Can a PbCrQO4 Photoanode Perform as Well as Isoelectronic BiVQ4?
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Abstract

Oxide-based photoelectrodes recently have been at the forefront of research for
photoelectrochemical water splitting. While most oxide-based photoanodes suffer from severe
electron-hole recombination, BiVO4 photoanodes are known to achieve exceptionally high
electron-hole separation efficiencies. However, an understanding of what features of BiVO4 lead
to this desired property is currently lacking. In this study, we sought to elucidate these features by
investigating PbCrO4, which has electronic and structural similarities to BiVOs. For this goal, we
prepared PbCrO4 as a high-quality photoanode and compared its photoelectrochemical properties
and stability with those of BiVOs. Our results showed that the electron-hole separation efficiency
for PbCrO4 at 1.23 V vs RHE was ~67%, which is considerably higher than most oxide
photoanodes and approaches that of state-of-the-art BiVOs. The photoelectrochemical similarities
and differences between PbCrO4 and BiVOs were discussed in detail, and the origins for their
similarities and differences were investigated via combined experimental and computational
studies, which include the computation of electronic band structures, band edge alignments, and
the formation energies of oxygen vacancies of PbCrOs and BiVOs. The shared electronic and
structural features of PbCrO4 and BiVOs elucidated in this study provide useful guidelines to

develop high-performance oxide-based photoanodes.



1. Introduction

Solar water splitting using photoelectrochemical cells (PECs) can offer a promising route
to producing hydrogen as a clean fuel in an environmentally benign way.'” Oxide-based
photoelectrodes are appealing for use in PECs due to their inexpensive and facile processing as
well as their relatively high stabilities in aqueous media.> However, oxide-based photoelectrodes
are typically known to suffer from high electron-hole recombination and therefore cannot
efficiently utilize photogenerated charge carriers. For example, the electron-hole separation yields
of most oxide-based photoanodes are lower than 10% at 1.23 V vs the reversible hydrogen
electrode (RHE).?

BiVOys is exceptional in that its electron-hole separation yield reaches almost 100% at 1.23
V vs RHE and exceeds 70% even at 0.6 V vs RHE.>¢ Therefore, although its bandgap is relatively
large (2.4-2.6 V)12, BiVO4 generates significantly higher photocurrent than photoanodes with
smaller bandgaps that suffer from poor electron-hole separation. Another attractive feature of
BiVOs is its conduction band minimum (CBM), which is located very close to the water reduction
potential. As a result, it is possible to produce BiVO4 with a flatband potential (Erg) close to 0.1 V
vs RHE.>* Furthermore, BiVOs does not suffer from extremely fast surface recombination;
therefore, the difference between its Erg and its photocurrent onset potential for water reduction
can be within 10 mV when it is paired with an oxygen evolution catalyst.>*¢13:14 As a result, BiVO4
can achieve a photovoltage for water oxidation (defined as the difference between the photocurrent
onset potential and the thermodynamic water oxidation potential) greater than 1 V. 36.13.14

The fact that BiVO4 can achieve a high electron-hole separation yield and photovoltage for
water oxidation encourages further investigation of the development of more efficient oxide-based

photoelectrodes. However, it is not clear what features of BiVO4 make its photoelectrochemical



properties so remarkably different from those of other oxide photoanodes. Elucidating these
features may lead to the more effective development of oxide photoelectrodes that have the
advantageous features of BiVO4 but a smaller bandgap.

In an effort to understand the beneficial features of BiVOs, we investigated the
photoelectrochemical properties of PbCrOs4 in this study. PbCrOs is the compound that most
closely mimics the composition and electronic structure of BiVOs. Pb is located to the left of Bi
in the 6" row of the periodic table; therefore, Pb** and Bi*" are isoelectronic and both contain filled
6s orbitals. Cr is located to the right of V in the 4" row of the periodic table, so Cr®*" and V3" are
1soelectronic and both contain unfilled 3d orbitals. BiVOs and PbCrOs, however, are not
isostructural and possess slightly different crystal structures (Figure 1). BiVO4 has a scheelite-
type structure in which each V ion is coordinated by four O atoms in a tetrahedral site and each Bi
ion is coordinated by eight O atoms from eight different VOys tetrahedral units.!> The Bi polyhedra
form the 3D framework through edge-sharing with four other Bi polyhedra. The VO4 tetrahedra
are not connected to other VO tetrahedra and are attached to the Bi polyhedral chain through
corner sharing. PbCrO4 has a monazite-type structure in which each Cr is coordinated by four O
atoms in a tetrahedral site and each Pb ion is coordinated by nine O atoms.!® The Pb polyhedra
form the 3D framework through edge-sharing with six other Pb polyhedra. The CrO4 tetrahedra
are not connected to other CrO4 tetrahedra. Instead, each CrOg4 tetrahedron is connected to six Pb
polyhedra, two through edge-sharing and four through corner sharing.

