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ABSTRACT: Bi,WOq is one of the simplest members of the versatile Aurivillius oxide family of
materials. As an intriguing model system for Aurivillius oxides, BiVO, exhibits low water oxidation
onset potentials (~0.5—0.6 Vypyg) for driven solar water oxidation. Despite this, Bi,WOy also produces
low photocurrents in comparison to other metal oxides. Due to a lack of in situ studies, the reasons for
such poor performance are not understood. In this study, Bi,WO4 photoanodes are synthesized by
aerosol-assisted chemical vapor deposition. The charge carrier dynamics of Bi,WOj are studied in situ
under water oxidation conditions, and the rate of both bulk recombination and water oxidation is
found to be comparable to other metal oxide photoanodes. However, the rate of electron extraction is
at least 10 times slower than the slowest kinetics previously reported in an oxide photoanode. First-
principles analysis indicates that the slow electron extraction kinetics are linked to a strong anisotropy
in the conduction band. Preferred or epitaxial growth along the conductive axes is a strategy to
overcome slow electron transport and low photocurrent densities in layered materials such as Bi, WOy,
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B INTRODUCTION

To mitigate climate change,l’2 there is a growing need to
develop low-cost renewable routes to hydrogen fuel.”* One of
the most promising routes to renewable hydrogen is to harness
solar energy to convert water into hydrogen and oxygen using
photoelectrochemical cells.”~” Metal oxides are attractive
photoelectrodes as they often show high durability and are
typically cheap to produce at scale.® To date, the application of
oxide-based photoelectrochemical water splitting technologies
is limited by a dearth of materials with narrow enough band
gaps to effectively harvest the solar spectrum and optoelec-
tronic properties which lend themselves to high efficiencies.”
The search for efficient, low-cost metal oxides with improved
visible light-harvesting characteristics has resulted in an
expanding library of ternary and quaternary metal oxides,
some of which show promise as photoanodes for the rate-
limiting water oxidation half-reaction.'”"" An unexplored and
potentially versatile group of ternary/quaternary oxides is the
family of Aurivillius oxides: (Bi,O,)**(Ap_1BnOsm + 1) The
layered structure of these materials implies a vast library of
possible subphases, each with a distinct set of optoelectronic
properties, while studies of B site substitution demonstrate the
possibility of band gap engineering to enhance solar harvest-
ing.'”"? Preliminary studies indicate that some members show
promise in photocatalytic and photoelectrochemical applica-
tions."*™'° However, relatively little is known about the factors
which govern water oxidation efficiency in even the simplest
examples of this diverse and complex family of materials.
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Bi,WOy is one of the simplest members of the Aurivillius
oxide family'” and possesses a layered structure with
alternating (Bi,0,)** and octahedral (WO,)*" layers, forming
an orthorhombic unit cell (Figure 1a)."® Bi,WOy exhibits an
~2.7-2.8 €V band gap," corresponding to a maximum
theoretical solar-to-hydrogen efficiency of ~3%.”° Solar water
splitting using Bi, WO was first demonstrated by Kudo et al.”!
It has since been shown that Bi,WO, is an n-type
semiconductor’” capable of photoelectrochemically oxidizing
water.”> ™’ Bi,WO; photoanodes typically show early onset
potentials (~0.5 Vyygp), but to date, have exhibited low
photocurrents.””*” Various strategies have been pursued in an
effort to improve the photocatalytic activity of Bi,WOy, which
include the use of surface co-catalysts,”**® doping,”*~** and
forming heterojunctions.sé‘_38 However, in order to improve
the performance of Bi,WOj through rational design, a better
understanding of its intrinsic charge carrier behavior is
required.”” To date, there have only been a handful of such
studies on Bi,WOy.'“**~*" Herein, we carry out the first study
of charge carrier dynamics during water oxidation. We
determine timescales of bulk recombination, charge separation,
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Figure 1. (a) Orthorhombic unit cell of Bi,WOq. Red, purple, and grey spheres correspond to oxygen, bismuth, and tungsten, respectively. XRD
patterns of AACVD Bi,WO, shown alongside known standards for orthorhombic (o) Bi,WO4,** cubic (c) Bi,0;,°° and monoclinic (m) WO, '
Scale bar: 300 counts. (c) SEM image of AACVD Bi,WOj showing micron-sized mounds composed of smaller crystallites. (d) Photograph of an
AACVD Bi,WOq film. (e) Absorbance spectrum of AACVD Bi,WO, with the inset showing a direct band gap of 2.93 eV. (f) IPCE spectra of
AACVD Bi,WOs at various applied potentials. Inset: linear sweep voltammograms (10 mV s™") in the dark and under simulated solar irradiation.
Electrochemical measurements were performed using front irradiation with phosphate buffer (pH 7) and a three-electrode configuration.

