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Role of Excess Bi on the Properties and Performance of BiFeO; Thin-
Film Photocathodes
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ABSTRACT: BiFeO,; (BFO) has recently been identified as a 1. _*6'_
promising photocathode material for photoelectrochemical (PEC) 3’: > o i
water splitting due to its light absorption and photoelectrochemical “ () :

properties. The performance-limiting factors, in particular the A Ny Yo% ¢
impact of stoichiometry on the performance, still need to be s @ o9 " ol

understood. The effect of the ratio of Bi/Fe in the precursor
solution for sol—gel synthesis on the properties and performance of \_j v

BFO thin films is investigated in this study. Thin films with a ——

stoichiometric Bi/Fe ratio and with a 10% excess of Bi are prepared fo Fro
on fluorine-doped tin-oxide substrates. While bulk characterization / BFO-s \ / _ BFO-e \
techniques show the formation of phase-pure BFO, surface Bi:Fe =1:1 Bi:Fe =1.1:1

characterization techniques indicate Bi enrichment on the surface.

Light absorption and band gap do not change with excess Bi, whereas the current density is two times higher for Bi excess films
compared to stoichiometric films at 0.6 V vs RHE. Electrochemical impedance spectroscopy attributes this improved performance of
excess Bi thin films to a lower recombination rate and a lower charge transfer resistance. The lower recombination rate is attributed
to fewer Bi and O vacancies, which can act as recombination centers. Therefore, adjusting the Bi/Fe ratio is an effective strategy to
enhance the PEC performance of BFO photocathodes.

KEYWORDS: photoelectrochemical water splitting, bismuth ferrite, Bi/Fe stoichiometry, bismuth oxide, vacancies

B INTRODUCTION recombination centers'” and therefore lower the performance
of photoelectrodes in PEC. Thus, it is of great importance to
adopt strategies to minimize the negative effect of vacancies on
PEC performance.'*

BiFeO, (BFO) is a ferroelectric metal-oxide semiconductor
that is known to have the largest remanent polarization alon
the [1 1 1] direction among all known ferroelectric materials. "
It has been used widely in engineering fields, like
electronics'®™'® and spintronics,'””" due to the ability to
control its ferroelectric domain order by switching the
polarization using an external electric field.”' Due to its
favorable band gap of ~2.7 eV, BFO can also be used for light
harvesting in PEC systems.””** Previous studies have shown
that BFO is also active for PEC water splitting with several
studies emphasizing the role of its ferroelectricity.”* >°
Depending on the synthesis route, pure BFO can be
synthesized as either a p-type or an n-type semiconductor.

With the rapid increase in worldwide CO, emissions, there is a
need to change from traditional sources of energy to renewable
energy.’ The focus must be on optimizing and improving
methods to produce environmentally friendly energy carriers,
like hydrogen, to reduce CO, emissions.” Photoelectrochem-
ical (PEC) water splitting is a process to obtain green
hydrogen from water driven by solar energy.”* PEC water
splitting systems combine solar energy harvesting and water
electrolysis in an integrated manner and typically rely on a
semiconductor that functions both as a light absorber and as a
catalyst.” PEC cells consist of two half-electrodes, namely, a
photocathode and a photoanode, where the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER) occur, respectively. Depending on the system, one or
both of these electrodes can absorb light.

Several binary and ternary metal oxides have been explored
as photoelectrode materials for HER and OER.>~® Most of the
oxides used as photoelectrodes suffer, however, from
limitations, such as poor charge transfer and/or high
recombination rates.””'” Enhancing charge transfer and
reducing recombination rates are therefore important means
for increasing the performance of photoelectrodes. Vacancies
are an important factor here, since they can act as charge
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Figure 1. SEM top view images of the surface of BFO thin films synthesized by sol—gel: (a) BFO-s and (b) BFO-e.

