of
oxygen vacancies and consequently, PEC water splitting
activity.>"*> However, no consensus exists on how such
vacancies promote (or hinder) electron-hole recombination
and interfacial charge transfer processes, eventually affecting
the PEC performance. Considering the role of the annealing
atmosphere, BFO thin films annealed in an oxygen-rich
atmosphere showed 3.5 times higher photoanodic current
than BFO annealed in air.?® Furthermore, BFO thin films
annealed in oxygen showed lower crystallinity and a higher
leakage current than samples annealed in air.>* In contrast,
another study revealed enhanced microstructural and elec-
trical properties when annealed in oxygen.>®> Summarizing
these observations, there is no agreement or mechanistic
insight into how the annealing atmosphere controls Bi and/
or oxygen vacancies that play a key role in the structural and
optoelectronic properties of BFO. Hence, it is essential to
establish comprehensive correlations between synthesis
parameters and structural defects/vacancies to enhance the
performance of BFO.

The key question we aim to address is how the annealing
atmosphere impacts vacancy formation and reveals the under-
lying mechanism involved. In this direction, while keeping all
other experimental parameters similar, only the heating atmo-
sphere is systematically changed from ambient air to argon.
The photocathodic current observed during the PEC reaction is
correlated with structural/optoelectronic properties. Results
highlight the role of the vulnerable and volatile nature of
Bi atoms and their tendency to interact with the gas atmo-
sphere in controlling the vacancies in BFO. Obtaining mecha-
nistic insights into such often-ignored processes is key to
enhancing PEC water-splitting performance and designing
photocatalysts.
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2. Experimental section

2.1. Synthesis of BFO thin films

BFO thin films were synthesised using bismuth(um) nitrate
pentahydrate (Bi(NOs);-5H,0; Merck), iron(im) nitrate nonahy-
drate (Fe(NOs);-9H,0; Thermo Scientific), fluorine-doped tin
oxide (FTO) substrates (Techinstro), acetic acid (Loba Chemie)
and 2-methoxy ethanol (Isochem) as solvent. 0.3 M solution of
Bi(NOj3);-5H,0 was prepared using acetic acid and 2-methoxy
ethanol as solvents in a 1: 3 ratio (10% excess Bi salt was added
to compensate for Bi loss upon heating at higher tempera-
tures). A 0.3 M solution of Fe(NO3);-9H,0 in 2-methoxy ethanol
was also prepared. The solutions were heated separately at
50 °C with constant stirring for 50 minutes. These two solutions
were later mixed and heated at 50 °C for two hours under
continuous stirring. The precursor solution was then spin-
coated on the pretreated FTO substrates at 2000 rpm for
30 seconds and later dried at 150 °C for 10 minutes under
ambient conditions. Subsequently, the samples were annealed
in different atmospheres (argon or ambient air) at 500 °C for
two hours in a furnace with an 8 °C ramp rate. For the ambient
air-annealed sample, both ends of the tube furnace were kept
open to allow circulation of ambient air. In the case of the
argon-annealed sample, both ends of the tube furnace were
closed, and a continuous argon flow was maintained at 150
sccm throughout the annealing process. The BFO thin films
annealed in ambient air were labelled as “ambient air,” while
those annealed in a 100% argon atmosphere were labelled as
“argon.”

2.2,
tools

Structural, electrical and optoelectronic characterization

Grazing incidence X-ray diffraction (GI-XRD) was measured
on a Rigaku SmartLab with a Cu Ka source of wavelength,
J = 1.54 A. The GI-XRD pattern was recorded at 20 values
ranging from 20° to 80° with a step size of 0.02°. The ratio of
Bi and Fe in each sample was determined through energy-
dispersive X-ray spectroscopy (EDS) using an EVO MA 18 with
an Oxford EDS (X-act). The reported ratio is the average
composition recorded at three different sites of the thin
films. The roughness parameter of the films was measured
using an atomic force microscope (AFM) provided by Agilent
Technologies.

