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ABSTRACT: Combined experimental and theoretical investiga- Pristine BiFeO,

tions were performed to evaluate the potential of n-type BiFeO; as a g&} A | VoBiFeO,
photoanode. While previous experimental and theoretical studies on £

BiFeO; mainly focused on its ferroelectric properties, several studies QL s

have reported the advantages of BiFeOj as a photoelectrode for solar " e |

water splitting (e.g, bandgap energy and band-edge positions J 3

relative to water reduction and oxidation potentials). However, the -} P‘if”“ from Vo: =
photoelectrochemical properties of n-type BiFeO; have not yet been 3 ) /0/% AR
thoroughly investigated. In our experimental investigation, we O ¢\ Potential >
developed an electrodeposition-based synthesis to prepare uniform \ ob

n-type BiFeO; thin-film electrodes. Furthermore, using a heat ppOs (8 &R g0 ol ©

treatment under a N, environment, we intentionally introduced

additional oxygen vacancies into the pristine n-type BiFeOj; electrodes to increase the majority carrier density. The bandgaps,
flatband potentials, photocurrent onset potentials, photocurrent generation, and photoelectrochemical stabilities of the pristine and
N,-treated BiFeO; photoanodes were investigated comparatively to improve our understanding of BiFeO; photoanodes and to
examine the effect of oxygen vacancies on the photoelectrochemical properties of BiFeO;. In our theoretical investigation, we
performed first-principles calculations and demonstrated the formation of a small polaron when an extra electron was introduced
into the BiFeOj lattice. Changes in electronic states caused by the small polaron formation were carefully investigated. We also
examined the effects of oxygen vacancies on electron-polaron formation and carrier concentration in BiFeOj. Using charge formation
energy calculations and referencing charge transition levels to the free electron-polaron level instead of to the conduction band
minimum, we showed that the oxygen vacancy is capable of serving as a donor to enhance the carrier concentration of BiFeO3. Our
theoretical results agree well with our experimental findings. Together, the new experimental and theoretical results and discussion
provided in this study have considerably improved our understanding of n-type BiFeO; as a photoanode.

1. INTRODUCTION photoanode and a photocathode, respectively. In these studies,
Bismuth iron oxide, BiFeO, is a semiconductor with a the doping type varied without the introduction of external
rhombohedrally distorted perovskite structure that yields a dopants, suggesting that the defects responsible for n-type and
large ferroelectric effect.’ For this reason, it has been p-type BiFeO; can both readily form." The defects that cause
investigated as one of the most promising candidates for n-type behavior include oxygen vacancies,'” and the defects
ferroelectric diode devices and ferroelectric photovoltaics.'™* that cause p-type behavior include Bi vacancies."

Recently, BiFeO; was also reported as a photoelectrode in a Despite the many interesting and advantageous features
solar water-splitting cell.”™” In these reports, BiFeO, was shown for BiFeO; as a photoelectrode, there have been very
demonstrated to have a relatively narrow bandgap of ~2.2 eV few systematic investigations on the photoelectrochemical
and conduction band minimum (CBM) and valence band properties of BiFeO;. Because of its popularity as a
maximum (VBM) positions that straddle the water reduction ferroelectric material, most studies on BiFeO; photoelectrodes

and oxidation potentials,”® all of which are very attractive
features for a photoelectrode in a water-splitting photo-
electrochemical cell (PEC). Considering that Fe,O;, an
extensively studied photoanode with a similar bandgap, has a

have focused on how the application of an external electric
field on BiFeOj; affects its photocurrent generation or on the

CBM that is ~200 mV more positive than the water reduction Received: February 8, 2020 ,
potential,'* the shifts in the CBM and VBM to the negative Re‘"?ed: March 13, 2020

direction constitute an important advantage of BiFeO; over Published: April 2, 2020

Fe,0,."

To date, both n-tgype and p-type BiFeO; photoelectrodes
have been reported,” "’ meaning that BiFeO, can serve as a
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. 8,9,14,1
conversion between n-type and p-type photocurrent.*”'*"

From a careful analysis of these papers, it appears that the
BiFeO; electrodes used in these studies were very lightly
doped."" For the purpose of accurately evaluating the potential
of BiFeO; as a photoanode or a photocathode, optimally
doped n-type and p-type BiFeO; electrodes need to be
prepared and examined individually.