Wefring et al. observed that the conductivity of BFO is strongly
dependent on the partial pressure of oxygen during the
synthesis; decreasing the partial pressure of oxygen leads to a
transition from p-type to n-type.”” Makarovic et al. also show a
number of examples from the literature of p-type BFO formed
when the annealing was done in air,”® which supports the
results of Wefring et al. Solution-based synthesis that involves
annealing in ambient air leads to formation of p-type material,
whereas vapor deposition techniques mostly operating under
low partial pressures of oxygen (like pulsed laser deposition)
form n-type materials.”’ Consequently, BFO can be used as a
photocathode® ™ or photoanode.”*”*~*” Since Bi is volatile,
an excess of Bi is often used in the synthesis to compensate for
the loss of Bi when subjected to high temperatures.’*™*
However, excess Bi can also lead to the formation of additional
phases, like Bi,O; and Bi,Fe O, which could affect the PEC
performance of BFO.*' A 10% excess of Bi is generally added
to compensate for the loss of Bi from thin films during
annealing, while at the same time preventing the formation of
other phases of the Bi—Fe—O system.”” On the other side,
adding excess Bi is known to beneficially influence the
properties of BFO, such as lowering the leakage current,*
enhancing the polarization by increasing the remanent
polarization,**** and reducing the amount of Bi vacancies."’
While these previous studies have investigated the effect of
excess Bi on the material properties and the defect chemistry of
BFO thin films, the effect of excess Bi on the PEC performance
has not been studied yet. Changes related to different Bi/Fe
ratios can impact the PEC performance of BFO thin films as
well. Our work aims to study the effect of excess Bi on the PEC
properties and performance for HER in p-type BFO thin films
prepared by the sol—gel method.

B RESULTS

To study the effect of excess Bi in BFO photocathodes, thin
films of BFO are synthesized on a fluorine-doped tin-oxide
(FTO) substrate by a sol—gel method using a precursor
solution with a stoichiometric Bi/Fe ratio (BFO-s, Bi/Fe = 1:1
molar ratio) and a 10% excess Bi (BFO-e, Bi/Fe = 1.1:1 molar
ratio).

Chemistry and Materials Characterization. Precursor
Characterization. The concentration of Bi and Fe in the
precursor solutions is measured by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). The Bi/Fe ratio of
the precursor solution used for BFO-s is 0.97, while it is 1.06
for BFO-e (Table S1, see Supporting Information SI-1).

Rutherford backscattering spectroscopy (RBS) is used to
determine the bulk composition of the thin films after
annealing. Table S2 (Supporting Information SI-2) shows
that the bulk Bi/Fe ratios of BFO-s and BFO-e are 0.97 and
1.07, respectively. The good agreement between ICP-OES and
RBS results show that the Bi/Fe ratios from the precursor
solution are well-transferred to the final thin film.

Morphology. Scanning electron microscopy (SEM) images
of the two films (BFO-s and BFO-e) are shown in Figure 1.
For both BFO-s and BFO-e, a porous surface structure with
round grains of ~100 nm is observed. No significant difference
in the surface morphologies between the two films is found.
Both thin films have a thickness of ~100 nm as observed from
cross-sectional SEM images (Figure S1, see Supporting
Information SI-3).

Structure and Optical Properties. X-ray diffraction (XRD)
patterns are recorded for the thin films to identify the phases
formed during annealing and to determine whether Bi-oxide or
other Bi—Fe—O phases are formed. Both diffraction patterns in
Figure 2 show the characteristic peaks of BiFeO; along with
those of SnO, corresponding to the FTO substrate. There are
no features due to other phases of the Bi—Fe—O phase
diagram.

Figure 3a shows the UV—vis spectra of the thin films BFO-s
and BFO-e (measured in transmission mode). The absorption
features and intensities of the two films are almost identical.
The direct band gap is estimated to be 2.7 eV from the Tauc
plots (Figure 3b,c). This band gap is similar to the band gap
observed for BFO thin films prepared by solution-based
methods in the literature.*””*® Hence, an excess of Bi does not
affect the band gap of the BFO thin films.

Surface Characterization. XPS survey spectra are shown in
Figure S2 (see Supporting Information SI-4). In addition to Bi,
Fe, and O from BFO, C is detected as a typical impurity from
sample handling and preparation in air. Neither Sn nor F is
observed in the survey spectra. This indicates that diffusion of
these elements from the FTO substrate to the surface of the
thin films does not take place.

The Bi/Fe ratio on the surface of the thin films can be
calculated by estimating the area of the Bi and Fe XPS spectra,
as shown in Figure 4. Taking into account only Bi and Fe XPS
spectra, the surface of BFO-s is estimated to contain 50.4% Bi
and 49.6% Fe, resulting in a Bi/Fe ratio of 1.01. This is very
close to the expected value of 1. BFO-e contains 55.1% Bi and
44.9% Fe resulting in a ratio of Bi/Fe at the surface of 1.23,
which is significantly higher than the expected value of 1.1.

https://doi.org/10.1021/acsaem.3c01926
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Figure 2. XRD pattern of BFO thin films with stoichiometric (BFO-s,
black) and excess Bi (BFO-e, red). The peak positions of SnO, (PDF
00-041-1445), Bi,0; (PDF 00-045-1344), Bi,Fe,O, (PDF 01-074-
1098), and BiFeO, (PDF 01-072-7678) are marked. The thin films
consist of a pure BFO phase; SnO, peaks are related to the FTO
substrate.