Although the structures of BiVO4 and PbCrO4 are not the same, they still share many
structural features. First, the three-dimensional framework is made only through main group metal
polyhedra, and the transition metal polyhedra do not form an extended network. Second, within

each compound, the local environments of the main group metal ion and the transition metal ion



are substantially different from each other (8- or 9-coordinated polyhedra for the main group metal
and 4-coordinated tetrahedra for the transition metal ion), which may result in a low probability
for the two metal ions to swap positions and create defects. Therefore, it is interesting and
informative to investigate whether PbCrO4 can achieve an electron-hole separation yield as high
as BiVOa. If it does, the common electronic and structural features of BiVO4 and PbCrO4 can offer
guidelines to design oxide photoelectrodes to achieve high electron-hole separation yields. If
PbCrO4 does not have a high electron-hole separation yield, then it means that the identities of the
metals and the structural differences of the bulk and/or surface between BiVO4 and PbCrO4 do

play a significant role in differentiating their photoelectrochemical properties.

Figure 1. Crystal structures of (a) BiVO4 and (b) PbCrOs. Bi is blue, V is gold, Pb is green, Cr is
pink, and O is red.

There have been a few previous papers on PbCrO4 as a photoanode, but the photocurrent
densities of PbCrO4 reported in these studies were not close to those of BiVO4.!”!® For example,
at 1.23 V vs RHE, the best performance achieved by PbCrOs for sulfite oxidation is 0.5 mA/cm?,

while that of BiVOs is ~5 mA/cm?.>%!8 However, we note that the electron-hole separation yield



or any other photoelectrochemical property of a polycrystalline photoelectrode varies significantly
depending on the quality of the photoelectrode because impurities, unevenness in composition,
poor electrical continuity, poor quality interface with the conducting substrate, and poor
crystallinity considerably affect the electron-hole recombination and charge transport properties.
The morphology of the photoelectrode also plays a significant role in affecting its
photoelectrochemical properties. Thus, a high-quality PbCrO4 photoanode needs to be prepared
first for a fair comparison. Even for BiVOs, extensive effort was necessary to prepare high-quality
photoelectrodes before its exceptional photoelectrochemical properties were observed.*%:1

In this study, we prepared a pure, high-quality PbCrO4 photoanode and examined its
photoelectrochemical properties. The toxicity of Pb and Cr makes the practical application of
PbCrOg4 as a photoanode unlikely. However, we note that the purpose of the current study is not to
develop PbCrOs as a practical photoanode but to elucidate the factors that are responsible for the
exceptional features of BiVO4 by comparing it to PbCrO4. The outcome of this study will provide

unique and interesting insights into the features defining efficient oxide photoanodes.

2. Experimental

Materials. Lead (II) nitrate (Pb(NO3)2, 99%) was purchased from Fluka. Chromium (III)
nitrate nonahydrate (Cr(NO3)3-9H»0, 99%) and N,N-dimethylformamide (HCON(CH3)2,>99.8%)
were purchased from Sigma-Aldrich. Boric acid (H3BO3, >99%) was purchased from Alfa Aesar
for buffer solutions. Sodium sulfite (NaxSOs, 98%) was purchased from Sigma-Aldrich for
photocurrent measurements as a hole scavenger. Hydrogen peroxide (H202, 30% solution (w/v))

was purchased from EMD Millipore Corporation for use as a hole scavenger. All chemicals were



used as purchased without further purification. All solutions were prepared using deionized water
further purified with a Barnstead E-pure (model D463 1) purification system (resistivity > 18 MQ).

Fluorine-doped tin oxide (FTO) coated glass slides (TECI15, 12-14 Q/sq resistance,
Hartford Glass) were cleaned via sonication for 15 min each in isopropyl alcohol, acetone, and E-
pure water prior to use for film deposition. Platinum electrodes were prepared by sputter-coating

a 100-nm Pt layer over a 20-nm Ti layer onto clean glass slides.

