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Abstract

BiFeO; is a semiconductor with a bandgap of ~2.2 eV and with conduction band minimum (CBM)
and valence band maximum (VBM) positions straddling the water reduction and oxidation
potentials. These features make BiFeO; a promising photoelectrode candidate for use in a
photoelectrochemical cell for solar fuel and chemical production. Previous studies have shown
that both n-type and p-type BiFeO; can be obtained without intentional extrinsic doping, which
means that both donor- and acceptor-type defects can form readily. In this study, we prepared and
compared p-type BiFeO; with intrinsic doping (acceptor levels created by Bi vacancies) and
extrinsic doping (acceptor levels created by substitutional doping of Na* at the Bi’* site) to
understand their differences using combined experimental and computational studies. We show
that Na-doped BiFeO; can generate a significantly higher cathodic photocurrent density because
Na doping enhances both photon absorption and electron-hole separation. Our computational
results provide a microscopic understanding of their origins. We also demonstrate the use of a Na-
doped BiFeO; photocathode with Ag nanoparticle catalysts for solar O, reduction to H,O, and
evaluate how much photovoltage can be gained by the use of Na-doped BiFeO; photocathode.



Journal of Materials Chemistry A

Introduction

Bismuth iron oxide (BiFeO;) is a semiconductor with an ABOjs-type perovskite structure
in which Bi*" in the A site is dodecahedrally coordinated by 12 O* and Fe*" in the B site is
octahedrally coordinated by 6 O%.! Unlike the ideal perovskite, BiFeO; has a non-centrosymmetric
structure caused by a rhombohedral distortion, and the resulting ferroelectricity has motivated the
intensive investigation of BiFeO; for applications in electronics.># Recently, BiFeOs has also been
investigated as a photoelectrode for solar water splitting.>-!2 It has been shown to have a relatively
narrow bandgap of ~2.2 eV and conduction band minimum (CBM) and valence band maximum
(VBM) positions that straddle the water reduction and oxidation potentials,®!-12 all of which are
very favorable characteristics for a photoelectrode for use in a water-splitting or related
photoelectrochemical cell.

Previous studies have shown that both n-type and p-type BiFeO; can be obtained without
intentional doping.>~ This means that both donor and acceptor-type defects can form readily and
the dominant defect type can vary depending on the synthesis conditions.!? The defects that can
serve as donors and induce n-type behavior include oxygen vacancies, while the defects that can
serve as acceptors and induce p-type behavior include Bi vacancies.'#'® Since both donor- and
acceptor-type defects can readily form and coexist in BiFeOs;, the concentration of the majority
carrier in n-type or p-type BiFeO; formed without intentional doping is not considerably higher
than that of the minority carrier. These lightly doped BiFeO; photoelectrodes are not optimal for
evaluating the advantages and limitations of BiFeOj; as a photoanode or a photocathode material.

In our recent study, we presented a new electrodeposition-based synthesis method to
prepare BiFeOj; electrodes.!” In this method, Bi and Fe metals are co-electrodeposited with a Bi:Fe
ratio of 1:1 and then oxidized by thermal annealing in air to produce BiFeO; electrodes. The
BiFeO; electrodes prepared by this method are n-type, meaning that under these synthesis
conditions, more donor-type defects formed than acceptor-type defects. For the reason explained
above, these n-type BiFeOj; electrodes obtained without intentional doping are very lightly doped.
In order to increase the free electron concentration, we additionally annealed the n-type BiFeO;
electrodes under a N, environment to introduce more oxygen vacancies that can serve as donors.
Using the resulting electrodes, we were able to evaluate the photoelectrochemical properties of
BiFeOj; photoanodes.

When it comes to p-type BiFeOs, all reported p-type behaviors of BiFeO; photocathodes
originated from intrinsic doping where Bi or Fe vacancies were created during synthesis either
intentionally or unintentionally.>7-181° To our best knowledge, extrinsic doping (i.e., introducing
an impurity atom via substitutional doping to create acceptor levels), which may allow the hole
concentration to be increased more methodically, has not been attempted to enhance the p-type
behavior of BiFeOs.

In this study, we report combined experimental and theoretical investigations on the
substitutional doping of Na* at the Bi** site, which can considerably enhance p-type behavior of
BiFeO;. We prepared two different p-type BiFeO; electrodes, one with intrinsic doping (i.e., Bi
vacancy, Vpgi) and the other with extrinsic doping (i.e., Na doping at the Bi site, Nag;), while
keeping other factors (e.g., film thickness and morphology) comparable. By comparing
photoelectrochemical properties of these photoelectrodes and relating experimental and
computational results (e.g., formation energy and the ionization energy of Vg; and Nag;), we
elucidate the difference between intrinsic doping and extrinsic doping and offer an atomic level
understanding of their effects on the photoelectrochemical properties of p-type BiFeOs.
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Furthermore, using the Na-doped BiFeOj; photocathode decorated with a Ag nanoparticle catalyst,
we demonstrate solar O, reduction to H,0,, which provides an energy-efficient and
environmentally benign route for H,O, production.?0-2?

Experimental

Materials.  Bismuth(Ill) nitrate (Bi(NOs);-5H,0, 98%), sodium nitrate (NaNO;, 99.0%),
potassium perchlorate (KClO4, 99-100.5%), dimethyl sulfoxide (DMSO, 99.9%), N,N-
dimethylformamide (DMF, >99.8%), potassium iodide (KI, 99+%), potassium hydrogen phthalate
(KHP, 99.95%), hydrogen peroxide (H,O,, 30% (w/w) in H,O, contains stabilizer), potassium
phosphate dibasic (K,HPO,, >98%), and potassium hydroxide (KOH, >85%) were purchased from
Sigma-Aldrich. Potassium phosphate monobasic (KH,PO4, >99%) was purchased from Santa Cruz
Biotechnology. Iron(Il) chloride (FeCl,-4H,0, 98%) and silver(I) nitrate (AgNOs, 99.9+%) were
purchased from Alfa-Aesar Chemicals. Tetrabutylammonium hexafluorophosphate (TBAPFs,
>98%) was purchased from TCI 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. Nafion membrane (N211) was purchased
from Fuel Cell Store.