This result is an indication that Bi segregates to the surface of
the BFO thin films.

XPS data can also be used to obtain information about the
oxidation states of Bi and Fe at the surfaces of the thin films.
The Bi 4f spectra for the BFO-s and BFO-e thin films in Figure
4a show the Bi 4f,, peak at ~158.5 eV due to Bi*"."”’
Features due to metallic Bi, which would appear at a Bi 4f,,
binding energy of 157.0 eV, are not observed. Vacancies can
have an effect on the XPS spectra since they change the local
chemical environment around an atom. A slight shift of Bi
peaks toward lower bindin§ energy indicates the presence of
lower valent Bi ions (Bi®¥*).>" Such a shift of BFO-s toward
lower binding energies as compared to BFO-e is observed by
Yang et al. on adding different amounts of excess Bi (0—7%) in
BFO thin films.>> The Fe 2p spectra shown in Figure 4b
contain peaks corresponding to Fe 2p;,, (~710.0 eV) along
with two corresponding satellite peaks at ~718.5 and ~732.0
eV. The position of the satellite peak can be used to identify

the oxidation state of Fe** and confirms the presence of Fe** in
both films.>*

The O 1s XPS spectra of BFO-s and BFO-e thin films are
shown in Figure 5. The spectra are fitted with three
contributions. The first feature (Peak 1; BFO-s: 529.5 eV;
BFO-e: 529.6 eV) corresponds to lattice oxygen from BFO.>
The second feature (Peak 2; BFO-s: 531.0 eV; BFO-e: 531.1
eV) is attributed by some reports to oxygen adjacent to an
oxygen vacancy (also referred to by some literature as dangling
oxygen bonds), while others attribute this feature to hydroxyl
species adsorbed on the surface.”™” Sometimes this feature is
also erroneously attributed to oxygen vacancies directly.”*>”
Idriss emphasized that this feature corresponds to hydroxyl
species adsorbed to the surface of metal oxides and discarded
the role of oxygen vacancies as these would be readily oxidized
when exposed to air.”® Nevertheless, these hydroxyl species
might still be indicative of the occurrence of surface oxygen
vacancies, since such vacancies can be readily oxidized by
strongly adsorbing water under ambient conditions.”® The
feature with the highest binding energy (Peak 3; BFO-s: 532.3
eV; BFO-e: 532.4 eV) represents adsorbed oxygen species,
which might also arise from the healing of vacancies under
ambient conditions. In this sense, the two high-energy peaks
are representative of the amount of oxygen vacancies.*”"!
Under this assumption, the amount of oxygen vacancies
relative to lattice oxygen is determined and listed in Table S4
(see Supporting Information SI-S). According to this data,
BFO-e contains less oxygen vacancies than BFO-s, which is
reasonable as the addition of excess Bi can be expected to
lower the number of oxygen vacancies in the BFO thin film. A
slight shift toward lower binding energy (<0.1 eV) is observed
for the O 1s spectra of BFO-e as compared to BFO-s.
Compared with the literature, these shifts are within the error
range of XPS reported for BFO thin films.*’

XPS can also be used to estimate the band positions of BFO-
s and BFO-e as described in Supporting Information SI-6. The
position of the Fermi level (Eg) is estimated as 4.4 and 4.9 eV
for BFO-s and BFO-e, respectively. The valence band maxima
(VBM, Ey;) obtained from XPS valence band spectra for BEO-
s and BFO-e are 5.9 and 6.2 eV, respectively. Using the band
gap (2.7 eV for both BFO-s and BFO-e) obtained from UV—
vis spectroscopy, the conduction band minima (CBM, ECB)
are calculated to be at 3.2 and 3.5 eV for BFO-s and BFO-e,
respectively. The complete band diagrams of BFO-s and BFO-

1.0
{1a) ——BFO-s
0.8 - ——BFO-e
° i
2 064
©
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Figure 3. UV—vis spectra of BFO thin films with different Bi/Fe ratios. (a) UV—vis spectra of BFO-s and BFO-e thin films. Tauc analysis of thin
films prepared from (b) BFO-s and (c) BFO-e. The band gaps of both films are derived to be 2.7 eV.
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Figure 4. (a) Bi 4f and (b) Fe 2p XPS spectra of BFO-s thin films with stoichiometric Bi/Fe (black) and BFO-e with excess Bi in the precursor

solution (red).