Considering that charge transport in many oxide-based
photoanodes involves small polaron hopping,'®™*' under-
standing the formation and transport of small polarons in
BiFeO, is also critical. Unfortunately, while numerous
theoretical studies on BiFeO; have been published to date,
they have focused on its bulk polarization,””** photovoltaic
effects,”**> and multiferroic effects.”?” Small electron-polaron
formation and its effects on dopant ionization energies and
concentration of free carriers in BiFeO; have not yet been
investigated theoretically.

In this work, we conducted combined experimental and
theoretical studies on n-type BiFeO; photoanodes. For the
experimental investigation, we prepared highly uniform BiFeO,
photoanodes by electrodeposition and examined their photo-
electrochemical properties and stability for use in a PEC. We
then intentionally introduced oxygen vacancies into the
pristine BiFeQOj; lattice and examined the effect on carrier
concentration and photocurrent generation. The experimental
results were compared with those of a computational study,
which examined the formation of small polarons in BiFeO; and
the effect of oxygen vacancies on small polaron formation and
free carrier generation in BiFeOj for the first time. The new
experimental and computational results discussed in this study
will significantly increase our fundamental understanding of
BiFeOj; for use as a photoanode material.

2. EXPERIMENTAL SECTION

Experimental Methods. Materials. Bismuth(III) nitrate (Bi-
(NO;);'SH,0, 98%) and sodium sulfite (Na,SO; 98%) were
purchased from Sigma-Aldrich. Iron(1I) chloride (FeCl,-4H,0,
98%) and potassium perchlorate (KClO,, 99—100.5%) were
purchased from Alfa-Aesar. Dimethyl sulfoxide (DMSO, 99.9%) was
purchased from VWR Chemicals. All chemicals were used as
purchased without further purification. Glass substrates coated with
fluorine-doped tin oxide (FTO) were purchased from Hartford Glass
Co. and cleaned thoroughly prior to use.

Preparation of BiFeOj; Electrodes. Coelectrodeposition of Bi and
Fe metals in a 1:1 ratio was carried out in an undivided cell using a
VSP multichannel potentiostat (BioLogic). A typical 3-electrode setup
with an FTO working electrode, a Ag/AgCl (4 M KCl) reference
electrode, and a Pt counter electrode was used. The Pt CE was
prepared by sputter coating 20 nm of titanium followed by 100 nm of
platinum onto a clean glass slide.) The exposed area of the FTO
working electrode was ~1.2 cm® The plating solution prepared here
contained 14 mM Bi(NO;);-SH,0, 21 mM FeCl,-4H,0, and 100
mM KCIO, in DMSO, which was purged with N, for 10 min before
addition of precursors. KClO, was used as a supporting electrolyte.
The entire solution was purged with N, for 30 s prior to the
deposition to remove any remaining oxygen from solution and to
prevent oxidation of the iron precursor. A potentiostatic deposition
was used with an applied potential of —1.8 V vs Ag/AgCl and a total
charge passed of 100 mC/cm? The time required to deposit a single
film was <1 min. Immediately after deposition, the films were washed
with ethanol and blow-dried with air. The films were black in color.
The Bi:Fe ratio was determined to be 1:1 using energy-dispersive X-
ray spectroscopy (EDS).

To convert the BiFe films to BiFeOj, the as-deposited films were
annealed in air at 600 °C for 3 h (ramp rate 6.7 °C/min). The
resulting films were orange in color.
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N, treatment was carried out by annealing pristine BiFeO; under
N, gas (flow rate 75 cc/min) at S00 °C for 2 h (2 h purge, ramp rate
4.2 °C/min).