Preparation of BiFeO; electrodes. To prepare pristine, stoichiometric BiFeO; electrodes, Bi
and Fe were co-electrodeposited with a Bi:Fe atomic ratio of 1:1. The electrodeposition of Bi/Fe
films was carried out in an undivided cell using a SP-200 (Bio-Logic Science Instrument). A
typical 3-electrode setup with an FTO working electrode, an FTO counter electrode, and a Ag/Ag*
(in DMSO solution containing 10 mM AgNOj; and 0.1 M TBAPF) reference electrode was used.
The exposed area of the FTO working electrode was ~1.25 cm?. The plating solution was a DMSO
solution containing § mM Bi(NO;);-5H,0, 12 mM FeCl,-4H,0, and 100 mM KCIO, (supporting
electrolyte). The DMSO solution was purged with Ar for 15 min before adding the metal
precursors and supporting electrolyte. The resulting solution was additionally purged with Ar for
30 s to completely remove any remaining oxygen, and electrodeposition was initiated immediately
after. (O, in the solution can not only oxidize Fe?" to Fe*" but also be reduced during
electrodeposition, affecting the reproducibility of Bi/Fe film deposition.) A constant potential of —
2.1 V (vs. Ag/Ag") was applied to the working electrode and the charge passed during the
electrodeposition was 100 mC/cm?. Immediately after deposition, the Bi/Fe films were soaked in
ethanol and then blow-dried with air. The films were black in color and showed a uniform and
compact morphology (Fig. S1). The Bi:Fe atomic ratio of the as-deposited films determined by
energy dispersive X-ray spectroscopy (EDS) was 1:1. To convert the Bi/Fe films to BiFeOs, the
as-deposited films were annealed in air at 600 °C for 6 h (ramp rate: 1.7 °C/min). The resulting
films were orange in color.

To prepare Na-doped BiFeOj; electrodes, Bi-deficient Bi/Fe films were deposited in a
DMSO solution containing 8 mM Bi(NOs)3;-5H;0, 12.5 mM FeCl,-4H,0, and 100 mM KCIlO,
while keeping other deposition conditions the same. The Bi:Fe atomic ratio of the as-deposited
films determined by EDS was 0.93:1. A DMF solution (50 pL) containing 2 mM NaNO; was drop-
cast onto the as-deposited film, which was then annealed in air at 600 °C for 6 h (ramp rate: 1.7
°C/min). The annealed film was gently rinsed with water to remove any excess Na ions that did
not incorporate into the Na-doped BiFeOj; films. The Na:Bi ratio in the Na-doped BiFeOj; films
determined by inductively coupled plasma-mass spectroscopy (ICP-MS) was 0.07:0.93, equivalent



Journal of Materials Chemistry A

to 7 atomic % doping of Na at the Bi site. When the Bi-deficient Bi/Fe films were thermally treated
without a drop-cast solution containing Na*, Bi-deficient BiFeO; electrodes were prepared. The
nominal formulas for Na-doped and Bi deficient samples are Nag ;Big93FeO; and Bijg3;FeOs,
respectively, assuming no phase segregation and oxygen vacancies.

Materials characterization. The surface morphology and elemental composition were
determined by scanning electron microscopy (SEM; Leo Supra55 VP, accelerating voltage 2 kV)
and EDS (Noran System Seven, Thermo-Fisher, ultra-dry silicon drift detector, accelerating
voltage: 22 kV), respectively. The amount of Na in Na-doped BiFeO; was analyzed by ICP-MS
(ICPMS-2030, Shimadzu). The purity and crystallinity were characterized by X-ray diffraction
(XRD; D8 Discover, Bruker, Ni-filtered Cu Ka radiation, A = 1.5418 A). The band gap and light
absorption property were determined from UV—visible (UV—vis) absorption spectra obtained using
an integrating sphere to collect all reflected and transmitted light, allowing for more accurate
determination of absorbance (Cary 5000 UV—-vis—NIR spectrophotometer, Agilent). The energy
gap between the valance band minimum and Fermi level (Evgy—EF) was investigated by X-ray
photoelectron spectroscopy (XPS, Ka X-ray photoelectron spectrometer, Thermo Scientific) using
monochromatized aluminum Ko X-ray (1,486.68 eV) as the excitation source. Prior to XPS
measurements, a Ag metal contact was deposited onto the BiFeO; electrodes using a Hummer 8.3
DC/RF Sputter System (Anatech USA) to ensure good electrical contact between the
photoelectrodes and the spectrometer. The Fermi edge of the Ag metal acquired after cleaning the
surface by Ar ion beam was used as a reference to calibrate the binding energies of the samples.

XRD simulations were performed using the Fullprof program package.?? The peak shape
was modeled by pseudo-Voigt function with peak parameters U = 0.05, V =—-0.06 and W = 0.07.
The lattice parameters, fractional coordinates of atoms, site occupations and isotropic atomic
displacement parameters for pristine BiFeO; were obtained from the ICSD database (#51664).24
The XRD pattern of Nag o7Big 93FeO3 was simulated by replacing 7% of Bi at the Bi** site with Na*
while keeping other parameters constant. The XRD pattern of Naj(;Big93FeO; with a (110)
preferential orientation was simulated by setting the March-Dollase parameter to 0.75 in the (110)
direction.