Synthesis of PbCrO,. Electrodeposition was carried out in an undivided cell using a VMP2
multichannel potentiostat (Princeton Applied Research). A three-electrode system was used,
consisting of an FTO working electrode, FTO counter electrode, and an Ag/AgCl (4 M KCI)
reference electrode. The FTO working electrode was masked with Teflon tape to expose a known
surface area (~1.2 cm?).2°

Pb metal films were cathodically deposited from a plating solution consisting of 50 mM
Pb(NOs): in deionized water (pH 4.7). A potentiostatic deposition was performed, applying a
potential of -0.8 V vs Ag/AgCl to pass 0.35 C/cm?. The as-deposited Pb metal films were dried in
air.

Conversion of the Pb metal films to PbCrOs was achieved by drop-casting 50 pL of a
solution containing Cr** ions on the films and annealing to allow for a solid-state reaction between
Cr and Pb. The drop-casting solution contained 45 mM Cr(NO3);-9H2O in N,N-
dimethylformamide (DMF). Films were annealed in air at 500 °C for 2 h (2.64 °C/min ramp rate).
This method produced pure, high-quality PbCrOj4 in the center of the electrode, which was dark
yellow in color. However, when the Cr-containing DMF solution evaporated, the edges of the films

became more concentrated in Cr than the centers of the films (a.k.a. coffee-ring effect). As a result,

the edge of the electrode contained excess chromium oxide, indicated as a gray color. The presence



of the Cr-rich edge regions did not affect the characterization and photoelectrochemical properties
of PbCrO; as these regions were avoided or masked for measurements. We did not further modify
our synthesis to extend the purity of the samples to the edge regions because our results showed
that the center of the electrode contained pure, high-quality PbCrO4 that was sufficient to achieve
the goal of the study, and it is not likely that PbCrO4 will be used as a practical photoanode due to

its toxicity.

Characterization. The purity and crystal structure of PbCrO4 were examined by powder X-ray
diffraction (XRD; Bruker D8 Advanced PXRD, A =1.5418 A, 298 K, Ni-filtered Cu K, radiation).
The morphologies of the synthesized electrodes were examined with a scanning electron
microscope (SEM; LEO Supra55 VP) operated at an accelerating voltage of 2 kV. The atomic
composition of PbCrO4 was measured with energy-dispersive X-ray spectroscopy (EDS) using the
same SEM equipped with an EDS detector (Noran System Seven, Thermo Fisher) at an
accelerating voltage of 22 kV. UV-vis absorption spectra were obtained using a Cary 5000 UV-
vis-NIR spectrophotometer (Agilent), in which the sample was placed in the center of an

integrating sphere to measure all reflected and transmitted light.

Photoelectrochemical and Electrochemical Characterization. The photoelectrochemical
performance of PbCrOs used in this study was evaluated in an undivided three-electrode
configuration using an SP-200 potentiostat/EIS (BioLogic Science Instruments). Simulated solar
illumination was obtained by passing light from a 300 W Xe arc lamp (Ushio America, Inc.)
through a water (IR) filter, neutral density filters, and an AM 1.5G filter into an optical fiber.
PbCrOs electrodes were illuminated through the FTO (back-side illumination). The power density
of the incident light was calibrated to 100 mW/cm? at the FTO surface (before the light passed

through FTO) using an NREL-certified GaAs reference cell (Photo Emission Tech, Inc.). All



sample electrodes were masked to make the exposed geometrical area (~0.02-0.03 cm?) smaller
than the illuminated area (0.06 cm?).

Photoelectrochemical measurements were performed in 1.0 M borate buffer at pH 9.0, with
0.1 M H202 or NaxSOs as a hole scavenger. J-V performance was measured by sweeping the
potential at a rate of 10 mV/s to the positive direction from the open circuit potential while
chopping the light. Photoelectrochemical stability was measured by holding the potential at 1.0 V
vs RHE while illuminating the electrode. All measurements were carried out using a Pt counter
electrode and an Ag/AgCl reference electrode (4 M KCIl). The potential was converted from
Ag/AgCl to RHE using the following equation:

E (vs RHE) = E (vs Ag/AgCl) + Eagagci (reference) + 0.0591 V x pH
(Eag/agci (reference) = 0.1976 V vs NHE at 25 °C)

Capacitance measurements for Mott-Schottky plots were obtained using the
aforementioned three-electrode cell configuration and SP-200 potentiostat/EIS (BioLogic Science
Instruments). The measurements were taken in 1.0 M borate buffer solution at pH 9.0. A sinusoidal
modulation of 10 mV was applied at frequencies of 0.5, 1, and 2.5 kHz.