X-ray photoelectron spectroscopy (XPS) and valence band
XPS (VB-XPS) were employed to determine the valence state of
the elements in the BFO thin films and the relative shift in the
Er. These measurements were conducted using a Thermo
Scientific Ko X-ray photoelectron spectrometer. Spectral charge
correction for the high-resolution XPS core level spectra was
performed using the C1s peak at 284.8 eV. To further compare
the oxygen vacancies in the two samples, leakage current was
measured using a Radiant Precision Premier II Ferroelectric
Tester. A voltage of 0.1 V was applied with 0.1 s soak time,
followed by measuring the current for the next 0.1 s. Optical
absorption of the synthesised thin films was measured using a
UV-vis spectrophotometer from Thermo Fisher Scientific with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an integrating sphere accessory using a step size of 1 nm. It
includes the data of fraction of light absorbed (F,) by the BFO
thin films, calculated using the following equation (eqn (1)).

1)

Fro— 1 % Transmittance n % Reflectance
AT 100 100

2.3. Photoelectrochemical studies

PEC measurements were performed using a Metrohm Autolab
PGSTAT 204 and a solar simulator from Holmarc (HR-
SS300WRM1-100A) with an air mass (AM 1.5G) filter, and a
300 W xenon short arc lamp was used as the light source. A
three-electrode system was used for the measurements, with
platinum mesh and a reversible hydrogen electrode (RHE)
being the counter and reference electrode, respectively. 0.1 M
K,SO, was used as the electrolyte (pH 5.6) for the PEC measure-
ments. Cyclic voltammetry (CV) was performed for a potential
range of 0 V to 1.2 V vs. RHE at a scan rate of 20 mV s . Linear
sweep voltammetry (LSV) was performed from 0.8 V to 0 V vs.
RHE at a scan rate of 20 mV s~ and 50 mV s~ *. The reported
LSV and CV data include iR corrected potential values. The
effect of light and the electron acceptor (H,0,) on the photo-
cathodic current and stability of the BFO sample was studied
using chronoamperometry measurements at —0.1 V vs. RHE for
2 hours and at 0 V vs. RHE for 30 minutes with dark and light
intervals every alternate minute. The electrochemical surface
area (ECSA) of both thin films was determined by recording CV
in the non-faradaic region at scan rates ranging from 10 mv s "
to 50 mV s~ '. The double layer capacitance (Cq) was obtained
from the plot of anodic current ( j,)-cathodic current (j.) vs. the
scan rate, at a given potential. The ECSA was then calculated
using Cgq)/Cs, where Cg is the specific capacitance of BFO.
Electrochemical impedance spectroscopy (EIS) measurements
were recorded at a DC potential of 0 V vs. RHE, across a
frequency range of 5000 Hz to 0.1 Hz.

3. Results and discussion

The effect of the annealing atmosphere on the PEC perfor-
mance of the BFO thin films will be discussed first, followed by
offering optoelectronic and defect chemistry bases to rationa-
lise the observations. The last part offers insight into enhancing
the functions and diverse applications of BFO via defect
engineering.

3.1. Effect of the annealing atmosphere on the PEC
performance of BFO thin films

Fig. 1a compares the CV data of BFO thin films annealed in
argon and ambient air. Both films show a significant enhance-
ment in light-induced current in the cathodic side compared to
the anodic side. This observation indicates a reduction reaction
involving electrons and its potential application towards the
hydrogen evolution reaction. Fig. 1b shows how the photo-
cathodic current magnitude and onset potential values are
sensitive to the annealing atmosphere. The BFO thin films
annealed in ambient air and argon show a photocurrent density

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of —0.005 mA cm™? and —0.019 mA cm > at 0 V vs. RHE,
respectively. The four times increment in photocathodic cur-
rent and a reduction in onset potential by 0.1 V suggest an ease
in electron extraction for the BFO thin film annealed in argon
compared to ambient air. Similar observations were noted in
different batches of samples (with varying scan rates), demon-
strating a consistent and unambiguous effect of the annealing
atmosphere on the PEC performance (Fig. S1a).

To confirm the cathodic behaviour and prolonged stability,
chronoamperometry measurements at 0 V.and —0.1 V vs. RHE
were performed. As depicted in Fig. 1c, the photocathodic
current increased by an order of magnitude upon adding a
small volume of electron acceptor (H,0,) to the electrolyte. This
observation confirms that electrons are indeed the charge
carriers involved in the reaction (Fig. S1b). Furthermore, con-
sistent photocathodic behaviour for 2 hours under illumination
(Fig. S2) and light response beyond 30 minutes of chronoam-
perometry measurements (Fig. 1c) confirm that the prepared
BFO thin films are stable under operational conditions, there-
fore indicating that the annealing atmosphere does not affect
the stability of BFO thin films. In the next section, we aim to
understand how and why such enhancement in photocathodic
behaviour is expected just by changing the annealing
atmosphere.