Photoelectrochemical and electrochemical characterization.  All photoelectrochemical and
electrochemical measurements were conducted with an SP-200 (Bio-Logic Science Instrument).
Solar illumination was simulated by filtering light from a 300 W Xe arc lamp through the following
successive filters: an 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 a National Renewable Energy Laboratory-certified GaAs reference cell (PV
measurements, Inc). The illuminated area was 0.06 cm?. The light was illuminated through the
BiFeO; film side (front-side illumination). A typical 3-electrode setup was used in an undivided
cell with a BiFeO; working electrode, a Hg/HgO (1 M KOH) reference electrode, and a graphite
rod counter electrode. Photoelectrochemical property of the BiFeO; photoelectrodes was first
evaluated by obtaining photocurrent-potential (J-F) plots in 0.1 M KOH solution saturated with
O, and with constant O, bubbling where O, was used as an electron scavenger. Chopped
illumination was used so that the dark current and photocurrent densities could be measured during
a single potential scan. The potential was scanned from the open circuit potential (ocp) to the
negative direction with a scan rate of 10 mV/s.
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All results in this work are presented with respect to the reversible hydrogen electrode
(RHE) unless otherwise mentioned. Potentials vs. Reference electrodes were converted to
potentials vs. RHE as follows:

E(ys. ruE) = E(vs. agagc)) OF Evs. Hyigo) T Eagiager OF Engngo +(0.0591 V x pH)
where EAg/AgCl (4MKC) = 0.1976 V vs. NHE at 25°C
and EHg/HgO (1 MKOH) = 0.1325 V vs. NHE at 25°C

With the same electrolyte (O, purged 0.1 M KOH), the wavelength-dependent photocurrent
was measured, and the absorbed photon-to-current efficiency (APCE) was determined using the

following equation,

1240 (eV nm)x |Photocurrent density (mA cm™2)|

IPCE (%) = 100 (©
CE (%) Incident light power density (mW cm-2)xWavelength (nm) %100 (%)
APCE (%) = IPCE (%)
)= Tio-Am
where IPCE is the incident photon-to-current efficiency and A(,) is the absorbance at a given
wavelength.

Light source was 150 W Xe arc lamp equipped an AM 1.5G filter and neutral density filters
and monochromatic light was produced by Oriel Cornerstone 130 monochromator with a 10 nm
interval. The power of light at each wavelength was measured by a Si photodiode (SED 033,
International Light Technologies). The photocurrent was measured while applying constant
potential (0.6 V) in a home-made Faraday cage with the same potentiostat and the same 3-electrode
setup mentioned above.

The maximum photocurrent that can be achieved with the photocathodes assuming that all
the absorbed photons are converted to photocurrent (i.e., absorbed photon-to-current efficiency is
100%.) was calculated by the following steps. First, the National Renewable Energy Laboratory
(NREL) reference solar spectral irradiance at AM 1.5G (radiation energy (W m™2 nm™!) vs.
wavelength (nm))? was converted to the solar energy spectrum in terms of the number of photons
(s''m2 nm™) vs. wavelength (nm). Then, the number of photons at each wavelength that absorbed

by the photoelectrodes was calculated by multiplying the light harvesting efficiency (1-10"A®3),

And then the total number of absorbed photons was calculated by using a trapezoidal integration
(the increment of wavelength = 1 nm) and was converted to the photocurrent. The calculated
maximum photocurrents of the photocathodes based on their absorbances were 5.95 mA c¢cm2 and
7.06 mA cm for Bi-deficient and Na-doped BiFeOj; electrodes respectively.

Photoelectrochemical O, reduction and H,0, quantification. For photoelectrochemical
deposition of Ag particles and H,O, production, simulated solar light was generated using an LCS-
100 solar simulator (Oriel Instruments) equipped with a 100W Xe arc lamp (Newport) and an AM
1.5 G filter. An infrared filter (Newport) and a focusing lens were placed between the light source
and the electrode, and the intensity of light was calibrated to 1 sun (100 mW/cm?) at the back side
of the BiFeO; electrode using the GaAs reference cell. The entire area of the BiFeO; electrodes
(~1.25 cm?) was illuminated by the solar simulator. The photoelectrodeposition of Ag particles on
Na-doped BiFeO; was performed in a DMSO solution containing 2 mM AgNO; and 0.1 M
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TBAPF, using a Na-doped BiFeOj electrode as the working electrode. The same counter electrode
and reference electrode used for electrodeposition of Bi/Fe films was used. For the
photoelectrochemical deposition of Ag, a constant potential of 0.1 vs the Ag/Ag" reference
electrode was applied (which is equivalent to making the WE potential more negative than the ocp
under illumination by 0.3 V) for 1 min under continuous illumination. The resulting Ag-deposited
Na-doped BiFeOs; electrodes were rinsed with ethanol and dried with a gentle stream of air.

For photoelectrochemical O, reduction, a home-made two compartment acrylic cell was
used, where the cathodic chamber and the anodic chamber were divided by a Nafion membrane.
Both chambers were filled with 0.1 M potassium phosphate buffer (pH 7) and the volumes of both
chambers were 8 mL. The working electrode (Ag-deposited Na-doped BiFeO;) and the reference
electrode (Ag/AgCl in 4 M KCl)) were immersed in the cathodic chamber while the counter
electrode (graphite rod) was immersed in the anodic chamber. The photoelectrode was illuminated
through the glass side first (back-illumination). During the photoelectrochemical cell operation,
the cathodic chamber was purged with O, (flow rate: 10 ccm) and gently stirred with a stirring bar.
An 1 h-electrolysis was performed at the constant potential of 0.8 V vs RHE and the amount of
H,0, was quantified using iodometric titration.