Materials Characterization. The purity and crystallinity of the
BiFeO; electrodes were characterized by X-ray diffraction (XRD; D8
Discover, Bruker, Ni-filtered Cu Ka radiation, 4 = 1.5418 A). The
surface morphology and elemental composition were determined by
scanning electron microscopy (SEM; Leo SupraSS VP, accelerating
voltage 2 kV) and energy-dispersive X-ray spectroscopy (EDS; Noran
System Seven, Thermo-Fisher, ultradry silicon drift detector,
accelerating voltage 22 kV), respectively. Bandgaps were determined
from UV-—visible (UV—vis) absorption spectra obtained using an
integration sphere to collect all reflected and transmitted light,
allowing for more accurate determination of absorbance (Cary 5000
UV—vis—NIR spectrophotometer, Agilent). X-ray photoelectron
spectroscopy (XPS) spectra were measured using a K-Alpha X-ray
photoelectron spectrometer (Thermo Fisher Scientific) equipped
with monochromatic Al Ka excitation (1486.6 eV). The binding
energies were calibrated with respect to the adventitious carbon 1s
peak at 284.5 eV.

Photoelectrochemical and Electrochemical Characterization. All
photoelectrochemical and electrochemical measurements were
conducted with an SP-200 potentiostat/EIS (Bio-Logic Science
Instrument). Solar illumination was simulated by filtering light from a
300 W Xe arc lamp through the following successive filters: water IR
filter, neutral density filters, and an AM 1.5 G filter. The light was
collimated and directed onto the sample via an optical fiber, and the
light was calibrated to 100 mW/cm? (1 sun) using an NREL-certified
GaAs reference cell (PV Measurements). The working electrode was
masked with lacquer to ensure that the exposed geometric area of the
electrode (~0.02 cm?®) was smaller than the illuminated area (0.06
cm?). The electrode was illuminated through the glass side first (back-
side illumination). A typical 3-electrode setup was used in an
undivided cell with a BiFeO; working electrode, a Ag/AgCl (4 M
KClI) reference electrode, and a Pt counter electrode.

To probe the n-type behavior of BiFeOj;, J-V plots were obtained
under chopped illumination by sweeping the potential to the positive
(oxidative) direction with a scan rate of 10 mV/s. Measurements for
sulfite oxidation were conducted in a buffered solution containing
0.25 M H3;BO; and 0.7 M Na,SO; (pH 9.2, adjusted with KOH).
Measurements for water oxidation were carried out in a solution
containing only 0.25 M H;BO; (pH 9.2, adjusted with KOH). These
solutions will be referred to as “pH 9.2 borate buffer” throughout the
paper, and the species being oxidized will be specified (i.e., sulfite or
water). J—t plots were measured at a constant potential of 0.8 V vs
RHE for sulfite oxidation in pH 9.2 borate buffer.

All results in this work are presented with respect to the reversible
hydrogen electrode (RHE) for easy comparison with reports using
various pH conditions. Potentials vs Ag/AgCl were converted to
potentials vs RHE as follows

E (vsRHE) = E (vs Ag/AgCl) + Eyg/agal T 0.0591V X pH

where Ey, 5,01 (reference electrode, 4 M KCl) = 0.1976 V vs NHE at
25 °C.

Mott—Schottky measurements were obtained in the dark using a
typical 3-electrode setup composed of a BiFeO; working electrode
masked with electroplating tape 370 (3M, 0.12 cm?* exposed area), a
Ag/AgCl (4 M KCl) reference electrode, and a Pt counter electrode
in the same sulfite-containing solution used for photoelectrochemical
measurements (pH 9.2 borate buffer). A sinusoidal modulation of 10
mV was applied at frequencies of 0.5, 2, and § kHz.

Computational Methods. Density functional theory calculations
were performed using the Quantum ESPRESSO package®® with PBE
+U exchange-correlation functional, ultrasoft pseudopotentials,* and
Hubbard U parameters of 2 eV on O 2p and 3 eV on Fe 3d. All
calculations were done using the hexagonal BiFeOj cell (space group
R3c), which we expanded to a 2 X 2 X 1 supercell to avoid spurious
interactions during defect calculations. A 2 X 2 X 2 k-point grid was
used to calculate the charge density, and a 4 X 4 X 4 k-point grid was

https://dx.doi.org/10.1021/acs.chemmater.0c00545
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used for density of states. We applied a newly developed charge
correction scheme® to calculations containing excess charge as
implemented in JDFTx.*'

For the calculations used to investigate the effect of oxygen
vacancies, a single oxygen atom was removed from a 120-atom
supercell. Because 72 oxygen atoms are present in this supercell, this is
equivalent to removing 1.39 atom % oxygen (1.39 oxygen atoms out
of 100 oxygen atoms), leading to the empirical formula of BiFeO, g4