Incident photon-to-current efficiency (IPCE) was determined using illumination from a
300 W Xe arc lamp passed through neutral density filters and an AM 1.5G filter. Monochromatic
light was produced by an Oriel Cornerstone 130 monochromator with a 10-nm bandpass. The
intensity of incident light was calibrated to 100 mW/cm? using a silicon photodiode detector
(International Light, SED033). IPCE was measured in 1.0 M borate buffer at pH 9.0 with 0.1 M
H>O, as a hole scavenger. The three-electrode configuration described above for photocurrent

measurements was utilized, and a potential of 1 V vs RHE was applied. Absorbed photon-to-



current efficiency (APCE) was determined by dividing the IPCE by the light harvesting efficiency
(LHE) using the following equations:
APCE (%) =IPCE (%)/LHE

LHE = 1 — 10A®, where A()\) = absorbance at wavelength A

Computational Methods. We carried out electronic structure calculations of PbCrO4 using
density functional theory (DFT)?!*? and the PBE functional?’ with a Hubbard U parameter,?* as
implemented in QUANTUM ESPRESSO (QE, v 6.3).22¢ Following the protocol employed in our

previous work on BiVOs,?” we used norm-conserving pseudopotentials?®-°

and a kinetic energy
cutoff of 90 Ry. The Pb 5d!°6s26p?, Cr 3s?3p®4s?3d*, and O 2s?2p° electrons were treated as valence
electrons. We used a cell with 24 atoms, a 5x5x5 k-point grid and optimized atomic coordinates
until forces were smaller than 3 meV/A. For slab calculations, we generated symmetric slabs®

with routines from Pymatgen?! and the Atomic Simulation Environment*?

using a minimum of §
atomic layers and 20 A in vacuum and relaxed internal coordinates until forces were smaller than
100 meV/A.

The Hubbard correction U was applied on the Cr d states.>* We performed calculations
using two values of U: U= 2.7 eV, i.e., the same value adopted in our previous calculations of the
(010) BiVOs surface,?” and U= 3.7 eV, which covers the range of values of U used in the literature
and was determined based on the study of embedded clusters of chromia (U = 3.2 €V)*? and the
oxidation energy of chromia (U = 3.5 — 3.7 eV).3%33
Using supercells, we computed the formation energy of a neutral oxygen vacancy?® and

assumed the O-rich limit in our calculations. We used a 3x2x2 (288-atom) supercell for PbCrO4

and calculated total energies using the I'-point to sample the Brillouin zone.
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A detailed account on the surface electronic properties of the (010) BiVOs surface with
and without oxygen vacancies using the same computational methodology has been published in
our previous paper.?’ In order for the readers to directly compare the results of PbCrOs and BiVO4
side by side, some of the BiVOj results are reproduced in this study and presented with the new

results obtained for PbCrOs.

3. Results and Discussion

3-1. Experimental Study

The PbCrO4 electrode used in this study was prepared by a two-step process. The first step
was the electrodeposition of Pb metal precursor films, which was achieved through reduction of
Pb** to PbP in a plating solution containing Pb(NOs),. Pb metal was first deposited as a thin film
over the FTO substrate. Once the FTO substrate was covered by the Pb layer, Pb was deposited as
micron-sized crystals on top (Figure 2a, b). The x-ray diffraction (XRD) pattern of the as-
deposited films showed highly crystalline Pb peaks with no impurities or oxide peaks present
(Figure 3a). The second step was the conversion of Pb metal to PbCrO4, which was achieved by
annealing the precursor films with a DMF solution containing Cr(NO3)3-9 H20 as the chromium

source 1in air for 2 hours at 500 °C.
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Figure 2. (a) High- and (b) low-magnification SEM images of as-deposited Pb metal. (c) Low-
and (d) high-magnification SEM images of PbCrOs.
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Figure 3. XRD pattern of (a) as-deposited Pb metal. Vertical black lines correspond to the
calculated diffraction pattern for cubic Pb (PDF No. 00-004-0686). FTO substrate peaks are
marked with an asterisk. (b) XRD pattern of PbCrOs. Vertical black lines correspond to calculated
diffraction pattern for monoclinic PbCrOs4 (PDF No. 01-074-2304). FTO substrate peaks are

marked with an asterisk.