For iodometric titration, 1 mL of the electrolyte used in the photoelectrochemical O,
reduction was taken and diluted with 1 mL of DI water. Then, 1 mL of 0.25 M KHP solution and
I mL of 0.4 M KI solution were additionally added. In this solution, photoelectrochemically
generated H,0, reacts with I~ forming I3~ which absorbs light of which wavelength is 250-500
nm. KHP serves as an additional pH buffer. Absorbance at 355 nm measured by a
spectrophotometer (Cary 5000 UV-vis—NIR spectrophotometer, Agilent) was used for the
construction of the calibration curve and the quantification of the amount of produced H,0,.!8
Faradaic efficiency (FE) for H,O, production was calculated by dividing the charges used to
produce the detected amount of H,O, by the total charge passed during the electrolysis using the
following equation, where #n is the number of electrons required to produce one H,O, molecule,
which is 2, and F is Faraday’s constant (96 485.33 C mol™").

n x amount of H>O, (mol) x F (C mol™1)

Total charge passed (C)

FE (%) = x100 (%)

Computational Methods

Density functional theory calculations were performed using the Quantum ESPRESSO
package?, with PBE+U exchange correlation functional, GBRV?’ pseudopotentials, and a
wavefunction energy cutoff of 40 Ry and charge density cutoff of 240 Ry. The Hubbard U
parameters of 2 eV on O 2p and 3 eV on Fe 3d were used. All calculations were performed with a
2x2x1 supercell of BiFeO; consisting of 120 atoms. For charged-defect calculations we applied a
charge correction scheme as discussed in previous studies.?®?® Geometry relaxations were
converged with forces on ions less than 103 Ry/Bohr using a 2x2x2 k-point grid. After relaxation
a 4x4x4 k-point grid was used to calculate density of states. The calculation results obtained with
PBE+U were compared with the results obtained by calculations with the hybrid functional
HSE06%. Hybrid functional calculations were performed with the Vienna ab-initio Simulation
Package (VASP) at the gamma point using plane-wave cutoff of 600eV 3! The ionic positions were
relaxed until the forces on all ions were less than 0.01 eV/A. The results obtained from the hybrid
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functional HSE06 confirmed the reliability of results obtained from PBE+U as discussed below
and in SI.

Theoretical absorption spectra were calculated using the YAMBO?? code using the single-
particle eigenvalues and wavefunctions from Quantum ESPRESSO?® with the same exchange
correlation functional as band structure calculations above. The dielectric function was computed
in the random phase approximations with local field effects. From the dielectric function the
absorption spectrum () is computed from the real (1) and imaginary (e;) parts of the dielectric
function using Eq 1, where w is the photon energy and c is the speed of light.

€2(w)

w
a= ?\/el(w)+ 'el(w)2+52(w)2 Eq- 1

2

Defect formation energies were calculated from Eq. 2:
FEq[SF] :Eq_Epst+Zi.uiANi+q€F+Aq Eq2

Here the FE, is the formation energy of a defect at charge g, E; is the total energy of defective
system, E, is the total energy of the pristine system, ; is the chemical potential of atomic species
[, AN is the change in the number of atomic species i, £ is the Fermi energy, and A, is the defect

charge correction.?® All components of Eq. 2 were computed using DFT. To avoid the formation
of secondary phases the chemical potentials were determined using the following inequalities:

Ure + tpi 3o = Eireo, Eq.3
2pup; +3po < Epi,o, Eq. 4
2pipe +3po < EFe,0, Eq.5
2,[10 < EOz Eq. 6
UNa T 2Uo < Enqo, Eq.7

The oxygen chemical potential was computed for 1 atm at 873.15 K, to match experimental
annealing conditions.>3 After computing the formation energy at different charge states, we
computed the charge transition levels €9!9', which is the Fermi level (er) when the system
undergoes a transition from one stable charge state q to another g’ using Eq. 8:

AR

gala = -
q-q

Eq. 8

Results and Discussion

Synthesis and Characterization. The pristine, stoichiometric BiFeO; electrodes investigated
in this study were prepared by co-electrodepositing Bi and Fe metals with a Bi:Fe atomic ratio of
1:1 (Fig. S1), followed by annealing in air to form the desired ternary oxide phase (Fig. 1a).!” The
Na-doped BiFeO; electrodes were prepared by first electrodepositing a Bi-deficient Bi/Fe film
with the Bi:Fe atomic ratio of 0.93:1. This film was annealed with a drop-cast DMF solution
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containing 2 mM NaNO; to form Nay¢7Bip93;FeOs during annealing in air. Any excess Na not
incorporated into the BiFeO; lattice was removed by rinsing the Naj ¢7Big¢3FeO; electrode with
DI water (Fig. 1b). Thermal annealing without the drop-cast solution containing Na* resulted in
Bi-deficient BiFeO; with the nominal composition of Bij¢3;FeOs. (Fig. 1¢). The further decrease
in the Bi:Fe ratio did not improve the p-type behavior of the resulting electrodes, suggesting that
the amount of Vp; and Nag; that can be stabilized in BiFeO; are limited under our synthesis

conditions.

(a)
Annealing
|n air

. 1 BiFe Pristine BiFeO3
Electrodeposition
_—
in DMSO (b)
FTO glass Drop-casting Annealing
’ NaNOj3 solution ’/ in air ’
Bi-deficient BiFe Na-doped BiFeO3

()

Annealing
in air

Bi-deficient BiFeO3

Fig. 1 Schematic representation of the synthesis procedure for (a) pristine, (b) Na-doped, and (c)
Bi-deficient BiFeO; electrodes.

The SEM images and photographs of pristine, Bi-deficient, and Na-doped BiFeO;
electrodes are shown in Fig. 2a—c. All electrodes showed a compact morphology, with nanosized
grains. While pristine BiFeO; and Bi-deficient BiFeO; show very similar absorption spectra with
their bandgap estimated to be around 2.1 eV, Na-doped BiFeO; shows a slight redshift of the
bandgap and generally enhanced absorption above the bandgap (Fig. 2d). The microscopic origin
for this change caused by Na doping is explained in the computational study section.

1.2

(d)

o
™
|

Absorbance
o
'
!