water oxidation, and electron extraction in Bi;WOyg, comparing
these to other well-known metal oxides. Electron extraction
was found to be 10 times slower than the slowest extraction
rate previously reported for an oxide photoanode.*> Using
density functional theory, we link poor electron transport
properties to a spatial anisotropy of the conduction band,
which is localized in the (001) planes within the material. This
leads to new insight into potential design strategies to
overcome a poor photocurrent response in Bi,WO, and
other oxide photoelectrodes exhibiting similar layered crystal
structures.

B METHODS

Bi,WOg coatings were grown on FTO glass substrates (TEK
15; 2.5 X 2.7 cm) using an aerosol-assisted chemical vapor
deposition (AACVD) method, in a cold wall reactor.
Substrates were heated from underneath using a graphite
heating block. The inlet to the reactor was equipped with a
cooling water jacket to prevent any prior decomposition of the
precursor before reaching the reactor. The precursor solution
contained triphenylbismuth (0.195 g, 22 mM) and tungsten
hexacarbonyl (0.0388 g, 5.5 mM) in an acetone: methanol
mixture (2:1; 20 mL). The solution was sonicated for 10 min
to dissolve the precursors (VWR Ultrasonic Cleaner, 30 W, 45
kHz). The solution was then aerosolized using an ultrasonic
humidifier (2 MHz, Liquifog, Johnson Matthey) and carried
over the heated FTO substrate (375 °C) using an inert N,
carrier gas (99.99%, BOC) at a flow rate of 300 scem (MFC,
Brooks) over a period of ~20 min, until the solution had been
fully transferred. The coatings formed were subsequently
annealed at 550 °C in air for 6 h.

Powder X-ray diffraction (PXRD) was conducted using a
Bruker LynxEye X-ray diffractometer equipped with a
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monochromated Cu-Ka (1.5406A) X-ray source and
compared with standards from the Physical Sciences Data-
Science (PSDS) database.”® Raman spectra were obtained
using a Horiba LabRam Infinity equipped a helium—neon laser
(633 nm, 25 mW). The system was calibrated with a silicon
reference, and samples were analyzed over the 200—1000 cm™
range. Standards were acquired from the RRUFF project
database.”” For scanning electron microscopy (SEM) measure-
ments, a 10 nm chromium film was deposited on samples by
sputtering to prevent charging. Images were taken using a LEO
Gemini 1525 microscope using a 1.5 keV electron beam. EDX
was performed on the same instrument using an Oxford
Instruments X-act detector at a beam voltage of 20 keV. High-
resolution transmission electron microscopy (HR-TEM)
images were obtained using a high-resolution TEM JEOL
2100 with a LaBg electron source operating at an acceleration
voltage of 200 kV. Micrographs were recorded on a Gatan
Orius charge-coupled device (CCD). Bi,WOy particles were
removed from the coatings using a spatula, suspended in n-
hexane, sonicated, and then drop-cast onto a 400 Cu mesh lacy
carbon grid (Agar Scientific Ltd.) for analysis. X-ray photo-
electron spectroscopy (XPS) was performed using a Thermo
Scientific K-Alpha instrument. The instrument uses mono-
chromated and microfocused Al-Ka (hv = 1486.6 eV)
radiation to eject photoelectrons, which were then analyzed
using a 180° double-focusing hemispherical analyzer with a 2D
detector. A flood gun was used to minimize sample charging.
Spectra were collected at 2 X 107" mbar base pressure. All
samples were referenced to the C—C peak of adventitious
carbon in the C 1s spectrum at a binding energy of 284.8 eV to
correct for any charge that is not neutralized by the flood gun.
Data were analyzed using CasaXPS$ software.*® Ultraviolet—
visible (UV—vis) transmission spectroscopy was performed
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using a Shimadzu UV—vis 2600 spectrophotometer equipped
with an integrating sphere.