The final PbCrO4 films showed a markedly different morphology than the precursor film
(Figure 2c). This is due to the low melting point of lead (327.5 °C) as well as the formation of a
new phase, PbCrO4. This new morphology was composed of islands of close-packed particles with
an average grain size of several hundred nanometers (~100-200 nm) across. Each island is ~250
nm thick (Figure S1). Large cracks between islands were observed, which revealed areas where
the FTO was covered by individual particles of PbCrO4 (Figure 2d). Highly crystalline peaks were
observed via XRD (Figure 3b) that matched the calculated diffraction pattern for PbCrOs, and the
absence of other lead chromate phases (Pb2CrOs and PbsCrOg) was carefully confirmed. EDS of
the PbCrOy4 film verified a Pb:Cr ratio of 1:1.

The UV-vis absorption spectrum of PbCrO4 is shown in Figure 4a in comparison with the
spectrum of nanoporous BiVOj4 films synthesized using a method developed previously in our
group.® The maximum absorbance of the PbCrOj4 electrode is lower than the well-optimized, much
thicker, nanoporous BiVOs. However, the absorption onset for PbCrO4 was as sharp as that of
BiVOs. Also, PbCrO4 has a smaller bandgap (~2.3 eV) than that of BiVO4 (~2.5 eV). The

measured PbCrO4 bandgap matches those reported previously in the literature.!”-!8:37
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Figure 4. (a) UV-vis absorbance of PbCrO4 (blue) and nanoporous BiVOs (black) and (b) J-V plot
for H,O» oxidation. Measurement was performed in pH 9.0 borate buffer containing 0.1 M H>O»
using AM 1.5G (100 mW/cm?) illumination.

The photoelectrochemical behavior of PbCrO4 was first investigated in pH 9 borate buffer
with 0.1 M Na>SOs as the hole scavenger. The rapid oxidation kinetics of a hole scavenger such
as sulfite allows us to assume that the loss of surface-reaching holes to surface recombination is
negligible.?’ Thus, the photocurrent measured for oxidation of a hole scavenger can provide a good
estimation of the bulk electron-hole separation yield, which will be explained in detail below.
Unfortunately, we found that PbCrO4 is not chemically stable in sulfite solution and is converted

to PbSO; over time (Figure S2). This conversion was expedited when PbCrO4 was illuminated for
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photocurrent measurement in the sulfite solution (Figure S3). Therefore, we concluded that sulfite
is not a proper hole scavenger to examine the photoelectrochemical properties of PbCrOs.

The primary alternative hole scavenger to sulfite in the literature is H2O2 and was thus
chosen for all further photoelectrochemical characterization of PbCrO4 films.?%*%3° The chemical
stability of PbCrOs in a solution of pH 9 borate buffer and 0.1 M H>O; was first examined. After
immersing the electrodes overnight, the morphology of the PbCrOy films did not change, and EDS
confirmed no change in elemental composition. The J-V plot in pH 9 borate buffer with 0.1 M
H>0> under AM 1.5G, 100 mW/cm? illumination is shown in Figure 4b. A photocurrent of ~3.8
mA/cm? was observed at 1.23 V vs RHE. This current density is the highest photocurrent observed
with a hole scavenger for PbCrOs as well as for most ternary oxide-based photoelectrodes aside
from nanoporous BiVO4.> Additionally, this photocurrent is higher than that achieved by BiVOs
with a dense morphology that was electrochemically synthesized by our group (1.8 mA/cm? at
1.23 V vs RHE).?

The electron-hole separation yield, @sep, is the fraction of photogenerated holes that are

1,> where

transported to the electrode surface. The @sp for PbCrO4 was calculated using Eq.
JpEC(H,0,) 1S the measured photocurrent density for HO, oxidation, Jabs is the current density
assuming 100% absorbed photon-to-current efficiency (APCE), and @ox is the charge injection
yield indicative of the fraction of surface-reaching holes that are injected into the solution species.
For a hole scavenger like H2O2, @ox can be assumed to be ~1. (We note that this assumption is

valid only when the photoelectrode does not suffer from extremely fast surface recombination that

is even faster than hole injection to H20>.)