3.2. Role of the annealing atmosphere in determining the
PEC activity of BFO thin films

As discussed in Fig. 1, BFO films annealed in argon consistently
demonstrated a higher photocathodic current and a lower
onset potential compared to those annealed in ambient air.
This difference in the photocathodic activity of BFO thin films
upon merely changing the annealing atmosphere is quite
intriguing. Typically, a higher PEC activity is primarily attrib-
uted to a greater ECSA of the photocatalyst.>®>” The ECSA of
argon annealed BFO thin films is 1.93 cm?®, while that of
ambient air annealed BFO is 1.63 cm® (Fig. Sic and d).
Although this suggests that argon-annealed BFO has relatively
more active sites, this alone cannot explain the origin of four
times enhancement in the photocathodic current of argon-
annealed BFO thin films. In the next sections of the manu-
script, we unravel the origin of such annealing-atmosphere-
dependent PEC performance. To this end, we systematically
investigate plausible reasons, such as the efficiency of (i) light
absorption, (ii) charge carrier generation and transport, and
(iii) interfacial charge transfer.”®

To begin with, the effect of the annealing atmosphere on the
magnitude of light absorbed is revealed by separately recording
both transmittance and reflectance measurements using an
integrating sphere. Fig. S3 compares the fraction of light
absorbed, F, (eqn (1)), for BFO thin films annealed in ambient
air and argon. Both films show a similar absorption onset of
~520 nm, in agreement with earlier reports.>® However, noti-
cing a minor difference of ~0.02 in the F, values between the
samples is unlikely to explain the four times increment in the
photocathodic current. Hence, enhanced PEC activity observed

Mater. Adv., 2025, 6, 8713-8723 | 8715
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Fig. 1 (a) Comparison of CV data and photoinduced cathodic current density between BFO thin films annealed in ambient air and argon. (b) LSVs of BFO

thin films annealed in ambient air and argon under dark and light conditions. Note that all CV and LSV data are corrected for iR. (c) Chronoamperometry
data of BFO thin films annealed in ambient air and argon with 0.1 M K,SO, as the electrolyte and in the presence of 0.3 mM H,0O, as an electron acceptor.

Reaction conditions: AM 1.5 G; power density = 1000 W m~2%;

for argon-annealed BFO cannot be attributed to an increase in
the magnitude of light absorption.

Besides light absorption, the PEC performance is deter-
mined from the efficiency of the charge transfer process at
the semiconductor/electrolyte interface. However, processes
like charge carrier transport and recombination (both the bulk
and the surface)®' are governed by defects that are anticipated
to be affected upon changing the annealing atmosphere. In this
direction, the GI-XRD measurement is conducted to investigate
changes in the structural properties between the films, which
will offer insights into the defect formation.

Fig. 2a compares the GI-XRD patterns of BFO thin films
annealed in argon and ambient air. The diffraction patterns
and phase in both samples closely match the rhombohedral
phase of BFO (ICSD 082614) and do not show secondary
phases. Considering that a very thin layer of BFO is coated on
FTO, peaks corresponding to the FTO substrate are also
observed and are differentiated with an asterisk symbol. The
peaks around 20 values of 22.4°, 31.7°, and 32.0° are assigned to