Theoretical optical absorption spectra of BiFeO; with and without
an oxygen vacancy were obtained by computing the imaginary part of
the dielectric function in the random phase approximation with local
field effects as implemented in the YAMBO code.>* The input of this
calculation came directly from our single-particle eigenvalues and
wave functions from DFT+U computed in Quantum ESPRESSO.
The absorption spectrum () is related to the real and imaginary parts
of the dielectric function (€, and €, respectively) as shown in the
equation33

a(a)) — 2 €2(‘U)

¢ e(@) + 4 el(w)2 + ez(u))2

2

3. RESULTS AND DISCUSSION

Experimental Study. The BiFeO; electrodes investigated
in this study were prepared via coelectrodeposition of Bi and
Fe metals followed by annealing in air. For the coelectrode-
position, the precursor concentrations in the plating solution
were carefully optimized to produce films with a 1:1 ratio of
Bi:Fe as confirmed by energy-dispersive X-ray spectroscopy
(EDS). Because the reduction potential of Bi** is more positive
than that of Fe*, it can be reduced more easily, meaning that a
lower concentration of Bi** relative to Fe** was necessary to
achieve the desired ratio of Bi:Fe in the deposited films. The X-
ray diffraction (XRD) pattern of the as-deposited films shown
in Figure 1 contained a Bi peak but no Fe peaks, indicating that

*

Intensity (a.u.)

20 (degrees)

Figure 1. XRD patterns of as-deposited BiFe film (black) and
annealed BiFeO, film (red). Asterisks (*) indicate peaks from the
FTO substrate, square (M) indicates Bi metal, and triangles (A)
indicate BiFeO; peaks (space group R3c; PDF No. 66-0439). Bi,O;
impurity peak is marked with a circle (@).

the as-deposited film is composed of a mixture of crystalline Bi
and amorphous Fe metals. The peak position for Bi matches
well with the main peak expected for pure Bi metal, suggesting
that no alloys of Bi and Fe were formed.”*

The as-deposited film was converted to crystalline BiFeO;
upon annealing in air at 600 °C. The XRD pattern of the
annealed film confirmed the formation of crystalline BiFeO;. A
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very small peak corresponding to Bi,O; was observed in the
XRD pattern at 26 ~ 27.5°. Judging from the peak intensity,
however, the amount was negligible, and Bi,Oj is not expected
to interfere with the evaluation of the photoelectrochemical
properties of BiFeO; due to its large bandgap. We note that
the average surface atomic ratio of Bi:Fe for the BiFeO;
electrode obtained by X-ray photoelectron spectroscopy
(XPS) was 1.04:1, indicating that there was no obvious surface
enrichment of either Bi or Fe (Figure S1).

Scanning electron microscopy (SEM) images of the as-
deposited films are shown in Figure 2a and reveal a uniform,
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Figure 2. SEM images of (a) as-deposited BiFe film and (b) annealed
(pristine) BiFeO; film. (c) UV—vis spectrum for BiFeOj;, where the
inset shows a photograph of the pristine film.

compact morphology with very small grain size and full
substrate coverage. Upon annealing, the morphology remained
very similar (Figure 2b). A film thickness of ~120 nm was
determined by cross-sectional SEM (Figure S2). (The film
thickness was optimized for the highest photocurrent
generation.) The UV—visible (UV—vis) absorption spectrum
in Figure 2c shows an absorption onset of ~S80 nm,
corresponding to a bandgap energy of 2.1 eV, which agrees
with the visible orange color of the film as seen in the inset of
Figure 2c.

The photoelectrochemical performance of BiFeO; was first
investigated using sulfite oxidation. Sulfite is an effective hole
scavenger whose oxidation kinetics are significantly faster than
those of water oxidation. Therefore, measuring the photo-
current for sulfite oxidation allows us to evaluate the ability of a
photoanode to generate photocurrent without the limitation of
slow interfacial kinetics for water oxidation.>* In other words,
the photocurrent generated by a BiFeO; photoanode for sulfite
oxidation can be considered to be the maximum photocurrent
that a BiFeO; photoanode can generate for water oxidation
when paired with an appropriate oxygen evolution catalyst.