(a) '

) Experiment
—Fit

Experiment
——Fit

536I ; I5§4 I Isézl ; Iséol ; I52|8 ‘ ‘séel I
Binding Energy (eV)

Figure S. O 1s spectra of (a) BFO-s and (b) BFO-e along with fitting
based on three peak models. The amount of oxygen vacancies is
calculated based on the areas of the constituent peaks; the results are
presented in Table S4.

e are shown in Figure 6. The conduction bands of both BFO-s
and BFO-e lie above the thermodynamic potential of HER at
4.5 eV, suggesting that both materials are capable of producing
hydrogen. It can also be observed that the Fermi level of BFO-
s is closer to its conduction band (A = 1.2 €V) than that of the
BFO-e band (A = 1.4 eV), which could be an indication for
the presence of oxygen vacancies in BFO-s.

To more accurately analyze the top surface of the thin films,
the XPS measurements are complemented by low-energy ion
scattering (LEIS), which has a probing depth of a few
monolayers.”” LEIS spectra for BEO-s and BFO-e are shown in
Figure 7 along with reference spectra for Bi-oxide and Fe-
oxide, which are prepared by the same sol—gel method as
BFO-s and BFO-e. Comparing the spectra of the Bi- and Fe-
oxide, it is found that the peak at ~2700 eV is observed only

for the Bi-oxide, which suggests that this peak corresponds to
Bi. The peak at ~2200 eV is only present in the Fe-oxide and is
absent in the Bi-oxide. Therefore, this peak is considered as the
characteristic peak for Fe. The peak at ~1100 eV is observed in
all spectra (BFO-s, BFO-e, Bi-oxide, Fe-oxide), which indicates
that this peak is characteristic of oxygen. Comparing the
spectra of BFO-s and BFO-e, it is found that both BFO thin
films have a strong Bi peak (~2700 eV), whereas no clear Fe
peak (~2200 eV) is found. This confirms our indication from
XPS elemental composition that the top surface is highly Bi-
rich and has a negligible amount of Fe.

Bulk Film Composition. To ascertain whether Bi
segregation is limited to the surface or occurs in the bulk of
the thin films, time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) is performed coupled with depth profiling. The
intensities of Bi and Fe detected as a function of depth are
shown in Figure 8a,b. For both thin films, BFO-s and BFO-e,
the intensity of Bi (blue curve) is very high at the surface,
decreases strongly within the first few nanometers (0—2 nm),
then increases slightly (2—10 nm), and afterward stays rather
constant. The concentration of Fe (green curve), in contrast,
increases in the first ~10 nm and stays constant thereafter.
Hence, the ToF-SIMS results confirm that Bi is segregated to
the surface of both thin films in line with observations from
LEIS. Figure 8c shows the Bi/Fe ratio of the two thin films as a
function of the film thickness. The Bi/Fe ratio is similar for
BFO-s and BFO-e up to ~2 nm. As we go deeper into the thin
films, BFO-e has a Bi/Fe ratio higher than that of BFO-s. This
indicates that the top surfaces of BFO-s and BFO-e are Bi-rich
and have similar Bi/Fe ratios. It is important to note that this
ratio cannot be compared to the actual Bi/Fe ratio measured
by XPS or RBS, since the intensities of Bi and Fe in ToF-SIMS
(Figure 8c) are absolute counts and are not calibrated.
Nevertheless, a comparison between the samples is still
possible.

In order to further investigate the distribution of Bi and Fe
in the cross section of the thin films, lamella of the thin films
were prepared by a focused ion beam and were analyzed by
scanning transmission electron microscopy (STEM) along
with energy dispersive X-ray spectroscopy (EDX). Figure 9
shows the individual (Figure 9a—c) and combined elemental
mappings (Figure 9d) of Bi, Fe, and O in BFO-s. In the
combined elemental distribution (Figure 9d), a distinct layer of
Bi (green) is found at the surface of BFO-s. A thin layer of Fe
(red) can be seen below Bi (green). These layers are followed
by the region where both Bi and Fe are present. O is observed
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Figure 6. Band energy diagram constructed from XPS and UPS measurements showing the valence band (Eyg), Fermi level (Eg), and conduction

band (Ecg) of (a) BFO-s and (b) BFO-e thin films.
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Figure 7. Low-energy ion spectroscopy (LEIS) spectra of BFO-s,
BFO-e, Bi-oxide, and Fe-oxide. Shadowed areas indicate the peak
positions of Bi, Fe, and O.