8716 | Mater. Adv, 2025, 6, 8713-8723
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the (012), (104), and (110) planes, respectively. Among other
diffraction patterns, the (012) plane of BFO is pronounced.
Fig. 2b shows the (012) plane of BFO simulated using open-
source software (Vesta) and how it is influenced by the presence
of Bi atoms in the lattice. As depicted in Fig. 2c, a higher
relative intensity of the (012) peak with respect to the (110) peak
for BFO thin films annealed in argon compared to those
annealed in ambient air is noticed. Such pronounced peak
intensity indicates a higher amount of Bi in argon-annealed
BFO; consequently, fewer Bi vacancies. The EDS analysis in
Fig. 2d (and Fig. S4) indicates a higher Bi to Fe elemental ratio
for BFO thin films annealed in argon (1.16) compared to those
annealed in ambient air (0.77), further corroborating the con-
clusions from XRD analysis. The AFM analysis in Fig. S4c and d
depicted a decrease in the average surface roughness from
8.5 nm to 6.2 nm upon changing the annealing atmosphere
from ambient air to argon. This observation further hints a
reduction in the surface defect concentration for BFO annealed
in argon. Thus, the first significant difference upon changing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) GI-XRD patterns of BFO thin films annealed in ambient air and argon. The asterisk corresponds to peaks from the FTO substrates.2? (b) (012)
plane of BFO, constituting Bi atoms, simulated using Vesta software as per the standard crystallography open database (https://www.crystallography.
net/cod/). (c) Comparison of relative peak intensities corresponding to (012) and (110) planes for ambient air annealed and argon annealed BFO thin films.
(d) The atomic percentages of Bi and Fe in BFO thin films annealed in ambient air and argon atmospheres deduced from EDS measurements at three

different sites of the thin films.

the annealing atmosphere is in the vacancies. Specifically, the
concentration of Bi vacancies is higher in BFO thin films
annealed in ambient air compared to those annealed in argon.

Note that the XRD and EDS data discussed earlier represent
the bulk properties of the BFO system. To obtain information
on the vacancies formed and their influence on the constituent
elements of BFO upon changing the annealing atmosphere,
surface-sensitive high-resolution XPS analysis measurements
are conducted.

The survey spectra in Fig. S5 confirm the presence of Bi, Fe,
and O in the BFO thin films. Fig. 3a presents the high-
resolution XPS core spectra of Bi 4f, which are deconvoluted
into four peaks. Two prominent peaks around 158.6 eV and
163.9 eV, with a spin-orbit coupling energy of ~5.31 eV,
correspond to the Bi** state.>” Two other peaks at lower binding
energies are assigned to Bi® ', associated with oxygen
vacancies.'® Table S1 details Bi 4f binding energy values and
the area under the peak for both films. Since the Bi*" peak
corresponds to the Bi in the perovskite lattice, an increase in its
area confirms a greater amount of Bi (fewer Bi vacancies) in
BFO thin films annealed in argon compared to those annealed
in ambient air.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Due to the variations in Bi vacancies, a mutually correlated
change in oxygen vacancies is anticipated. Fig. 3b presents the
XPS spectra of O 1s, which are deconvoluted into three peaks.
The O; peak (~529.3 eV) corresponds to the metal-oxygen
bonds in the BFO lattice. In contrast, the peaks O;; and Oj;
are assigned to the dangling bonds and the surface-adsorbed
oxygen, respectively.”® The contribution from each deconvo-
luted peak helps to estimate the oxygen vacancies in the
synthesised thin films. According to the data in Table S2
deduced by rigorous fitting of the XPS data, the O; peak of
ambient air annealed BFO accounts for 41%, while the peaks
associated with oxygen vacancies (O + Oy;) account for 59%.
Annealing BFO thin films in argon increases the O; peak
contribution, corresponding to the perovskite oxygen, to
67.6%, decreasing the oxygen vacancies to 32.4%.

Pronounced formation of oxygen vacancies can further be
validated by determining the valence state of Fe in BFO.**
Though the theoretical oxidation state of iron in BFO is Fe",
the occurrence of Fe”* due to the formation of oxygen vacancies
is often observed. A higher ratio of Fe** to Fe** ions indicates
the presence of more oxygen vacancies. The peaks in the XPS
core spectra of Fe 2p in Fig. 3c are split into a doublet of Fe 2p3,

Mater. Adv., 2025, 6, 8713-8723 | 8717
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Fig. 3 XPS core level spectra of BFO thin films annealed in ambient air and argon: (a) Bi 4f region, (b) O 1s region and (c) Fe 2p region.