1.5 2.0 25 3.0
Energy (eV)

Fig. 2 SEM images of (a) pristine, (b) Bi-deficient, and (¢) Na-doped BiFeOj; electrodes. The insets
show photographs of the corresponding films. (d) UV—vis absorbance comparison of pristine
(black), Bi-deficient (blue) and Na-doped (red) BiFeOs.
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Fig. 3 (a) XRD patterns of pristine (black), Bi-deficient (blue) and Na-doped (red) BiFeO;
electrodes. Peaks from the FTO substrate are marked with asterisks (*). (b) A magnified two theta
region from Fig. 3a showing (104) and (110) peaks.

The XRD patterns of BiFeO; electrodes are compared in Fig. 3a. There are no noticeable
differences in XRD patterns between the pristine and Bi-deficient BiFeO; samples in terms of the
peak position, and they match well with the simulated XRD patterns of BiFeO; and Bij3FeO;
with no preferential orientation (Fig. S2a and b). The Na-doped sample also shows no shifts in
XRD patterns compared to the pristine sample. This is expected as the ionic radii of Bi** and Na*
ions coordinated by the same number of O?~ ions are very similar.3* The only noticeable difference
in the XRD pattern associated with Na doping is an enhanced intensity for the (110) peak appearing
at 32.1° (Fig. 3b). Using simulated XRD patterns (Fig. S2¢), we found that 7% substitutional
doping of Na* at the Bi** site should not enhance the intensity of the (110) peak. Thus, we suspect
that the enhanced (110) peak of Na-doped BiFeOs; is not caused by the compositional change of
the films but rather the synthesis condition used for Na doping (i.e., annealing with a drop-cast
DMF solution containing NaNQO;) affecting crystal growth and changing crystal orientation
relative to the substrate during annealing (i.e., more crystals are oriented such that (110) planes
are parallel to the substrate). Indeed, the experimental XRD pattern of the Na-doped BiFeO;
matches well with the simulated XRD pattern of Nag ¢7Big¢3;FeO; with a slight (110) preferential
orientation (Fig. S2d).

We note that Bi-deficient BiFeOs; and Na-doped BiFeO; show tiny impurity peaks at 42.8°
and at 35.6°, respectively. The impurity phases cannot be conclusively identified with only one
small broad peak appearing in each XRD pattern. However, judging from the Bi:Fe ratio being
smaller than than 1:1 in these samples, these impurity phases should be Fe-based oxides, which
are typically n-type. Thus, we expect that the p-type properties of Bi-deficient BiFeO; and Na-
doped BiFeO; would not be affected by these negligible amounts of impurities.
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Fig. 4 (a) J-V plots of Bi-deficient (blue) and Na-doped (red) BiFeO; photoelectrodes for O,
reduction in 0.1 M KOH under chopped AM 1.5G illumination (100 mW/cm?). (b) IPCE of Bi-
deficient (blue) and Na-doped (red) BiFeO; at 0.6 V vs. RHE measured in O, purged 0.1 M KOH.
Valence band (Er—Evygy) spectra of (c) Bi-deficient and (d) Na-doped BiFeO; photoelectrodes.

Photoelectrochemical Properties. The effects of intrinsic and extrinsic doping on the p-type
photoelectrochemical properties of the BiFeO; electrode were evaluated using
photoelectrochemical O, reduction. O, has been used as an electron acceptor for testing various
oxide photocathodes containing Fe and Bi (e.g., LaFeO; and CuBi,0,4) because their surfaces are
generally much more catalytic for O, reduction than water reduction.®-¢ In fact, BiFeOs is well
known to be a good electrocatalyst for O, reduction in basic solutions.?’” Therefore,
photoelectrochemical O, reduction in basic solutions can be a good preliminarily test for assessing
the p-type behavior of BiFeO; photocathodes without needing to deposit catalysts to promote
interfacial electron transfer.

Fig. 4a shows the J-V plots of Bi-deficient and Na-doped BiFeO; photocathodes acquired
in O, purged 0.1 M KOH solution under AM 1.5G illumination (100 mW/cm?). The pristine
BiFeO; electrode prepared by our synthesis is n-type!” and therefore its J~F plot is not included in
Fig. 4a. Bi-deficient BiFeO; shows a well-defined cathodic photocurrent when light is on,
indicating that the Vp; generates acceptor levels, increasing the hole concentration and making
holes the majority carriers. Upon Na-doping, the cathodic photocurrent is further enhanced. For
instance, at 0.6 V, Na-doped BiFeO; generates around —200 pA/cm? whereas Bi-deficient BiFeOs
generates only about —50 pA/cm?.

As Na-doped BiFeO; showed enhanced photon absorption relative to Bi-deficient BiFeOs,
a higher photocurrent generation was expected, but the observed enhancement is more than what
can be explained by enhanced photon absorption. If we account for the increase in light absorption
at each wavelength upon Na doping as shown in Fig. 2d and consider how many photons are
available at each wavelength under 1 sun illumination, the photocurrent of the Na-doped sample
should increase by 1.2-fold compared to the Bi-deficient sample (details in the Experimental
section). However, the observed enhancement in photocurrent is almost 3-fold at 0.6 V vs. RHE,
meaning that Na doping also enhances electron—hole separation. This postulation is well supported
when the APCE of the two samples are compared (Figure 4b). The APCE result shows what
fraction of the absorbed photons generates holes that are separated from photo-generated electron-
holes pairs and collected as the photocurrent. As APCE inherently compensates for the difference
in photon absorption between the two samples, the considerably higher APCE of Na-doped BiFeO;
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directly shows the effect of Na-doping enhancing electron-hole separation. This result suggests
that Nag; is a better acceptor than Vg; and generates more free holes, which improves the hole
conductivity and electron—hole separation. Another notable feature in the APCE results is that the
photocurrent onset for the Na-doped sample occurs at a longer wavelength (610 nm, 2.03 eV) than
that of the the Bi-deficient sample (600 nm, 2.06 eV), confirming that the decreased bandgap
caused by Na doping does allow lower-energy photons to be used for photocurrent generation.