Figure 3a shows the J—V plot of pristine BiFeOj; for sulfite
oxidation obtained under illumination equivalent to 1 sun (100

https://dx.doi.org/10.1021/acs.chemmater.0c00545
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Figure 3. (a) J—V plots and (b) J—t plots at 0.8 V vs RHE for pristine
BiFeO; for sulfite oxidation. All measurements were obtained in pH
9.2 borate buffer containing 0.7 M sulfite under 1 sun illumination
(100 mW/cm?, AM 1.5 G).

mW/cm?, AM 1.5G). Chopped illumination was used to
compare the dark current and photocurrent in a single scan
while simultaneously assessing the presence of transient
photocurrent. As evidenced by the positive (oxidative)
photocurrent, the BiFeO; electrodes were n-type as prepared,
and the lack of transient photocurrent even in the potential
region near the photocurrent onset indicates efficient use of
surface-reaching holes for sulfite oxidation. The photocurrent
density generated at 1.2 V vs RHE was ~250 pA/cm?, which,
to the best of our knowledge, is the highest photocurrent
generated by n-type BiFeO; as a single-component photo-
anode.

It is important to note that the photocurrent onset at ~0.3 V
vs RHE is significantly more negative than that of other ternary
Fe-based oxide photoanodes (e.g, ZnFe,O,, MgFe,0,,
CuFe,0,)."" This negative photocurrent onset, which allows
BiFeOj; to achieve a high photovoltage for water oxidation,
appears to be a distinctive advantage of BiFeO; over other
Fe**-containing photoanodes. The J—t plot in Figure 3b shows
that the BiFeO; photoanode can generate stable photocurrent
for sulfite oxidation in pH 9.2 borate buffer.

To investigate whether the introduction of more oxygen
vacancies could enhance the n-type behavior of the BiFeO,
photoanodes, the pristine BiFeO; electrodes were additionally
annealed under nitrogen gas at 500 °C for 2 h. Compared with
annealing under hydrogen gas, annealing under N, provides a
milder reducing environment for generating oxygen vacancies.
As a result, higher annealing temperatures and a longer
annealing time are typically required when using a N,
environment to create oxygen vacancies compared with a H,
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environment. However, because annealing under H, gas can
induce hydrogen incorporation in addition to oxygen
vacancies,””*’ annealing under N, should introduce fewer
variables into the samples, thus allowing for the unambiguous
investigation of the effect of only oxygen vacancies. There have
been a few cases in which annealing under nitrogen gas
resulted in the incorporation of nitrogen into the compounds
of interest, but these cases are very rare and have been limited
to high-surface-area oxides containing vanadium ions that
appear to have high nitrogen affinity.”"**

The N,-treated BiFeO; showed no changes in absorbance,
morphology, or XRD pattern in comparison with the pristine
BiFeO; (Figures S3 and S4). In addition, X-ray photoelectron
spectroscopy (XPS) was used to confirm that no nitrogen was
incorporated into the films during N, treatment (Figure S1).
Mott—Schottky plots did show a difference before and after the
N, treatment, however, as seen in Figure 4. The slope of the
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Figure 4. Mott—Schottky plots for pristine (red, left) and N,-treated
(blue, right) BiFeO; at 0.5 (@), 2 (A), and S kHz (M) frequencies.
All measurements were obtained in pH 9.2 borate buffer containing
0.7 M sulfite.

linear region decreased noticeably in the plot for N,-treated
BiFeOj; relative to pristine BiFeQ;, signifying an increase in
majority carrier density.”> This implies that the N, treatment
indeed generated more oxygen vacancies, which function to
increase the majority carrier density of BiFeO;. To the best of
our knowledge, this is the first report of intentionally
enhancing the anodic photocurrent generation of BiFeO; by
increasing the carrier density.

From the Mott—Schottky plots, the flatband potential (Egg)
for pristine BiFeO; was estimated to be ~0.36 V vs RHE. The
N,-treated sample showed a shift in the Egy to the negative
direction by ~20 mV, which agrees well with the increase in
the carrier density. As the precise surface area of the BiFeO;
electrodes was not known, their carrier concentrations could
not be accurately determined. However, assuming a roughness
factor of 2 and a dielectric constant of 53 for the BiFeO,
electrodes,™ carrier concentrations of pristine and N,-treated
BiFeO, were approximated to be ~4.2 X 10'® and ~8.3 x 10'®
cm™, respectively.