, and Fe 2p,,, further deconvoluted into two peaks. The peaks
at lower binding energies of ~709.5 eV and ~722.9 eV are
assigned to the Fe®" state, while the peaks around 710.8 €V and
724.0 eV correspond to the Fe*" state. The peak at ~716 eV is a
satellite peak. Table S3 reports the Fe**/Fe*" ratio of BFO thin
films annealed in different atmospheres. The lower percentage
of Fe’” in ambient air annealed BFO implies greater fluctuation
of the valence state of Fe due to relatively more oxygen
vacancies."”*

XPS analysis (summarized in Table 1) revealed a reduction
in the concentrations of Bi and mutually correlated oxygen
vacancies for BFO thin films annealed in argon compared to
those annealed in ambient air. To further corroborate these
observations, the leakage current that is directly controlled by
the oxygen vacancy concentration®® in BFO thin films was
measured. As expected, BFO thin films annealed in argon
demonstrated lower leakage current compared to those
annealed in ambient air (Fig. S6). This observation shows the
profound effect of the annealing atmosphere on the vacancies
and the resulting defects at both macroscopic (leakage current)
and surface (XPS) levels. At the same time, these data show an

alternate avenue to reduce leakage current just by changing the
annealing atmosphere, unlike the usually employed elemental
doping. Decreasing the leakage current by using a facile and
simple approach aids in wider application of BFO in piezo-
electrics, sensors, actuators, and other optoelectronic devices.

Table 2 presents a comprehensive summary of all the data
and observations discussed earlier. However, the origin of the
annealing atmosphere determining the defects and eventually
the PEC performance needs to be elucidated. This question will
be addressed in subsequent sections.

3.3. Mechanistic insight into the annealing-atmosphere-
dependent defect formation and PEC performance

To understand the mechanism, it is essential to get an insight
into the possible interactions of BFO constituent elements with
the annealing atmosphere. Due to the affinity of oxygen (in
ambient air) with Bi,>” a pronounced interaction between Bi
and atmospheric oxygen is anticipated. As a result, the escape
of Bi during the lattice formation is favoured while annealing
BFO thin films in ambient air. This notion agrees with earlier
work demonstrating a strong correlation between the Bi defect

Table 1 A summary of changes in the valence states of the constituent elements of BFO deduced from XPS analysis

Constituent

elements of

BFO Annealed in argon Annealed in ambient air

Bi 4f Bi** (91.24%), and Bi® " (8.76%, resulting due to oxygen Bi** (86.32%) and Bi®™* (13.68%, resulting due to oxygen
vacancies) vacancies)

Fe 2p Fe** (71.73%) and Fe*" (28.27%, formed due to oxygen Fe** (55.67%) and Fe>" (44.32%, formed due to oxygen vacancies)
vacancies)

O 1s 0" corresponding to the perovskite lattice (67.6%) 0”" corresponding to the perovskite lattice (41%)
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Table 2 A summary of observations on BFO thin films annealed in ambient air and argon

Properties

Comparison

Photocathodic current density
Optical absorption

Bi vacancies

Oxygen vacancies

Leakage current density

formation energy and the partial pressure of oxygen employed
during the annealing process.*®*° The escape of Bi from the
lattice accelerates the formation of Bi vacancies in ambient air
annealed BFO. To compensate for the charge imbalance
induced by Bi vacancies, more oxygen vacancies are to be
formed, as presented in eqn (2). As a result, the unpaired
electrons generated due to oxygen vacancy formation will
subsequently reduce the valence state of Fe from Fe*' to Fe*',
as shown in eqn (3). These processes collectively induce a
higher concentration of Bi vacancies, oxygen vacancies, and
Fe® in BFO thin films annealed in ambient air.

, . 3
BiFeO; — Bi;_,FeOs_3; + xVp; + 3xVo + 7)‘02 Yie (2

BiFeO; — Bil,xFe(III)lfoe(II)XO3,3x + xVgi + 3xVo
3
+ goz +2e” 3)

Annealing in ambient air

Ambient air R

Pronounced interaction
of atmospheric O, with
Bi facilitates the escape
of Bi, consequently
leading to Bi vacancy
formation

)
'\/
e
o1

LR |

A1 L ]

‘1’ _ To compensate for
charge imbalance
caused by Bi vacancies,

formation of oxygen
vacancies is favored /

\ o
4

) Bi Fe e 0

Fig. 4
resulting defect chemistry.
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Ambient air annealed BFO < argon annealed BFO
Ambient air annealed BFO ~ argon annealed BFO
Ambient air annealed BFO > argon annealed BFO
Ambient air annealed BFO > argon annealed BFO
Ambient air annealed BFO > argon annealed BFO