]PEC(HZOZ) = Jabs X Psep X Pox Eq 1
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Jabs of the PbCrOj4 electrode was calculated to be 5.7 mA/cm?. This value was determined
by multiplying the number of photons in the AM 1.5G spectrum at each wavelength by the light
harvesting efficiency of PbCrOs at each wavelength. Then, a trapezoidal integration in 10-nm
increments was used to calculate the total number of photons absorbed by PbCrO., which was
subsequently converted to current density assuming 100% APCE. The calculated ¢sep was ~67%
at 1.23 V vs RHE. This is a higher value than the @sep of thin BiVO4 with a similar morphology
(~50%) but lower than the 90% that was reported for nanoporous BiVOs, which has an improved
@sep due to nanostructuring.*!”

The photocurrent onset of the PbCrO4 film occurred at ~0.67 V vs RHE (Figure 4b), which
is much more positive than the photocurrent onset for BiVO4 (~0.2 V vs RHE).>* The photocurrent
onset potential obtained with a hole scavenger is equivalent to the Erg of the photoanode unless
the photoanode suffers from extremely fast surface recombination that is even faster than the
oxidation kinetics of the hole scavenger. The Erp of PbCrO4 was additionally determined by Mott-
Schottky analysis. A slight frequency dependence was observed for the plots obtained for three
different frequencies, but the Erg was reasonably estimated to be ~0.62 V vs RHE, which is within
50 mV from the photocurrent onset observed in the J-V measurements (Figure S4).

We note that both the CBM and carrier density affect the Erg. Therefore, from the J-V plot
alone, it is difficult to judge whether the considerably more positive Ers of PbCrO4 compared with
that of BiVOs is due to the considerably more positive CBM or lower carrier density of the PbCrO4
used in this study. The computational study on the electronic structure of PbCrOj4 discussed below
shows that the CBM of PbCrOy4 is a few hundred mV more positive (i.e., farther from vacuum)
than that of BiVOy4, and the calculated oxygen vacancy formation energy indicates that the carrier

density in PbCrOys is unlikely lower than that in BiVOs. Thus, we believe that the more positive
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Erg of PbCrO4 shown in this study is due to the CBM position of PbCrOs4, which intrinsically limits

the EFg.
60
APCE

504 IPCE
£ 40
w
O
< 30-
6
w
O 20-
o

10

0 T T T T T T
400 450 500 550 600

Wavelength (nm)
Figure 5. IPCE (black) and APCE (blue) for PbCrO4 measured for H>O; oxidation at 1.0 V vs
RHE. Measurement was performed in pH 9.0 borate buffer containing 0.1 M H>O.

Incident photon-to-current efficiency (IPCE) and APCE measurements were performed to
additionally assess the material’s efficiency with regards to photon absorption and bulk electron-
hole separation.?4*° IPCE was measured in a solution of pH 9 borate buffer and 0.1 M H,O; at an
applied potential of 1.0 V vs RHE. (This potential was chosen because the electrochemical
oxidation of H>O> occurs at 1.05 V vs RHE.) The IPCE reaches a maximum of 35% at 410 nm
with an APCE of 51% (Figure 5). These values are considerably higher than those reported for
most metal oxides photoelectrodes. Our results suggest that like BiVO4, PbCrO4 also does not
suffer from severe electron-hole recombination.

J-t measurements at 1.0 V vs RHE with H>O> as the hole scavenger (Figure S5a) showed
a decay in the photocurrent density to zero over one hour. Characterization of these films showed
etching and dissolution of the film (Figure S5b) with a final Pb:Cr ratio of 0.5:1 by EDS. These

results show that PbCrOy is photoelectrochemically unstable. For comparison, BiVOy is stable for
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photoelectrochemical sulfite oxidation in a pH ~9 solution.® These results show that even for
isoelectronic photoelectrodes with similar structures, their photoelectrochemical stabilities can be
different depending on the redox chemistry and solubility of the individual constituent metal ions
(e.g. Pb*" and Bi*").

Although the goal of the study is to investigate the electron-hole separation and not the
water oxidation performance of PbCrOs, the J-V and J-t plots of PbCrO4 obtained in pH 9.0 borate

buffer are shown in Figure S6.