J—V plots for sulfite oxidation comparing the pristine and
N,-treated BiFeO; photoanodes are shown in Figure 5a. The
photocurrent generated by N,-treated BiFeO; was significantly
higher than that generated by the pristine sample. Specifically,
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Figure S. (a) J—V plots and (b) J—t plots at 0.8 V vs RHE for pristine
BiFeO; (red) and N,-treated BiFeO; (blue) for sulfite oxidation. All
measurements were obtained in pH 9.2 borate buffer containing 0.7
M sulfite under 1 sun illumination (100 mW/cm? AM 1.5 G).

the photocurrent density at 1.2 V vs RHE increased from ~250
to ~440 pA/cm® upon N, treatment, corresponding to a 76%
increase. Because the N, treatment did not enhance the
photon absorption of BiFeO;, the photocurrent enhancement
observed for the N,-treated BiFeO; could be attributed solely
to the additional oxygen vacancies formed, which increased the
carrier density. The J—t plot in Figure 5b shows that the N,-
treated sample is also stable for sulfite oxidation in pH 9.2
borate buffer.

We note that the N,-treated BiFeOj; showed a photocurrent
onset shifted to the negative direction by ~50 mV.
Considering that the photocurrent onset potential measured
using a hole scavenger with fast oxidation kinetics is one way to
determine the Egy of a photoanode,® it can be said that the
Eypg values obtained from the Mott—Schottky and J—V plots
agree well with each other. While the N, treatment
considerably increased the photocurrent of our BiFeO,
photoanodes, the resulting photocurrent was still far below
that expected for a photoanode with a bandgap of 2.1 eV. This
shows that bulk electron—hole recombination is a major
limitation of BiFeO,, and as with other Fe’'-containing
photoanodes, nanostructuring will be required to alleviate
bulk recombination and further enhance photocurrent.*”*'

J—=V plots of pristine and N,-treated BiFeO; for water
oxidation in pH 9.2 borate buffer is shown in Figure SS. The
photocurrent generated for water oxidation was considerably
lower (<S pA/cm?® at 1.2 V vs RHE) than that generated for
sulfite oxidation by both types of films, indicating that the
surface of the BiFeOj; prepared in this study is not catalytic for
water oxidation and will need to be paired with an appropriate
oxygen evolution catalyst when used in a photoelectrochemical
water splitting cell.

Computational Study. To gain additional insight into the
photoelectrochemical properties of BiFeO; we conducted
density functional theory (DFT) calculations to investigate the
small polaron formation and its effect on defect ionization
energy and free carrier concentration in BiFeO;. First-
principles calculations were carried out on BiFeO; using the
DFT+U method (see Computational Methods for more
information). The computed bandgap of BiFeO; was 2.2 eV,
which is in great agreement with the experimentally measured
value of the bandgap.

Due to strong electron—phonon interactions, carriers in
many transition metal oxides are trapped by their self-induced
lattice distortions, forming small polarons.”” Small polarons
conduct through the system via a thermally activated hopping
mechanism unlike carriers in covalent semiconductors, which
conduct through conventional band mechanisms.*>** There-
fore, understanding and facilitating small polaron hopping are

critical for the development of oxide-based photoelectro-
deg, 16-1820,45,46
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BiFeO;.

Small Polaron Formation. Formation of an electron-
polaron in pristine BiFeO; was simulated by adding one
extra electron into the pristine BiFeO; system and allowing the
system to relax. We observed that the extra electron
spontaneously localizes on a single Fe site, forming a small
electron-polaron as shown in Figure 6a. This creates a deep,
localized state that lies 1 eV below the CBM of the pristine
BiFeO; as shown in Figure 6b. Formation of similar localized
electron-polaron states has been observed in other Fe**-based
oxides such as Fe,0,."”