In contrast, when BFO thin films are annealed in an argon
atmosphere (oxygen-free), the interaction between atmospheric
oxygen and Bi is virtually absent. Hence, escape of volatile Bi
atoms from the lattice is not favoured. As a result, fewer Bi
vacancies are formed, leading to a relative decrease in oxygen
vacancies. Under argon annealing, oxygen vacancy formation is
induced by the absence of oxygen in the annealing atmosphere,
but it is unlikely due to the charge compensation mechanism.
Fig. 4 illustrates variations in the vacancy formation mecha-
nism upon changing the annealing atmosphere from ambient
air to argon.

According to XRD and XPS results and all collective discus-
sions earlier, the annealing atmosphere controls vacancies and
their concentration in BFO. However, how they impact PEC
performance is unclear. In this direction, the effect of such
vacancies on the optoelectronic properties will be investigated.
The types of defects and their concentration dictate the Er of

Annealing in argon ( O, free atmosphere)

Due to virtually absent
interaction of Bi with
0,, Bi atoms refrain
from escaping the

\L ‘ lattice during
annealing in argon

X
/
. ca
1
AN
i L J

l, Relatively fewer
oxygen vacancies
2 formed, which are
majorly due to oxygen
deficient annealing

v\ ' »
, OV @ atmosphere

Bi vacancy < Oxygen vacancy

Illustrating variations in the interactions between constituents of BFO thin films with the annealing atmosphere (argon or ambient air) and the
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Fig. 5 VB-XPS spectra of BFO thin films annealed in ambient air and
argon. The inset is zoomed in to understand the onset.

BFO. In BaTiOj;, another type of perovskite oxide, reducing
the concentration of Ti** and mutually correlated oxygen
vacancies rendered a p-type behaviour from its well-known
n-type nature.’” In the case of BFO, annealing atmosphere-
dependent changes in the concentration of Bi and oxygen
vacancies are expected to strongly influence the carrier density.
Fig. 5 compares the VB-XPS data between BFO thin films.
Considering the relative shift and differences in the higher
(or lower) binding energy, annealing atmosphere dependent
changes in the Er can be deduced. Noticing the VB onset closer

View Article Online

Materials Advances

to the VB indicates the p-type characteristics of synthesised
BFO thin films, further validating the photocathodic behaviour
discussed in Fig. 1. BFO thin films annealed in argon showed a
shift of ~0.3 eV towards a lower binding energy compared to
those annealed in ambient air. This observation indicates a
pronounced p-type behaviour of argon-annealed BFO thin films
attributed to a decrease in the concentration of oxygen vacan-
cies, in good agreement with noticing a lower leakage current
(Fig. S6) discussed earlier.

Next, to understand how such changes in the Er position
impact the PEC performance, the band bending model and its
plausible role in promoting the charge transfer process are
invoked. The Ep positions for both ambient air and argon
annealed BFO thin films are obtained from VB-XPS. When
BFO thin films encounter the electrolyte interface, the Ey of
the BFO thin film and electrolyte’’ aligns to establish an
electrostatic equilibrium. Consequently, a space-charge region
is formed, resulting in downward band bending, as illustrated
in Fig. 6. Upon illumination, the photogenerated electrons in
the conduction band of BFO move towards the interface by
virtue of the electric field gradient established upon equili-
bration, thus favouring the reduction reaction.*?

In the case of the argon annealed sample, owing to the
relative shift of Ex towards the valence band, the steepness of
band bending is increased compared to ambient air annealed
BFO. As a result, the formation of a pronounced electric field
gradient in argon annealed BFO favours electron transfer
towards the surface and reduces the possibility of electron-

Before contact with the At equilibrium On illumination
electrolyte
Conduction band Conduction band Conduction band
SIele] e o
N
e Reduction
. o F, Redox
Ambient air |.2.4ev
annealed | | e | Pronounced
A i = e Ersro |EF, Redox recombination
{~ 0.98 eV Ecero
- D©© 00 M
Valence band Valence band Valence band
Conduction band Conduction band C0|_1duction band
(3 e e e
€
- N N
Argon Ep Redox Reduction
~2.4eV Reduced
annealed A
_______________ | recombination
EF,BFO EF, Redox
1~067eV " Epo
N\ OO®© 0 O N\
Valence band Valence band Valence band