3-2. Computational Study

We used first-principles calculations to examine the bandgap and band alignments of the
bulk and surface of PbCrOs. We compared our results with those previously obtained for BiVO4
in our recent study,?” where we found good agreement with measured band alignments and work
functions and showed that the methodology used was robust. We primarily compared results for
PbCrO4 to BiVOs obtained using U = 2.7 eV and note that increasing U to 3.7 eV results in less
than 0.1% change in the lattice parameter, less than 0.002 A change in bond lengths, less than 1%
change in bandgap, and less than 1% change in band position with respect to the vacuum. Our
calculated lattice parameters for PbCrO4 are a = 7.29 A b=7604,¢c=690A4,and B=102.91°,
which are in good agreement with previous reports.!”->34142 The calculated bandgap is 2.05 eV,
which is a slight underestimation compared to the measured one (~ 2.25 eV).!7#! We note that the
calculated bandgap of BiVOs (2.27 €V)?’ is similarly underestimated compared to measurements.~
12 Nevertheless, the difference in the bandgap of the two materials is consistent with that obtained
from UV-vis absorbance in Figure 4; hence, we expect our calculations to predict the correct

relative band alignment between the two oxides.
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Figure 6 shows the bulk electronic structures of PbCrO4and BiVOj4 along a high-symmetry
k-point path chosen following the conventions of Ref. 43. Similar to the atomic structure, the
electronic structures of these ABO4 (where A = Pb or Bi and B = Cr or V) transition metal oxides
share many similarities. The electronic states near the valence band maxima (VBMs) are composed
of primarily O 2p states with a sizeable contribution from the A-site metal 6s states, which are
known to correspond to electron lone pairs.*** The conduction band states are primarily composed
of the B-site metal 3d states with appreciable O 2p character and some A-site metal 6p character.
The 3d states of Cr are lower in energy than those of V, and as a consequence, the CBM of PbCrO4

is lower, resulting in its smaller bandgap.
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Valence bands are shown in blue, and conduction bands are shown in orange. The zero of energy
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is taken as the VBM, and the high-symmetry k-point path chosen here follows the convention of
Ref. 43. The right panel of Figure 6b is adapted from Ref. 27. Copyright 2020 American Chemical
Society.

In order to elucidate the trends observed in the photoelectrochemical measurements, we
compared band alignments of PbCrO4 and BiVO4. We first performed a search for the low-energy
structure of low-index surfaces. Slab structures of PbCrO4 were selected such that they exhibit
similar features to the (010) surface of BiVOy; specifically, the surface B-site metal is 4-fold
coordinated and the surface A:B ratio is 1:1. (The Miller indices of BiVO4 were based on the
monoclinic C 2/c cell.) We found that the (010) and (100) surfaces of PbCrOs (based on the
monoclinic P 21/n cell) have comparable surface energies (within 0.01 J/m? of each other and (100)
being lower); they are shown in Figure 7a along with the surface structure of the (010) BiVO4
surface for comparison. Both the (010) and (100) surfaces of PbCrO4 have 6-fold and 7-fold
coordinated surface Pb, whereas the BiVO4 (010) surface has only 6-fold coordinated surface Bi.

Figure 7b presents the absolute band alignments with respect to the vacuum level for the
two surfaces of PbCrO4 shown in Figure 7a. The calculated?’ and measured ® band alignments for
the BiVOs surface are presented for comparison and show good agreement with each other. Our
calculations show that the VBM of PbCrOs is similar to that of BiVO4 (within ~ 0.1 ¢V); however,
the CBM positions differ. The CBM of PbCrO4 is 0.31 ¢V and 0.48 eV below that of BiVO4 for
the (010) and (100) surfaces, respectively. As a result, the bandgap of the PbCrOs4 slab is ~1.9 eV,
smaller than that of BiVO4 (~2.25 eV). We note that the surface bandgap is very similar to the bulk
bandgap in the case of BiVOs, but it is slightly smaller in the case of PbCrO4. We further note that
the difference in band edge positions between the PbCrO4 (010) and (100) surfaces originates from

the difference in the average electrostatic potential of the different surfaces.*¢4’
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We next compare our calculated band offsets with the experimentally observed Erp values
of PbCrO4 and BiVO4. As mentioned earlier, the Ers of PbCrOs, determined by its photocurrent
onset for sulfite oxidation and Mott-Schottky plots, was 0.4 - 0.5 V more positive than that reported
for BiVOa. The fact that the computed CBM of PbCrOys is lower than that of BiVO4 by 0.31 - 0.48
eV suggests that the difference in the Ers is largely attributable to the difference in the CBM of