All photoelectrochemical analyses were carried out in a
homemade PEEK cell with quartz windows. Analyses were
typically carried out in 0.1 M phosphate buffer (0.05 M
K,HPO4, 0.05 M KH,PO,; pH = 7) in Milli-Q water
(Millipore Corp., 18.2 MQ-cm at 25 °C), with the exception of
our hole scavenger studies, which were carried out in 0.1 M
sodium sulphite (pH = 6) and compared with measurements
carried out in 0.1 M sodium sulphate (pH = 7). For all
measurements, a three-electrode configuration was used, with a
Pt mesh counter electrode, an Ag/AgCl reference electrode in
sat. KCl(,g) (0.197 Vi at 25 °C; Metrohm), and a Bi,WO,
photoanode placed at the working electrode. An Autolab
potentiostat (PGSTAT12 with an FRA2 module) was used to
apply voltage and measure currents. All applied voltages are
reported versus the reversible hydrogen electrode (Vipyg),
converted using the Nernst equation.

Vaue = Vag/agar + (00591 X pH) + Vfg/AgCl (1)
where Vjg/a,c is the applied potential versus the reference
electrode, and Va1 is the standard potential of the
reference electrode.

For measuring (photo)current—voltage curves, a 365 nm
LED light source was used (LZ1-10 U600, LedEngin Inc.) to
photoexcite the photoanode. Light intensity was measured
using an optical power meter (PM 100, Thorlabs) coupled
with a power sensor (S120UV, Thorlabs). For measuring the
incident photon-to-current efficiency (IPCE), an ozone-free
xenon lamp (75 W, Hamamatsu) was coupled to a
monochromator (OBB-2001, Photon Technology Interna-
tional). The IPCE was calculated using the following equation:

()

where I is the photocurrent (mA-cm™), 1239.8 is the
multiplication factor of Planck’s constant with the speed of
light (eV.nm), P, is the light power at a given wavelength
(mW-cm™), and 4 is the wavelength of the monochromated
light (nm).

Ultrafast transient absorption spectroscopy (uf-TAS), from
the femtosecond to nanosecond timescale, was measured in
transmission mode using a regeneratively amplified Ti:sapphire
laser system (Solstice, Spectra-Physics) and Helios spectrom-
eters (Ultrafast Systems), which generates 800 nm laser pulses
(92 fs pulse width, 1 kHz repetition rate). To generate the
pump, a fraction of the 800 nm beam was directed through a
sequence of optical parametric amplifiers (TOPAS Prime,
Spectra-Physics) and a frequency mixer (NIR/UV—vis, Light
Conversion) to tune the excitation wavelength to 355 nm. The
intensity of the pump was modulated using neutral density
filters and measured using an energy meter (VEGA, P/N
77201560, OPHIR Photonics), fitted with a 0.5 mm diameter
aperture. The pump beam at the sample was >0.5 mm. A
visible white light continuum (WLC) was used as the probe,
generated from a fraction of the 800 nm pulse, focused onto a
Ti:sapphire crystal. The probe beam was delayed with respect
to the pump beam using a motorized delay stage to alter the
path length of the probe beam before generation of the WLC.
To reduce the noise, the WLC was split into two beams, one of
which is passed through the sample and the other used as a
reference. Both beams were subsequently focused onto
separate fiber-optic coupled, multichannel spectrometers