Fig. 6 Simplified illustration of the proposed band bending mechanism in ambient air and argon annealed BFO thin films. E regox refers to the Fermi
energy level of the electrolyte corresponding to the reduction reaction and Eggro denotes the Fermi energy level position of BFO.
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Fig. 7 EIS spectra of BFO thin films annealed in ambient air and argon
measured in the dark. Inset shows the equivalence circuit used to fit the
data.

hole recombination. In both these films, it is likely that inter-
facial electron transfer is in kinetic competition with electron—
hole recombination at the surface. This notion can be con-
firmed by noticing an order increment in photocathodic cur-
rent upon adding the electron acceptor to the solution that
facilitates electron transfer (Fig. 1c and Fig. S1b). As per the
proposed band bending model, the efficiency of electron trans-
fer is favoured for BFO thin films annealed in argon (hence
enhanced photocathodic current) compared to those annealed
in ambient air.

To verify the band bending model proposed in Fig. 6, EIS
measurements are conducted and presented in Fig. 7. The
impedance in the charge transfer across the semiconductor—-
electrolyte interface is directly proportional to the radius of the
semicircle. A smaller semicircle suggests a lower charge trans-
fer resistance (consequently, higher charge-transfer efficiency)
between the electrode/electrolyte interface.*® Table S4 displays
the fitting parameters of the obtained EIS plots. The relatively
lower interfacial charge transfer resistance (Rcr = 1930 Q) of
argon annealed BFO, compared to ambient air annealed BFO
(Rer = 5300 Q), agrees with the proposed band bending model
discussed in Fig. 6.

3.4. Validating the effect of the Bi amount in BFO thin films
on the PEC behaviour

As discussed earlier, due to its low melting point (hence
volatile) and interaction with the annealing atmosphere, the
escape of Bi from the lattice is promoted. As outlined in Fig. S7,
the origin of annealing-atmosphere-dependent enhancement
in PEC performance is ultimately due to the amount of Bi in the
lattice (or Bi vacancies) and the resulting optoelectronic proper-
ties. To further confirm our hypothesis on the role of Bi, PEC
activity was compared (Fig. S8) between stoichiometric and
20% Bi-excess BFO thin films, both annealed in ambient air.
As expected, depending on the amount of Bi present in BFO,
20% Bi-excess BFO showed almost two times higher photo-
cathodic current density than its stoichiometric counterpart.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This finding further corroborates the crucial effect of Bi
amount in BFO on the photocathodic behaviour.

The work presented here emphasises the effect of the often-
ignored annealing atmosphere on the interplay between defect
chemistry and optoelectronic properties. The work presented
here provides comprehensive insight into the origin of the
annealing-atmosphere-dependent PEC activity of the BFO
thin films. It is emphasized that the role of defects will not
just influence PEC activity, but various applications of BFO
in ferroelectric behaviour, sensing, and less explored
piezocatalysis.

4. Conclusion

Unlike the wusually employed doping or post-synthesis
approaches, which are not specific and are thus intricate to
tune defects of interest, this work revealed how changing the
annealing atmosphere can favourably be used as a facile
approach for controlling the optoelectronic properties of BFO
thin films. The origin of approximately four times enhance-
ment in the photocathodic current for BFO just by changing the
annealing atmosphere from ambient air to argon was attribu-
ted to a range of optoelectronic properties (defect chemistry,
carrier concentration, band bending, and charge transfer) that
originated from Bi vacancy creation. Besides its volatile nature
owing to its low melting point, the extent of Bi interaction with
the gas in the annealing atmosphere played a crucial role in
governing the overall stoichiometry and the resulting defects.
This work offered mechanistic insights into the formation
of vacancies and systematically unravelled the often-ignored
role of the annealing atmosphere in the defect formation and
PEC performance of BFO thin films. The results provide an
alternate and straightforward approach to rationally control the
defects to enhance the function and applications of BFO in
piezocatalysis, sensing, ferroelectricity and other emerging
applications.
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