PbCrO4 and BiVOa.
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Figure 7. (a) Slab structures adopted in our calculations for the (010) and (100) surfaces of PbCrO4
alongside the (010) surface for BiVOs. Pb atoms are shown in green, Cr atoms in pink, Bi atoms
in blue, V atoms in gold, and O atoms in red. (b) Band alignments for the (010) and (100) surfaces
of PbCrO4 compared to that of the (010) surface of BiVOs,?’ all of which were calculated using
DFT+U= 2.7 eV. For reference, we also give the measured band alignment of the (010) surface
for a single-crystalline sample of BiVO4.” The band alignment plot was generated with the help of
bapt (https://github.com/utf/bapt). The portion related BiVO4 in Figure 7b is adapted from Ref. 27.
Copyright 2020 American Chemical Society.
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Finally, we compared the neutral oxygen vacancy formation energy in the bulk of PbCrO4
and BiVO4 to compare their tendencies to form oxygen vacancies as intrinsic defects. For PbCrO4
and BiVO4 with no extrinsic dopants, oxygen vacancies are the major defect responsible for their
n-type nature. As reported by Seo et al. for BiVO4,* the VO3 polyhedron with a missing oxygen
is distorted and has a configuration where it shares a corner with a neighboring VO tetrahedron.
Multiple electronic structure configurations for the two excess electrons associated with the neutral
oxygen vacancy are possible, depending on whether the electrons form polarons localized on the
VO; or on a neighboring VO4 polyhedron. Using a 216-atom supercell, Seo ef al. determined the
formation energy of a neutral oxygen vacancy for the lowest energy configuration in the bulk of
BiVOs4to be 2.75 eV.*

Due to the structural similarities between PbCrO4 and BiVOs4, we initialized our 288-atom
supercell for PbCrO4 to be in a similar configuration as the lowest energy one found in BiVOsa.
Interestingly, unlike the VO3 polyhedron in BiVOys, the CrOs; polyhedron does not distort to share
a corner with a neighboring CrOy tetrahedron. Instead, both CrO; and CrOs polyhedra relax back
to their positions in the pristine bulk. Our calculated formation energy for the neutral oxygen
vacancy in PbCrOys is 2.37 eV, which is lower than that of BiVOys, indicating that PbCrOg is likely
to have a higher concentration of oxygen vacancies in thermodynamic equilibrium. Therefore, if
we assume that the oxygen vacancies in BiVO4 and PbCrO4 have comparable ionization energies
as donors, this result suggests that the carrier density of PbCrO4 should not be considerably lower
than that of BiVOs, and it cannot be the reason for the more positive Erg of PbCrOs. Thus, this
result additionally confirms that the more positive Erg of PbCrO4 is due to its CBM being

considerably more positive (i.e., farther from vacuum) than that of BiVOa.
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4. Conclusions

In this study, we compared photoelectrochemical properties, electronic band structures,
and band alignments of PbCrO4 and BiVO4 to examine whether a PbCrO4 photoanode that is
isoelectronic to and has a structure similar to BiVO4 can perform as well as a BiVO4 photoanode.
Our results indicate that the electron-hole separation efficiency of PbCrOys is considerably higher
than those of most oxide photoanodes and can possibly become as good as that of BiVOys if its
morphology can be further optimized. These results suggest that the electronic and structural
similarities of these two compounds are indeed related to their exceptionally high electron-hole
separation efficiencies. Their electronic similarities include the presence of filled 6s orbitals of the
A-site metal ions (Pb?" and Bi*") and the empty 3d orbitals of the B-site metal ions (Cr®" and V°),
which interact with oxygen 2p orbitals to constitute the VBM and CBM, respectively. The
structural similarities include the coordination environments of the A-site (8-9-fold coordinated
polyhedra) and B-site metal ions (4-fold coordinated tetrahedra) that are considerably different
from each other, which may effectively suppress the formation of defects where the A-site and B-
site ions swap positions. These defects are expected to form more easily in ternary oxides
containing two metal ions with similar coordination preferences, which may create interband states
that can serve as recombination centers. The CBM of PbCrOa, however, is considerably lower than
that of BiVOs4 because the 3d orbitals of Cr and V are the major component of the CBM and the
3d orbitals of Cr are energetically lower. This results in the smaller bandgap and more positive Ers
of PbCrO4 relative to BiVOs. We found that PbCrOs is not as photoelectrochemically stable as
BiVOs as a result of differences in redox chemistry and solubility of its constituent metal ions. The

similarities and differences between PbCrO4 and BiVOs elucidated in this study provide new

23



insights that can be useful in identifying and developing high-performance oxide-based

photoanodes.
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