throughout the thin film, even in the layers where only Bi or
only Fe are observed. The individual Bi and Fe distributions
also complement this observation. Similar observations are also
found for BFO-e as shown in Figure S3 (see Supporting
Information SI-7). Thus, TEM-EDX confirms the surface
segregation of Bi that was observed by ToF-SIMS.
Photoelectrochemical Characterization. Photoelectro-
chemical Performance. Photoelectrochemical performance is
measured in a three-electrode setup with 0.1 M Na,SO, as the
electrolyte (pH = 6.5) by performing linear sweep voltammetry
(LSV) in the dark and under illumination. As seen in Figure
10, both films exhibit a negligible dark current (dashed lines).
Under illumination (solid lines), BFO-e has a current density
that is higher than that of BFO-s over the entire range of
applied potentials. At 0.6 V vs RHE, the current density under
illumination for BFO-e photoelectrode is nearly two times
higher than that of the BFO-s thin film. Figure S6 (see
Supporting Information SI-8) displays chopped light voltam-
metry measurements of BFO-s and BFO-e in different
electrolytes. In all electrolytes, BFO-e has a higher current
density than BFO-s although there is a difference in the
absolute current density measured in each electrolyte. Figure
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Figure 8. Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) measurement of Bi and Fe as a function of etch depth of (a) BFO-s and (b)
BFO-e along with the (c) Bi/Fe ratio. Bi segregation takes place at the surfaces of both films.
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Figure 9. Cross-sectional STEM-EDX elemental mappings of BFO-s showing (a) Bi distribution, (b) Fe distribution, (c) O distribution, and (d)
combined Bi, Fe, and O elemental distribution. A thin Bi-oxide (green) layer is observed at the surface followed by an Fe-oxide (red) layer

underneath.
10 potential of 0.5 V vs RHE are shown in Figure 1la. Both
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Figure 10. Linear sweep voltammetry in the dark (dashed lines) and f ;00 KkHz 100 mHz
under illumination (solid lines) for BFO-s and BFO-e photo- 0 T

electrodes. Higher performance under illumination is observed for
the BFO-e thin film as compared to the BFO-s thin film. White LED
light with an intensity of 100 mW cm™ is used as the illumination
source and 0.1 M Na,SO, is used as the electrolyte.

S6a shows the chopped light voltammetry in the presence of
H,0, as an electron scavenger added to the same electrolyte as
Figure 10. This is done in order to reduce the probability of
recombination at the surface due to sluggish reaction kinetics
(thereby removing surface limitation, if any) and to compare
the photoelectrodes based on processes occurring in the bulk
of the materials. It is found that even in the presence of H,0,,
the performance of BFO-e is better than that of BFO-s.
Moreover, the total current density of the BFO-e thin film in
the presence of H,O, is higher compared to the current
density recorded in its absence (compare the y-axis in Figure
10 with Figure S6a). The same trend is found for BFO-s. This
suggests that some surface limitation affects the photocurrent
response in BFO thin films irrespective of their Bi/Fe
stoichiometry.

Electrochemical Impedance Spectroscopy. To further
understand the reason for the better PEC performance of
BFO-e, the charge transfer properties during PEC operation
are studied by electrochemical impedance spectroscopy (EIS)
in the potential range of 1.3—0.5 V vs RHE with an interval of
0.1 V under illumination (see Supporting Information SI-9,
Figure S7). The Nyquist plots of BFO-s and BFO-e at a

—_—
0 10000 20000 30000 40000 50000

Z'(Q)

Figure 11. (a) Electrochemical impedance spectroscopy (EIS) data of
BFO-s and BFO-e at 0.5 V vs RHE under 100 mW cm™? illumination
in 0.1 M Na,SO,; Inset: High-frequency region of Nyquist plot. (b)
Equivalent circuit model for fitting of the EIS data.

which can be assigned to two different charge-transfer-related
processes. To decouple these processes, the EIS data are fitted
with the equivalent circuit model (ECM) shown in Figure 11b.
This ECM, which is commonly used for photoelectrodes,“_66
consists of three resistances and two constant phase elements.
R, refers to the series resistance related to the back-contact
between the BFO and the FTO substrate along with the
electrolyte resistance. The trapping resistance, Ry, is
associated with charge carrier recombination at surface states
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such as vacancies. Higher Ry, indicates that more charges are
trapped at surface states, and therefore more charge
recombination can take place. R refers to the resistance of
charge transfer from the surface state to the electrolyte. The
bulk capacitance of the BFO thin film is expressed as Cy and
the capacitance related to the surface states is represented by
Cys
The fitting results of the resistances are shown in Figure 12.
Resistances related to BFO-s are, in general, higher than those
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Figure 12. Comparison of (a) trapping and detrapping resistance
(Rtmp) and (b) charge transfer resistance from surface states for HER
(R,) for BFO-s and BFO-e as obtained from fitting the electro-
chemical impedance spectroscopy data with the equivalent circuit
shown in Figure 11b.

related to BFO-e. The higher R,,,, of BFO-s compared to BFO-
e (Figure 12a) indicates that more charges are trapped at the
surface states, which can lead to increased charge recombina-
tion and result in a lower PEC activity. Thus, introducing a
slight excess of Bi into the precursor solution seems to reduce
the surface states and, by this, results in less charge
recombination.