X A1) X 100

Pmono

IPCE(%) = (I, X 1239.8)/(
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(CMOS sensors). Alternate pump pulses were blocked using
a synchronized chopper (500 Hz). As such, absorption spectra
of the excited and unexcited sample were obtained to
determine the time-resolved absorption difference spectrum.
Time zero was then adjusted to match the rise of the signal at
each wavelength. The presented decay kinetics were averaged
over a spectral range of ca. 10 nm. Measurements were carried
out in air.

Slower timescale transient absorption spectroscopy, from the
microsecond to second timescale, was measured in the
transmission mode. A Nd:YAG laser (OPOTEK Opolette
355 11, ~6 ns pulse width) was used as the excitation source,
generating 355 nm UV light from the third harmonic (~1.5
mJ-cm™ per pulse, repetition rate of 0.65 Hz). The probe light
was a 100 W Bentham IL1 quartz halogen lamp. Longpass
filters (Comar Instruments) were placed between the lamp and
the sample to minimize short-wavelength irradiation of the
sample. Transient changes in absorption/diffuse reflectance
from the sample were collected using a 2” diameter, 2" focal
length lens and relayed to a monochromator (Oriel Corner-
stone 130) and measured at select wavelengths between 500
and 1100 nm. Time-resolved changes in light transmission
were collected using a Si photodiode (Hamamatsu S3071).
Data faster than 3.6 ms were recorded using an oscilloscope
(Tektronix DPO3012) after passing through an amplifier box
(Costronics), whereas data slower than 3.6 ms were recorded
using a National Instruments DAQ card (NI USB-6251). Each
kinetic trace was obtained from the average of between 100
and 250 laser pulses. Acquisitions were triggered by a
photodiode (Thorlabs DET10A) exposed to laser scatter.
Data were acquired and processed using home-built software
written in LabVIEW. Measurements were carried out in situ in
0.1 M phosphate buffer with our homemade PEEK cell in a
three-electrode configuration. The voltage was applied using an
Autolab potentiostat (PGSTAT 101, Metrohm). Transient
photocurrents (TPC) were measured simultaneously using an
oscilloscope.

Plane-wave density functional theory (DFT) calculations
were performed using VASP,*™>" and the atomic structures
were visualized using the VESTA package.”” Geometry
optimization®” was performed with the PBEsol exchange—
correlation functional on a primitive cell consisting of 36
atoms, while the density of states and the band structures were
calculated with the HSEO06 exchange—correlation functional. A
k-point sampling of 5 X S X 2, a plane-wave cutoff of 550 eV,
and convergence criteria of 107 eV were employed. The
optimized crystal structure has been uploaded to an open
repository at https://github.com/WMD-group/Crystal_
structures.

B RESULTS AND DISCUSSION

Bi,WOyq films were grown on FTO glass substrates using an
aerosol-assisted chemical vapor deposition (AACVD) method
and a previously reported setup (see the Methods section for
details).>® X-ray diffraction (XRD) pattern of the resulting film
is shown in Figure 1b. Phase-pure orthorhombic Bi,WOjq
(P2,ab; a = 54559 A, b = 54360 A, c = 164297 A, a = p =
y = 90°)>" is observed with preferred growth of the (006),
(200), and (020) planes. Scherrer line broadening analysis™
showed that the average crystallite diameter of the BiWOjq
coating was ~50 nm. A LeBail refinement of our XRD data
against a crystallographic standard (Figure SOa) indicates that
differences in between the measured pattern and the standard
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Figure 2. (a) Normalized transient recombination kinetics from the ps—s timescale, measured at 650 nm under an inert atmosphere. The inset
shows normalized recombination kinetics from s to s. (b) Transient spectra of AACVD Bi,WOj at 25 ys and 250 ms at 0.3, 0.5, 1, 1.5, 2, and 2.5
Viae- (¢) Transient kinetics measured at 500 nm at 0.3, 0.5, 1, 1.5, 2, and 2.5 Vyyg. Experimental data are shown in gray, and the results of fitting of
the sum of a power law function plus an exponential function are shown in color. Inset: TA kinetics normalized at S us. (d) Time-resolved charge
extraction measured during TA experiments, showing 5S0% charge extraction times of ~100 ms. Conditions for b—d: front irradiation using