The Fe" ions in BiFeO; have O, crystal field splitting with
3d® high-spin electron configuration.”” Thus, the extra electron
occupies an Fe f,, state, and the small polaron state has mainly
t)g character. Furthermore, the presence of a small polaron on
the Fe ion, which lowers its valency from +3 to +2, perturbs
valence states and creates additional localized states above the
VBM of the pristine BiFeO, (Figure 6b). These localized states
have the character of e, orbitals of Fe’* and 2p orbitals of
oxygen. (The corresponding wave functions are shown in
Figure S6.)

Electronic Structure of V, in BiFeO;. Previous theoretical
studies on defect formation in BiFeOj; reported that the oxygen
vacancy is a very deep donor with an ionization energy greater
than 1 eV,">***** meaning that the oxygen vacancy cannot
contribute to the generation of n-type carriers at room
temperature. This disagrees with our experimental observation
that the N,-treated BiFeOj; that contains more oxygen
vacancies has a higher carrier density and generates
significantly more photocurrent at room temperature. We
note that previous theoretical studies did not consider the
formation of small polarons in BiFeO; and their effects on
defect ionization energies and carrier concentration. Employ-
ing recently developed methods,'”*’ we revisited the
formation of oxygen vacancies in BiFeO; to investigate their
ionization energies with respect to the free polaron level in
pristine BiFeO;.

When an oxygen vacancy (V) is formed in the lattice of
BiFeO; it introduces two electrons that spontaneously
generate two small electron-polaron states. These two states
correspond to the two peaks shown ~0.8 €V below the CBM
in the PDOS of BiFeO; in Figure 7a. As in the case of
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introducing a free electron—polaron, these polaron states have
mainly the t,, character of Fe®*. Due to attractive electrostatic
interactions between the electron—polarons and the Vj site,
the most thermodynamically stable configuration is that with
the two electron—polarons located at the Fe sites nearest to the
Vo, as shown in Figure 7b. The difference in energy of the Vg
polarons seen in the PDOS is a result of their differing
distances from the V, (Figure S7). Introduction of V, and the
resulting small electron-polarons also generate perturbed
valence states above the VBM. These perturbed states are
mainly composed of the ¢, orbitals (i.e., d;_,?) of Fe’" and 2p
orbitals of oxygen (Figure S8). When absorption spectra of
BiFeO; with and without V were simulated and compared
(Figure S9), we found that the presence of the perturbed states
above the VBM did not affect the absorption of BiFeOj;. This
agrees with our experimental results.

Vo as a Shallow Donor in BiFeOs. In order to consider the
effects of oxygen vacancies on the carrier concentration in
BiFeOy;, it is necessary to compute the formation energy of the
defect in each of its charge states g

FE[e] = E, — E, + ) AN + gep + A,

Here, FE, is the formation energy of a defect with charge g, E,
is the total energy of the defect system with charge g, E,; is the
total energy of the pristine system, AN; is the change in the
number of atomic species i with chemical potential y;, g is the
Fermi energy, and A_ is the defect charge correction consistent
with recent developments®””' that serves to remove spurious
interactions of the charged defect with its periodic images and
with the uniform compensating background charge. The value
of the Fermi level (&) in which the system undergoes a
transition of charge state q to q" defines the charge transition
level &7

FE,[&;] — FE, [&]

el — /

9 —1
Typically, the charge transition level of an electron donor
from one charge state to a more positive charge state

referenced to the CBM defines the ionization energy of the
defect. However, in polaronic oxides, the feasibility of polaron
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hopping is determined not by the ionization energy of the
defect with respect to the CBM but by the ionization energy of
the defect with respect to a free polaron state where the
polaron is not bound to a defect.'”” Therefore, the true
ionization energy of small polarons is equal to the energy
difference between the charge transition levels of the defects
(solid red dots in Figure 7c) and the free polaron level (gray
dashed line in Figure 7c). The free polaron energy level can be
obtained from the formation energy of the pristine system with
(g9 = —1) and without (q = 0) an extra electron. The Fermi
level corresponding to the £”~! transition in the pristine system
defines the free polaron level.'””” The energy difference
between the free polaron level and the CBM is the polaron
binding energy.