If the Na-doped sample indeed has a higher hole concentration, its work function should
be closer to the VBM than that of the Bi-deficient sample. This was probed by XPS analysis
measuring the energy difference between the Fermi level and the valence band maximum (Ep—
Eypy) (Fig. 4c and d). The valence band spectra show that Eg—FEygy of Bi-deficient BiFeOj; is 0.9
eV while Er—Evygy of Na-doped BiFeO; was 0.83 eV. The fact that Er of Na-doped BiFeO; is
closer to the Eygy than that of Bi-deficient BiFeO3; by 70 meV confirms that the hole concentration
in Na-doped BiFeOs is indeed higher than that of Bi-deficient BiFeOs.

Ideally, a Bi** vacancy with a charge of 3— can be fully ionized to generate three holes
while a Na* dopant at the Bi** site with a charge of 2— can be fully ionized to generate two holes.
Thus, a Bi vacancy has the capacity to achieve a higher hole concentration. However, this
prediction simply based on the highest achievable charge state of each defect is applicable only
when the formation energies for Vg; and Nag; are comparable and both defects are shallow
acceptors for all charge transfer levels. The fact that the Na-doped sample shows enhanced p-type
behavior relative to the Bi-deficient sample indicates that their defect formation energies and/or
ionization energies are different. Thus, we turned to computational studies to obtain an atomic
level understanding of the differences between Vg; and Nag; as p-type defects in BiFeOs.

Defect Formation Energy and Charge Transition Levels. We first examined the
thermodynamic stability of the two defects, Vg; and Nag;, through their defect formation and
ionization energies. The formation energies and charge transition levels for Vg; and Nag; are shown
in Fig. 5. The oxygen chemical potential was computed for 1 atm at 873.15 K, to match
experimental annealing conditions.>> More calculation details can be found in computational
method section.

Formation energy (eV)

EF — Evem (eV)

Fig. 5 Defect formation energy and charge transition levels of Vg; (blue) and Nag; (red). The stable
charge states as a function of Er for each defect are denoted in the parenthesis. The dashed lines
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represent the experimentally determined Er—Evgy of Bi-deficient BiFeO; (blue) and Na-doped
BiFeO; (red).

The charge transition level of an electron acceptor from one charge state to a more negative
charge state referenced to the Eygy defines the ionization energy of the p-type defect. For Vp; that
can have a charge of up to 3— by accepting three electrons, four charge states (0, —1, —2, —3) are
possible. However, we only observed two transition levels in the bandgap, (0/~1) and (—1/-2),
which are equivalent to the first (0.43 eV) and second (1.14 eV) ionization energies of the Vp;
defect. For Nag; that can have up to a 2— charge, three charge states (0, —1, —2,) are possible. Again,
only two transition levels, (0/—1) and (-1/-2), are observed in the bandgap. The first and second
ionization energies for Nag; are 0.96 eV and 0.16 eV, respectively.

Our experimental results obtained from XPS are found to be useful in assessing the stable
charge state of Vg;and Nag;. Fig. 4c and d show that Er—FEygy of Na-doped BiFeOs5 is 0.83 eV and
that of Bi-deficient BiFeOs; is 0.90 eV, which are marked as dashed lines in Fig. 5, suggesting that
the stable charge states will be —1 for Vg;and —2 for Nag; in these samples, meaning Nag; can create
more free holes.

Another important consideration to assess the effect of dopants is their formation energy.
Our results show that the formation energy of Vp;is nearly 2 eV higher than that of Nag; in the p-
type region (i.e., Ep—Evpm < 1 €V). We note that these calculated values are obtained from a model
having a perfect crystal structure and therefore the actual formation energies of Nag; and Vp; in the
real BiFeO; sample which has a polycrystalline/nanocrystalline nature with atoms in non-ideal
coordination environments can be much lower. However, the qualitative trend that Nag; is much
easier to form than Vg; will be true for any case.

The combination of the computational and experimental results suggests that Nag; forms
much more easily and is a shallower acceptor than Vg;. As a result, Na-doped sample has a higher
acceptor concentration and also more effectively increases the hole concentration, which results in
a higher hole conductivity and higher electron—hole separation, generating higher cathodic
photocurrent under illumination.

Hole Polaron Formation in Na-doped BiFeO;.  Next, we investigated the electronic structure
of Na-doped BiFeO;. The electronic band structure and projected density of states (PDOS) of
pristine and Na-doped BiFeO; are compared in Fig. 6. The results show that Na doping generates
isolated hole-polaron states about 0.3 eV above the Eygy. The two hole-polarons generated from
Na doping appear to be localized around the O, Bi, and Fe atoms neighboring to the Na dopant
(with no distribution on Na), as shown in Fig. 7. We note that the hole-polarons are much more
delocalized compared to the electron-polarons in BiFeO; whichare highly localized on Fe atoms.!”
Between the two hole-polarons (i.e., spin up and spin down), the hole-polaron that is localized on
Bi and O (spin up) has slightly lower energy (indicated by i in Fig. 6¢). Specifically, it exhibits
mostly Bi 6s character with some spread to oxygen 2p orbitals (Fig. 7a). The second hole-polaron
with slightly higher energy (spin down, indicated by ii in Fig. 6¢) localizes on one Fe and
neighboring O atoms. In BiFeO;, the Fe3* has 0y, crystal field splitting with 3d> high-spin electron
configuration.® Thus, a hole should firstly form at an Fe e, state since they are higher in energy
than the t,, states. Indeed, we observe e, character for the hole density around Fe (Fig. 7b) and this
localization of a hole on Fe increases the valency of Fe from 3+ to 4+. The substitutional
replacement of Bi by Na also generates perturbed conduction states. This perturbation can be seen
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as the localized states near the conduction band in Fig. 6¢c (indicated as iii). The three localized
states near the CBM all have t,, characters of Fe as shown in Fig. S3. The calculation results
obtained with PBE+U shown in Fig. 7 and Fig. S3 were compared with the results obtained by
calculations using hybrid functional HSE06.3° This comparison confirmed the reliability of the
PBE+U (Fig. S4 and S5).