phosphate buffer (pH 7) and a three-electrode configuration.

can be attributed to the preferred growth. This is consistent
with a more detailed comparison of the measured pattern
against the standards for WO; and Bi,O; (Figure SOb), where
the absence of peaks at 24.4° and 45.35° (Figure SOc,d)
indicates that any impurity phases are found in concentrations
beneath the detection limit of the diffractometer. Purity is
further corroborated by XPS (Figure S1), which indicates that
the film is primarily composed of W, Bi**, and O*" states
with a Bi: W: O ratio of 2.0: 0.74: 5.3, which is close to the
expected stoichiometric ratio (see Figure S1 for a detailed
discussion of oxidation states).

High-resolution scanning electron microscopy (SEM)
images of the AACVD Bi,WOy films are shown in Figure lc.
The coatings are composed of rough, micron-sized mounds,
themselves composed of smaller (< 100 nm diameter)
particles. A cross-sectional SEM (Figure S2) image reveals
the films to be, on average, ~1.5 um thick, with good film
coverage and few pinholes. EDX analysis (Figure S3) indicates
that the Bi,WOy coatings contained Bi, W, and O. However,
some nanoscale regions of high W content and low Bi content
were observed (Figure S3). These are attributed to WO,
impurity crystal growth at concentrations below the resolution
of XRD (roughly <1%). Due to the low concentration of WO,
and the distinct behavior of the Bi,WQy films studied herein
from the AACVD WOj films made previously by our group,*
we do not consider this minor impurity to be a significant
factor influencing the behavior of the films. High-magnification
SEM images (Figure S4) reveal that the micron-sized mounds
of the coating are themselves composed of interconnected
nanoparticles ranging in diameter from ~20—100 nm,
consistent with the results of Scherrer analysis.

The optical characteristics of the AACVD Bi,WOy films are
evaluated as shown in Figure 1d,e, which, respectively, show a
photograph of a typical film and the corresponding optical
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absorbance spectrum. Films were opaque with a slight yellow
color. This is reflected in the absorbance spectrum, which
shows an absorbance onset around 425 nm superimposed on a
flat background of 0.25 au. induced by strong scattering
(Figure SS). Consistent with the absorbance onset, a direct
allowed band gap of 2.93 eV was measured using the Tauc
method, similar to previous literature findings.”>”

We assessed the performance of AACVD Bi,WO; as
photoanodes for the photoelectrochemical oxidation of
water. IPCE spectra at various applied potentials are shown
in Figure 1f. A maximum IPCE of 4% was observed with 375
nm light at 1.23 Vyyg with a roughly linear dependence of
efficiency on the applied potential. A distinct wavelength
dependence is also observed, with IPCE increasing with
decreasing wavelength until 350—375 nm, presumably due to
increased photon absorption, after which a decrease is
observed. A typical current—voltage curve is shown in the
inset of Figure 1f. Here, the onset of photoelectrochemical
water oxidation is observed at 0.6 Vyyy with a photocurrent at
123 Vyyp of ~0.06 mA cm > The photoelectrochemical
stability of our Bi,WO,4 photoanodes was measured at 1.23
Vrue under chopped, intense 375 nm irradiation (Figure S6).
Within a few minutes, the photocurrent dropped from ~3.2 to
~2.8 mA cm™% However, after this initial drop (equivalent to
an ~19% loss in performance), the photocurrent remained
approximately constant for the 15 h testing period (see Figure
S6 for further discussion).