R, is also considerably lower for BFO-e compared to BFO-s
(note the logarithmic scale of the y-axis, Figure 12b). Hence,
with extra Bi in the precursor solution, the resistance of charge
transfer from the semiconductor surface to the electrolyte is
lowered. This effect is further confirmed by EIS measurements
in the presence of an electron scavenger (Figure 13).
Compared to Figure 11a, the presence of an electron scavenger
in the electrolyte leads to a single arc in the Nyquist plot in
Figure 13, indicating only a single charge-related process. One
of the semicircles (related to R,,, at lower frequencies) in
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Figure 13. Photoelectrochemical impedance spectroscopy at 0.5 V vs
RHE for BFO-s and BFO-e thin films in 0.1 M Na,SO, in the
presence of H,O, as an electron scavenger.

Figure 11a disappears in Figure 13 since the limitations due to
sluggish surface kinetics are removed. The arc in the Nyquist
plot is smaller for BFO-e compared to BFO-s. This indicates
that the resistance to charge transfer in the presence of an
electron scavenger is also lower for BFO-e. Therefore, it can be
summarized that excess Bi not only reduces charge
recombination but also lowers the charge transfer resistance
for HER.

B DISCUSSION

The PEC characterization (Figures 10—13) clearly shows that
the BFO-e thin films perform better than the BFO-s: about 1.5
times higher current density at an applied potential of 0.5 V vs
RHE was found for BFO-e compared to BFO-s as well as a
smaller impedance with lower R, and R, These results can
be explained by means of chemical and materials character-
ization as summarized in Figure 14. Mainly two reasons explain
the improved PEC activity of BFO-e compared to BFO-s.
First, the presence of Bi-oxide at the surface improves the
charge transfer toward HER (left part of Figure 14): LEIS
(Figure 7) and TEM (Figure 9) analyses clearly showed that Bi
oxide is present at the topmost surface of the thin films
irrespective of the Bi/Fe ratio. TEM analysis could visualize a
Bi-oxide layer on the top, followed by a subsurface Fe-oxide
layer. To the best of our knowledge, this is the first time that
separate Bi- and Fe-oxide layers are observed on the surface of
BFO thin films prepared by a sol—gel method. XPS analysis
(from Figure 4) showed that BFO-e has a higher Bi content
compared to Fe. This is an indirect measure for a Bi-rich
surface. Note that XRD analysis (Figure 2) does not detect
distinct oxide layers, since most likely the volume of the surface
layer is very small as compared to that of the bulk, thereby
making the peaks of the surface layers broad, very low in
intensity, and hence not detectable. Hence, TEM, LEIS, and
XPS all find a Bi-rich layer, mainly the Bi-oxide layer at the
surface of the thin films, which is known to improve the charge
transfer.’””” As LEIS is a more surface-sensitive technique
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compared to XPS, the Fe observed in XPS spectra is barely
seen in the LEIS spectra of BFO thin films. This further
confirms that the topmost layer is almost entirely Bi-oxide.
Hence, the reduction of R in Figure 12b, which is related to a
smaller impedance, could be related to the formation of a Bi-
oxide layer on the top of the thin film. The Bi/Fe ratio from
the XPS composition analysis of BFO-e is higher than the
expected ratio when compared to BFO-e, which possibly
suggests that BFO-e has a thicker Bi-oxide layer compared to
BFO-s. The lower R results in a higher current density and
thus explains the higher current density of BFO-e under
illumination compared to BFO-s.