(@ s

T

E — Eygm (eV)
N
E — Eygm (eV)

-, = I
-10 0 10 20
PDOS (states/eV/cell)

S0 0 10 20
PDOS (states/eV/cell)
Fig. 6 PDOS for (a) pristine BiFeOs and (c) Na-doped BiFeO; with a single Na substitution of Bi
in a 120-atom supercell (spin up states in positive values and spin down states in negative values).

(b) Band structure of pristine BiFeO; (black) and spin resolved band structure of Na-doped BiFeO;
(spin up in orange and spin down in red).

(a) (b)

O si
ONa
O Fe
Qo0

Fig. 7 Norm-squared wavefunctions of the two hole-polarons (yellow cloud) of Na-doped BiFeO;
at 0.3 eV above the Eygy with (a) spin up and (b) spin down configurations. The wave functions
are shown as an isosurface in the Na-doped BiFeOj lattice and the isosurface value is 1% of the
maximum amplitude of the wave function.
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Simulated Absorption. In order to investigate whether the additional localized states
appeared above the VBM and below the CBM can affect the optical properties of BiFeOs, we
calculated the absorption spectra of pristine and Na-doped BiFeOs (Fig. 8). Because of the presence
of optical anisotropy in the system, we averaged optical responses from light that was polarized
along the a, b, and c crystal axes. Excitonic effects were not included in this calculation because
in most transition metal oxides, the exciton binding energy is small (~0.1 eV) and its change by
doping is negligible.3%#1

4
T Pristine
g Na-doped
g 2
€
2
[}
o
o
s
£
c
(7]
a
<
0 T T T
0 1 2 3

Energy (eV)

Fig. 8 Absorption coefficients for pristine BiFeO; (black) and Na-doped BiFeO; (red).

When the Na dopant was introduced, two major changes appeared due to the formation of
in-gap states: the perturbed conduction band states near the CBM and the hole states near the VBM,
as discussed above. The first change results in the decrease in the bandgap energy by allowing
electron transitions from the filled states in the valence band to the empty perturbed conduction
band states (iii in Fig. 6¢). This computational result explains the atomic origin of the
experimentally observed redshift of the bandgap of Na-doped BiFeO3 compared to pristine BiFeOs
(Fig. 2d). The second change leads to the enhanced background absorption below the bandgap
energy by allowing transitions from the filled states in the valence band to the empty hole states
above the VBM (i and ii in Fig. 6c¢). The onset of the background absorption at around 0.3 eV
matches the energy difference between the VBM and the hole states. In the experimental result
where the absorbance was obtained above 1.8 eV (Fig. 2d), an enhancement in background
absorption caused by Na doping was not noticeable.

Photoelectrochemical HO, Production. We next explored the use of a Na-doped BiFeO;
photocathode for the photoelectrochemical reduction of O, to H,0,. The conventional
anthraquinone-based H,0O, synthesis requires centralized H,O, production due to its complex
processes.?23 Electrochemical O, reduction to H,O,, which is much simpler and environmentally
benign, has the potential to enable on-site H,O, production, eliminating transportation and storage
issues of H,0,.272 Electrochemical O, reduction at the cathode is typically paired with water
oxidation at the anode. As the anode potential for water oxidation (E° = 1.229 V vs. NHE)* is
more positive than the cathode potential for O, reduction (E° = 0.695 V vs. NHE)*?, an electrical
energy input (E. in Fig. 9a) is needed to make the potential of the electrons obtained from water
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oxidation sufficiently negative for O, reduction. However, if O, reduction is performed
photoelectrochemically using a photocathode (i.e., p-type BiFeO3) with solar energy, photoexcited
electrons in the CB are used for O, reduction to H,O,. The electrons obtained from water oxidation
at the anode are used only to fill the holes in the VB of BiFeOs. Thus, the energy input required to
operate the BiFeO;-based photoelectrochemical cell for H,O, production (£, in Fig. 9b) can be
significantly reduced compared to the case of the electrochemical cell.

(a)

(b) ™

CB e

Cathode_
Potential

Sunlight

Ecen Cathode_
e- Potential

e-
\ IEceII
-- Anode == --Anode
- potential - potential

Cathode Anode Photocathode Anode

Fig. 9 Comparison of (a) electrochemical and (b) photoelectrochemical O, reduction paired with
water oxidation. In (b), a photocathode is used to generate electron—hole pairs using absorbed
photons.