The performance of the AACVD Bi,WOy coatings studied
herein agrees well with the literature trend of relatively early
onset potentials but poor photocurrent density (see Table S1
for a comparison). To further understand the origin of low
photocurrent densities relative to other similar materials, we
turned to transient absorption spectroscopy (TAS) combined
with simultaneous transient charge extraction measurements,
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Figure 3. (a) Normalized total and partial density of states of Bi,WO (DFT-HSE06) with the inset showing the region around the valence band
maximum and conduction band minimum. (b) 0.003 e/A? isosurface for the conduction band of Bi,WOs. (c) Band structure for Bi,WO, showing
strong in-plane conduction band dispersion between I' and X or " and Y but weak out-of-plane dispersion between I" and Z. (d) 0.003 e/A’

isosurface for the valence band of Bi,WOj.

comparing these results to other metal oxides known to exhibit
higher photocurrents such as TiO,, WO3, and BiVO,.

To better understand the influence of recombination on the
photocurrent produced by Bi,WOg, we performed ultrafast
(fs—ns) and slow (us—s) TAS under an inert atmosphere.
Here, charges are not separated by a depletion layer and can
only recombine. The rates of recombination in the absence of a
space charge layer (hereafter, “bulk” recombination) can vary
by orders of magnitude between different metal oxides on
ultrafast timescales, which in turn can impact efliciency. For
example, the tso of transient photogenerated charge in Fe,0;
under an inert atmosphere ranges from 10—30 ps, while
transients for TiO, measured under the same conditions have a
tsoe, of 1000—2000 ps.56 Figure 2a shows the bulk TA
recombination kinetics of Bi,WOg from fs to s. Electron—hole
recombination was investigated by probing at 650 nm
following excitation with a 355 nm laser flash. A relatively
slow decaying transient was observed, with a tsp, decay of
~0.20 ns from 2 ps being observed, which decays more slowly
at lower excitation densities, indicative of bimolecular-type
recombination (i.e., a nongeminate electron/hole recombina-
tion, see Figure S7 for intensity dependence).”” This is faster
than anatase TiO, on ultrafast timescales®®*® but slower than
Fe,0,, BiVO,, or WO,.°**? On slower timescales, power law
(AOD « t™* where a=~0.26) recombination dynamics were
observed. Power law decays occur in a broad range of metal
oxides, arising when ideal “bimolecular” electron/hole
recombination (a = 1) is disrupted by a multiple trapping
process in which a carrier must be repeatedly thermally excited
in order to move and ultimately recombine.””*" Here, a tyy,
value of around 100 us is observed from 1 us, commensurate
with slow timescale bulk recombination in WO; (10—100 us,

see Table S2 and Figure S8 for comparison to literature
studies).

To interrogate the role of recombination in the presence of a
charge-separating depletion layer®"®” in limiting the photo-
current, the TA kinetics of the AACVD Bi,WO4 photoanodes
were monitored in situ under water oxidation conditions.
Figure 2b shows the TA spectrum at 25 us (upper panel) and
250 ms (lower panel) after front irradiation with a 1.2 mJ cm™
laser pulse at various applied potentials (0.3 to 2.5 Vgyg). A
strong increase in amplitude at 250 ms is shown in blue (4,
~ 500 nm) relative to longer wavelengths as the potential is
increased. This effect has previously been observed in TiO,,%
BiVO,*" and Fe,0;>° photoanodes and is attributed to
improved charge separation arising from the growth of a
depletion layer with increasing potential. As such, we attribute
the increased signal observed at ~500 nm to persistent,
surface-separated holes at the Bi,WOg surface. This effect is
clearly visible in the transient kinetics at S00 nm (Figure 2c).
Here, a component exhibiting power law decay kinetics is
observed at low applied potentials (0.3 and 0.5 Viyg). As the
tsoe Of this decay is around 100 ps—similar to that observed
under an inert atmosphere (Figure 2a)—we assign this decay
component to bulk recombination occurring outside the space
charge layer. As the potential is increased, a second, more
persistent component in the TA emerges at later times
(attributed to the separation of charge in the depletion layer),
which then decays exponentially. Fitting these decays with the
sum of a power law and an exponential decay function reveals
that persistent, exponentially decaying holes at potentials >1
Viue decay with an approximate rate constant of approx-
imately 7 s™! (see Figure S9 for details/fitting parameters). For
potentials exceeding 1 Vgyg, the transient charge extracted
during the experiment (Figure 2d) does not decrease at later
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Figure 4. (a) Schematic of the layered orthorhombic unit cell of Bi,WOj illustrating the connection between electron transport and preferred
growth arising from a CB limited to planes in the material. (b) Quantification of the growth planes of the material, in comparison to a single crystal
standard categorized according to the directions of growth shown in (a). Mixed mobility planes are planes which grow in the crystal in both