Second, less vacancies reduce the electron—hole recombi-
nation (right part of Figure 14). Vacancies in a materials can be
a location for electrons and holes to recombine and thus
reduce the current density and therefore the performance.’**
According to XPS analysis (from Figure S), BFO-e has fewer
vacancies than BFO-s in the measurement depth of XPS of
about 2 nm. XPS spectra (Figure 4a) show that the Bi 4f peak
shifts toward lower binding energies for BFO-s as compared to
BFO-¢, indicating lower valent Bi ions in BFO-s. This could be
a result of the formation of oxygen vacancies in BFO-s due to
the breaking of the Bi—O bond.”" Cation and anion vacancies
tend to occur in pairs (Schottky defect) in BFO,”””" and
therefore, less Bi vacancies translate also to less O vacancies. In
agreement with this, peak fitting of the O 1s XPS spectra
indicated that the number of oxygen vacancies is higher for
BFO-s. Shifting of the Fermi level toward the conduction band
in BFO-s as compared to BFO-e is also an indication of oxygen
vacancies being present in BFO-s. The presence of donor levels
due to oxygen vacancies can shift the Fermi level toward the
conduction band.”””® Less vacancies are indirectly also found
in the bulk of the materials by means of ToF-SIMS (Figure 8),
RBS (Supporting Information SI-2), and XRD (Figure 2).
Both ToF-SIMS and RBS indicated a higher Bi/Fe ratio in
BFO-e along with fewer bismuth and oxygen vacancies
(Schottky defects) for BFO-e as compared to BFO-s as seen
from XPS (from Figure S5). These observations are in
agreement with Yang et al. who found that having a thin
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film prepared by pulsed laser deposition from a target with
excess Bi leads to the reduction in oxygen vacancies.® XRD
found a pure BFO phase within the detection limit of this
method. No other phase was detected, which indirectly
confirms that no large number of vacancies exist in the bulk
of the thin films. Hence, in summary, BFO-e is indicative of
higher Bi content and, directly and indirectly, of less vacancies.
This leads to less recombination and therefore reduces Ry,
(Figure 12a) and results in higher PEC activity.

B CONCLUSIONS

The Bi—Fe stoichiometry is found to play an important role in
the performance of BFO thin films for PEC hydrogen
evolution. Stoichiometric and Bi-rich thin films prepared by
the sol—gel method and high-temperature annealing exhibit
the identical Bi/Fe ratio as the corresponding precursor
solutions. Distinct Bi oxide and Fe-oxide layers are visualized
for the first time at the surface of BFO thin films prepared by
the sol—gel method. It is found that a 10% excess of Bi in the
precursor solution improves the PEC performance of BFO thin
films by almost 50% as compared to thin films with a
stoichiometric Bi/Fe ratio in the precursor solution. The
excess Bi does not affect light absorption, surface morphology,
or phase formation. The better performance of the Bi-rich thin
film is attributed to (1) the presence of Bi-oxide at the surface,
which improves the charge transfer toward HER, and (2) less
oxygen and Bi vacancies (Schottky defects), which reduce the
electron—hole recombination. Both effects lead to a higher
PEC performance of the excess Bi thin film.

In summary, it is shown that stoichiometry plays a crucial
role in the performance of photoelectrodes, and tuning the
stoichiometry can significantly improve the performance of
thin-film photoelectrodes for PEC water splitting applications.
This finding is of particular importance regarding the use of
ternary or quaternary metal-oxide materials for PEC
applications. The performance of BFO with excess Bi can be
further improved by using an electrolyte of higher molarity and
optimizing the anode catalyst. In-depth understanding of it and
how the presence of a very thin Bi-oxide layer on top of BFO
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thin films (as observed in this study) affects the ferroelectricity
could also be beneficial for the application of BFO in other
fields.

B EXPERIMENTAL METHODS

Cleaning of Substrates. FTO glass (NSG TEC 15 on 1.3 mm
glass) of 2 cm X 2 cm was sonicated in Milli-Q water, acetone, and
isopropanol for 20 min each. Edges of the FTO were masked using
Scotch brand tape for realizing electrical contact in PEC measure-
ments. Finally, the substrates were subjected to ozone cleaning
(Ossila UV Ozone Cleaner) for 20 min.

Synthesis of the BiFeO; Precursor. BiFeO; thin films with
varying Bi—Fe stoichiometry were synthesized using the sol—gel-
based spin-coating method. Two different Bi/Fe ratios were used:
1.0:1 (BFO-s) and 1.1:1 (BFO-e). The precursor solution for spin-
coating was prepared as described by Zhang et al”* The total
concentration of the metal ions in the precursor solution was fixed for
all stoichiometries at 0.5 M. Based on the stoichiometry, the required
amounts of Bi(NO;);-SH,0 (99.95%, Sigma-Aldrich) and Fe(NO,);-
9H,0 (99.99%, Sigma-Aldrich) were dissolved in 8 mL of 2-
methoxyethanol (99.8%, Sigma-Aldrich). The solution was kept on a
magnetic stirrer to aid the dissolution of the salts. Once the salts were
fully dissolved, 4 mL of acetic anhydride was added. On adding the
acetic anhydride, the solution heats up due to the exothermic reaction
between 2-methoxyethanol and acetic anhydride. The solution was
allowed to cool down before using it for spin-coating. The solutions
are in principle stable for up to 2 weeks; however, it this study, they
were always used within S days of preparation.