O, can be reduced to H,O by 4-electron reduction as well as to H,O, by 2-electron
reduction. When O, was photoelectrochemically reduced by BiFeO; photocathodes in 0.1 M KOH
solution (Fig. 4a), a negligible amount of H,O, was produced, indicating that the bare BiFeO;
surface has no catalytic ability for 2-electron reduction of O,. Thus, in order to utilize
photogenerated electrons for O, reduction to H,O,, a catalyst that can promote 2-electron reduction
of O, needs to be placed on the BiFeO; surface. Previous studies have demonstrated that Ag metal
catalysts can promote 2-electron O, reduction in acidic media.*> We also recognized that Ag can
be photoelectrochemically deposited on BiFeO; using photoexcited electrons in BiFeO; under
solar illumination because the reduction potential of Ag™ to Ag (E° = 0.7989 V vs. NHE)* is
located below the CBM of BiFeO;. If Ag particles are photoelectrochemically deposited using
photoexcited electrons in BiFeO;, they will be automatically deposited where photoexcited
electrons are readily available (Fig. 10a). This can help the resulting photoelectrochemically
deposited Ag catalyst most-efficiently utilize photogenerated electrons in BiFeOj; for O, reduction.
The SEM images of Na-doped BiFeO; before and after photo-electrodeposition of Ag are shown
in Fig. 10b and c; Ag appears as bright nanoparticles evenly distributed on BiFeO; in Fig. 10c.
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Fig. 10 (a) Schematic illustration of the photoelectrochemical deposition of Ag particles on Na-
doped BiFeO; photocathodes. SEM images of (b) bare Na-doped BiFeOj; (c) as-prepared Ag-
deposited Na-doped BiFeO; where Ag catalysts appear as bright nanoparticles, and (d) Ag-
deposited Na-doped BiFeOs; after an 1 h-electrolysis.
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Fig. 11 (a) J~V plots of bare (black) and Ag-deposited (red) Na-doped BiFeOs; electrodes in O,
saturated 0.1 M phosphate buffer solution (pH 7) under chopped AM 1.5G illumination (100
mW/cm?). The J-V plot obtained with the same amount of Ag-deposited FTO in the dark is shown
for a comparison (blue). The photovoltage gain for H,O, production by the use of Na-doped
BiFeOs; as a photocathode under illumination is indicated by the black arrow. The onset potential
was chosen to be the potential where the current density reaches 1pA/cm?. (b) J— plot of Ag-
deposited Na-doped BiFeOj; at 0.8 V (vs. RHE) in the same solution under AM 1.5G illumination
(100 mW/cm?). (c) UV-vis spectra for H,O, quantification. Inset shows the calibration curve
constructed based on the absorbance at 355 nm. The concentrations of the standards solutions were
0, 25, 50, 100, and 150 uM (grey lines). The spectrum acquired with the solution from catholyte
after the electrolysis is shown in red.

We tested Na-doped BiFeO; with and without Ag for solar H,O, production in O,-saturated
0.1 M phosphate solution (pH 7). (Fig. 11a). A neutral electrolyte was used because the Ag catalyst
1s not active for 2-electron O, reduction in alkaline media while BiFeO; is not stable in acidic
media; thus, a neutral medium offers a reasonable condition to promote H,O, production on a
stable BiFeO; photocathode. Na-doped BiFeO; without Ag shows negligible photocurrent,
indicating that the bare BiFeO; surface does not have good O, reduction kinetics (both for 2-
electron and 4-electron reduction) in neutral media. However, the presence of Ag on Na-doped
BiFeO; greatly enhanced photocurrent, suggesting that O, reduction is indeed promoted by the Ag
catalyst with the photocurrent onset being as positive as 1.28 V. This onset potential is more
positive than E° for O, reduction to H,O, (0.695 V vs. RHE) by 0.585 V, showing the advantage
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of using photoexcited electrons in BiFeO; for O, reduction. When we obtained a J—V plot in the
dark with the Ag catalyst deposited on FTO in the same solution, the onset of O, reduction
appeared at 0.50 V vs. RHE, which is more negative than E° for O, reduction to H,O, due to the
requirement of an overpotential shown in Fig. 9a. If we define the photovoltage gain achieved by
BiFeO; for H,O, production as the onset potential difference between the Ag catalyst on FTO in
the dark and Ag catalyst deposited on Na-doped BiFeO; under illumination, it is as high as 0.78 V
(Fig. 11a, black arrow).

To quantitatively analyze H,0O, production, we performed a constant potential
photoreduction of O, at 0.8 V vs RHE for an hour with continuous O, purging. A stable
photocurrent was obtained during the measurement (Fig. 11b), indicating the photostability of the
electrodes under the operating condition. The SEM image taken after the photoelectrochemical O,
reduction reaction also confirmed no noticeable change in the morphology of either the Ag catalyst
or the BiFeOj; photocathode (Fig. 10d). The amount of H,O, was quantified by using iodometry
(Fig. 11c¢), and the FE was calculated to be 40.1%. We note that while 2-electron O, reduction on
BiFeO; under illumination has been demonstrated previously,!34* we believe that our results are
the first to show a photovoltage gain for photoelectrochemical H,O, production occurring at the
potential more positive than the thermodynamic reduction potential of 2-electron O, reduction,
which is essential to demonstrate the true advantage of using a photocathode for solar H,0,
production.

Conclusions

In summary, we performed combined experimental and theoretical investigations to
compare the effect of Vp; and Nag; defects on the production of p-type BiFeO; photoelectrodes.
The experimental results showed that the Na-doped sample achieved enhanced photon absorption
and photocurrent generation compared to the Bi-deficient sample. The IPCE results revealed that
the difference in photocurrent between these two samples is greater than that expected based on
the difference in photon absorption, suggesting Na doping enhances both the generation and
separation of electron-hole pairs. The valence band spectra showed that the Na-doped sample has
a Fermi level closer to the VBM than the Bi-deficient one, meaning Nag; increases the hole
concentration more effectively than Vy;, resulting in a better hole transport in BiFeO; and a higher
electron-hole separation. The computational results revealed that the formation energy of Nag; is
smaller than that of Vp;. Also, the ionization energies of Nag; are lower than those of Vg;. These
results explained why the Na-doped sample showed enhanced p-type behavior compared to the
Bi-deficient sample. The computational results also showed that Na doping results in the formation
hole states above the VBM and perturbed conduction band states below the CBM and the latter is
responsible for a decrease in the bandgap. When the Na-doped BiFeO; was coupled with a Ag
catalyst for use in solar O, reduction, HO, was produced with a FE as high as 40.1% in a pH 7
solution at 0.8 V vs RHE. By utilizing photoexcited electrons in the CB of BiFeOj; for O, reduction,
H,0, could be produced at a potential more positive than the thermodynamic reduction potential
of O, to H,0,, demonstrating the advantage of solar H,O, production using a photocathode.
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