favorable and unfavorable directions simultaneously.

times. A decrease would indicate the back recombination of
separated surface holes with bulk electrons, rather than a
reaction.”"%> As this is not present, we assign this time
constant to the reaction of holes with water.”*” The observed
rate constant of ca. 7 s™' matches with that observed in TiO,
(2—5 s71),% faster than Fe,0; (0.7 s7)°" and BivO, (1.3
s™),%" but significantly slower than WO; (~2000 s™').* As
with other metal oxides,”' the amplitude of this long-lived
exponential decay phase correlates with the photocurrent,
providing further indication that this decay arises from the
reaction of photogenerated holes with water (Figure S10).

Transient electron extraction kinetics, measured simulta-
neously during TA experiments, are shown in Figure 2d.
Remarkably, slow extraction kinetics are observed, differing by
orders of magnitude from other metal oxides studied using the
same technique. For example, even at the strongest potential
studied herein, 50% electron extraction times are around 100
ms. This is at least 10 times slower than the slowest extraction
times previously observed in a metal oxide (WO; ~ 10 ms).*
Furthermore, in WOj;, the photogenerated electrons travelled
twice as far (ca. 3.6 ym thick film) to reach the external circuit
than the AACVD Bi,WOq films studied herein (ca. 1.5 um
thick film), yet did so 10 times faster. Other oxides, such as
Fe,O; and BiVO,, show 50% extraction times around two
orders of magnitude faster compared to AACVD Bi,WOj (ca.
1 mS).ZO’SQ

To understand the origin of the remarkably slow electron
extraction, we turned to density functional theory (DFT) using
the HSE06 functional to precisely calculate the band structure
(see the Methods section for details). Figure 3a shows the
normalized total and partial density of states for Bi,WO,. The
valence band (VB) maximum projects onto both Bi 6s and O
2p states. This coupling of Bi 6s and O 2p orbitals leads to an
upward dispersion of the VB and a narrower band gap than
would otherwise be expected.”® Consistent with the results of a
previous theoretical study screening Aurivillius oxides," the
conduction band (CB) minimum projects predominantly on
W 5d states with some O 2p density. The CB exhibits a strong
spatial anisotropy, illustrated by the isosurface shown in Figure
3b. Here, the CB is confined to the (WO,*”), planes. The
impact on the band structure is evident (Figure 3c) as strong
CB dispersion is observed along the <100> (I" to X) and <
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010> (I" to Y) directions. In contrast, negligible dispersion is
observed along the <001> ( I" to Z) direction, corresponding
to the out-of-plane interaction between the WO,>” units.
Anisotropy in the band dispersion (effective masses) is
compounded by the fact that on the ms—s timescale, electron
transport occurs through thermally activated polaron hop-
ping.” Here, the probability of hopping (tunneling) decays
exponentially with distance, meaning that hopping from one
(WO,*") subunit to another across a larger (Bi,0,**), plane
will be slower than hopping between (WO,>”) subunits within
the plane. This is consistent with the observation that electron
extraction is 10 times slower in Bi;WOy than in WO;, where
the connectivity is more isotropic. The same anisotropic
conduction does not occur for holes, as the O 2p-based valence
band is not confined to a given plane (Figure 3c).