Under this model, we computed the charge formation
energy diagram of the Vg and its corresponding ionization
energies. In an oxygen-rich environment, the formation energy
of a neutral Vi is 34 eV, which agrees with previous
calculations.”***** We find that the V, has two distinct
charge transition levels corresponding to the (0/+1) and (+1/
+2) transitions. The energies of these charge transition levels
relative to the VBM (1.57 and 1.22 eV, respectivelz) are in
excellent agreement with recent DFT+U calculations.” On the
other hand, the positions of charge transition levels relative to
the CBM of BiFeOj; vary drastically depending on the choice
of U,">***® which is a known effect. However, their positions
with respect to the free polaron level are relatively insensitive
to the choice of U, which is similar to what was reported for
the case of Sn-doped Fe,0;."” Comparing the charge transition
levels of Vo to the free polaron level, we found energy
differences of 99 and 438 meV for the first and second charge
transition levels, respectively. The energy of the first charge
transition level (0/+1) relative to the free polaron level is
comparable to kT at room temperature (26 meV) and
indicates that a fraction of the oxygen vacancies in BiFeO;
can ionize at room temperature and contribute to an increased
carrier concentration. A simple thermodynamic calculation
(assuming a Boltzmann-like distribution) suggests that ~2.05%
of oxygen vacancies will be ionized to their +1 state at room
temperature at thermal equilibrium. This result differs from
previous reports that Vi in BiFeOj is a deep donor and cannot
increase the carrier concentration.'>***%*’

Our theoretical result has clarified the role of oxygen
vacancies in enhancing carrier concentrations in BiFeO;, and it
is consistent with our experimental findings. This study
emphasizes that in polaronic oxides, the defect ionization
energies need to be considered with respect to the free polaron
level and not to the CBM to more accurately understand the
role of defects in the charge transport properties.

4. CONCLUSIONS

To summarize, we performed combined experimental and
theoretical investigations on n-type BiFeO; to evaluate its
properties relevant to its use as a photoanode in a
photoelectrochemical cell. In our experimental study, we
developed a synthesis method to produce high-quality, uniform
n-type BiFeO; photoanodes and examined their photo-
electrochemical properties. A bandgap energy of ~2.1 eV
was determined for the BiFeO; photoanodes, and this value
agreed well with the films’ orange color. The BiFeOj;
photoanode showed a photocurrent onset potential of 0.3 V
vs RHE for sulfite oxidation, which is equivalent to its flatband
potential. This value is significantly more negative than that of
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other ternary Fe-based oxide photoanodes. Upon annealing
under a N, environment to intentionally introduce more
oxygen vacancies, the flatband potential was slightly shifted to
the negative direction and the photocurrent increased
considerably. These results indicate that oxygen vacancies
can contribute to an increase in carrier density, thus improving
the charge transport properties of BiFeOj; While the
photocurrent reported in this study is one of the highest
among those reported for BiFeO; photoanodes, the observed
value was still far below that expected for a photoanode having
a bandgap of 2.1 eV, suggesting that bulk recombination is a
major limitation of BiFeO;. Considering that nanostructuring
other Fe*'-containing photoanodes such as Fe,O; that suffer
from short hole-diffusion lengths can significantly increase
electron—hole separation, nanostructuring BiFeOj; is a logical
next step to take to improve its photocurrent generation.

In our theoretical study, we showed for the first time that an
extra electron in BiFeO; spontaneously localizes on an Fe®* ion
and forms a small polaron. Formation of the small polaron also
perturbs valence states and creates additional localized states
above the VBM of pristine BiFeO;. When an oxygen vacancy is
introduced into the BiFeO; lattice, it forms two electron—
polarons at the two Fe sites nearest to the V site. By
accurately referencing the charge transition level to the free
electron—polaron level instead of to the CBM in our charge
formation energy calculations, we showed that the first
ionization energy of Vg is 99 meV, meaning that Vg is
capable of serving as a donor to enhance the carrier
concentration of BiFeOs.

Overall, BiFeO; has many attractive properties for use as a
photoanode in a water-splitting PEC, and we expect that
strategies such as nanostructuring and substitutional doping
that can introduce shallow donors can continue to increase the
photocurrent generation. Our combined investigation contrib-
utes to a fundamental understanding of the photoelectrochem-
ical properties of BiFeO; that can aid future systematic
investigations of both n-type and p-type BiFeO; photo-
electrodes.
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