Synthesis of BiFeO; Thin Films. 0.5 mL portion of the precursor
solution was spin-coated onto a cleaned FTO substrate. Spin-coating
was performed using a Polos 150i Spin Coater. The substrate was held
onto the spin-coater by using vacuum. The spin-coating program
consisted of two steps. Deposition of the precursor solution was done
at 1500 rpm for 30 s, followed by the thinning step at 3000 rpm for 20
s. Immediately after spin-coating, the samples were dried for 2 min at
100 °C on a hotplate. The dried samples were then transferred to an
oven (Nabertherm) where they were annealed at 270 °C for S min in
air to allow the remaining solvent to evaporate. This was followed by
annealing at 550 °C for 2 h. All ramp rates were set to the highest
possible ramp rate of the machine (which can be achieved by setting
the ramp time to 0). The samples were allowed to cool naturally in
the oven. This entire cycle from spin-coating to annealing and then
cooling was repeated for each spin-coating step. All films in this study
consisted of four spin-coating cycles with a thickness of ~100 nm.

Structure, Morphology, and Optical Characterization. X-ray
diffraction (XRD) patterns were recorded with a Bruker D2 PHASER
diffractometer using Cu Ka radiation for 26 values from 20 to 40°. X-
ray photoemission spectra (XPS) were recorded with a Thermo
Scientific K-a spectrometer using an Al Ka source. A spot size of 400
um in diameter was used for all measurements. All spectra were
calibrated using the adventitious carbon (AdC) 1s set to 284.8 eV and
analyzed using CasaXPS. An electron flood gun was used to
compensate for charging of samples. UV—visible spectroscopy
measurements were performed in transmission mode by a
PerkinElmer 1050 UV/vis/NIR spectrophotometer with scans from
800 to 280 nm with steps of 1 nm. Scanning electron microscopy
(SEM) images were taken by using a field emission scanning electron
microscope (Zeiss Sigma) with an in-lens detector and 10 kV
accelerating voltage.

Low-Energy lon spectroscopy (LEIS). LEIS spectra were
acquired with a high-sensitivity LEIS spectrometer of the type
Qtac100 supplied by IONTOF GmbH (Miinster, Germany). After
introducing the samples in vacuum, the samples were treated with
atomic oxygen in the load-lock of the LEIS setup in order to remove
hydrocarbon contamination. Atomic oxygen was generated by a Specs
MPS-ECR plasma source operating at a process pressure of 5 X 107
mbar O,, and each sample was treated for 10 min. All LEIS
measurements were performed with a 3 keV He® beam normally
incident on the sample at a fixed scattering angle of 145°. The primary

beam current, typically around 3 nA, was measured with a Faraday
cup directly before the LEIS measurement. The analysis area was set
to 1 X 1 mm? by rastering the ion beam; a typical fluence of around 3
X 10" He" ions per cm” was used for a single measurement.

Time-of-Flight Secondary lon Mass Spectroscopy (ToF-
SIMS). Mass spectrometric analysis of the thin films was carried out
by time-of-flight secondary ion mass spectrometry (ToF-SIMS). Here,
an M6 Hybrid SIMS (IONTOF GmbH, Muenster, Germany) was
used. The machine is equipped with a 30 keV Bi cluster nanoprobe for
analysis and a 2 kV electron impact ionization gun for sputtering. The
Bi emitter consists of a BiMn alloy and within the first hundred hours
of operation, the Mn content is sufficient to form a Mn"* primary ion
beam, which was applied for analysis of the Bi-containing samples.
The analysis current was about 0.364 pA at a cycle time of 75 us. For
depth profiling, a 500 eV O," ion beam was scanned over an area of
300 X 300 ym?® with an beam current of 95.5 nA. The analysis was
carried out in an area of 150 X 150 ym?” centered to the sputter beam
(256 X 256 pixels, 2 frames/patch). Analysis and sputter gun operated
in noninterlaced mode with eight sputter frames between the analysis
scans and 0.5 s pause time for charge compensation by a low energetic
electron gun before each analysis scan. After SIMS depth profiling,
crater depths were measured with a profilometer (a-Step D600, KLA
Tencor, M