To understand the impact of anisotropic electron transport
in the AACVD Bi,WOq films studied herein, we return to our
XRD data (Figure 1b). From simple inspection of the data, it is
apparent that growing BiWO4 by AACVD leads to preferred
growth in the randomly oriented crystallites that make up the
micron-sized mounds in the film. By performing a LeBail
refinement of our XRD data (Figure 1b) against a crystallo-
graphic standard (0-Bi,WO; shown in Figure 1b), the relative
concentrations of different planes in AACVD Bi,WOg can be
quantified and compared to the crystallographic standard
(Figure S11).

This analysis reveals that Miller planes in the (131) direction
(260 = 28.3°) grow less, whereas the Miller planes in the (006),
(200), and (020) directions (26 = 32.603, 32.809, and 32.925°,
respectively) are enhanced. Figure 4a shows a simplified
schematic of the orthorhombic unit cell of Bi,WO4 and
illustrates the connection between different modes of preferred
growth and electron transport. Hypothetically, very strong
preferred growth of the (h,0,0) or (0,k,0) planes would result
in nanorods with conduction band planes growing along the
length of the rod. Strong preferred (hk,0) growth would lead
to sheets with similar favorable conduction. However, stacking
of the (0,0,1) planes would lead to growth orthogonal to the
favorable directions of electron transport. Figure 4b shows the
result of categorization of growth planes into three categories:
growth planes along which CB electrons would exhibit
mobility in the presence of an electric field and are thus
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more conductive (i.e, (h0,0), (0k0), or (hk0)); low
mobility, poorly conducting (0,0,1) growth planes, and planes
in which growth in favorable and unfavorable directions would
occur simultaneously (“mixed mobility,” (0,k1), (h,01), and
(hk1) planes). From this analysis, it is apparent that the
crystallites that make up the AACVD Bi,WOj film grow more
in directions that are favorable to electron transport in
comparison to the crystallographic standard (47 vs 36%), at
the expense of mixed favorability planes (31 vs 56%).
However, a significant and increased fraction of unfavorable
growth is also observed (21 vs 9.2%). The predominance of
low and mixed growth directions, combined with the
presumably random orientation of the crystallites with respect
to one another, may account for the extremely slow electron
transport observed within the films.

Bl CONCLUSIONS

In summary, Bi,WO, photoanodes were synthesized by
AACVD. The coatings possessed rough topography formed
of micron-sized mounds made up of smaller crystallites. Our
photoanodes showed relatively early onset potentials for
photoelectrochemical water oxidation, but low photocurrents
in comparison to other better-studied metal oxides. With the
exception of TiO,, the ultrafast recombination in Bi,WO¢ was
slightly slower than in other oxides, while water oxidation rate
constants were similar to those of other metal oxides (except
for WO;). However, electron extraction in Bi;WOy is 10—100
times slower than in these materials. Analysis of the band
structure of Bi,WO, obtained from DFT shows that the
layered structure of Bi,WQOg leads to confinement of the CB to
the (WO,*"), planes running through the material. This
localization produces slow electron transport in the direction
perpendicular to the CB plane. This concept leads to a clear
design principle for Bi,WOy, as strong preferred or epitaxial
growth along the conduction band planes should lead to
improved performance. Anisotropic electron transport should,
in principle, arise in any layered metal oxide in which the
metals are segregated into separate 2d planes, and these results
are likely to be of great significance to a wide range of
upcoming oxide materials for numerous catalytic processes. We
therefore suggest preferred or epitaxial growth along CB planes
as a general strategy to overcome poor electron transport in
such layered oxides.
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