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The effect of nanoparticulate PdO co-catalysts
on the faradaic and light conversion efficiency
of WOz photoanodes for water oxidationf
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WOz photoanodes offer rare stability in acidic media, but are limited by their selectivity for oxygen
evolution over parasitic side reactions, when employed in photoelectrochemical (PEC) water splitting.
Herein, this is remedied via the modification of nanostructured WOs photoanodes with surface
decorated PdO as an oxygen evolution co-catalyst (OEC). The photoanodes and co-catalyst particles
are grown using an up-scalable aerosol assisted chemical vapour deposition (AA-CVD) route, and their
physical properties characterised by X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), (SEM),
microscopy (HR-TEM) and UV-vis absorption spectroscopy. Subsequent PEC and transient photocurrent
(TPC) measurements showed that the use of a PdO co-catalyst dramatically increases the faradaic
efficiency (FE) of water oxidation from 52% to 92%, whilst simultaneously enhancing the photocurrent
generation and charge extraction rate. The Pd oxidation state was found to be critical in achieving these
notable improvements to the photoanode performance, which is primarily attributed to the higher

scanning electron microscopy high-resolution transmission electron

selectivity towards oxygen evolution when PdO is used as an OEC and the formation of a favourable

rsc.li/pccp

1. Introduction

The conversion of solar energy into renewable fuels, whereby
the energy is stored in chemical bonds, is an attractive approach
to harvest solar energy whilst overcoming intermittency issues.
Photoelectrochemical (PEC) water splitting achieves this in a
single process, with the direct conversion and storage of solar
energy in the chemical bonds of the hydrogen fuel produced.
Semiconductors are commonly employed as photoanodes
for the water oxidation reaction, whereby light absorption
initiates band gap excitation to yield photogenerated charges
that can be utilised in the water splitting process. Under
electrolyte conditions, the in-built electric field in the space
charge layer of the semiconductor results in band bending that
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junction between WOz and PdO, that drives band bending and charge separation.

facilitates the separation and transport of photogenerated
charges.”

Metal oxides have received extensive interest for PEC water
splitting applications due to their low cost, high abundance,
tunability and stability to photocorrosion.” Suitable electronic
band structures for metal oxide photoanodes have a narrow
band gap to maximise utilisation of the solar spectrum, and a
valence band maximum (VBM) situated at a higher potential
than that of water oxidation (+1.23 Vgyg). In addition to these
constraints, high selectivity, efficient charge separation and
sufficient charge carrier lifetimes are required for water oxida-
tion to occur successfully. Due to the difficulties in achieving all
of the aforementioned properties, a wide range of approaches
have been examined to improve the design and synthesis of
photoanode materials, including co-catalyst addition, hetero-
junction formation, doping, nanostructuring, and band gap
engineering."”

WO; is a promising photoanode material for PEC water
splitting.* With an indirect band gap of ~2.6-2.9 eV reported
for monoclinic WOj;, between 6% and 10% of solar photons can
be absorbed, compared to ~3% by anatase TiO, with a typical
band gap of 3.2 eV.>>° Moreover, WO; exhibits rare stability
for a metal oxide under acidic conditions and good charge
transport properties. For example, WO; has a high electron
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mobility (~12 em™> V' s7")° compared to Fe,0; (0.1 cm >V ' s )°
and TiO, (0.3 cm > V™" s7").> However, in part due to the deep
VBM of WO;,” a multitude of species can be oxidised under
irradiation, and thus side reactions can limit the efficiency of
oxygen evolution through water oxidation.®™*°

The addition of an oxygen evolution co-catalyst (OEC) can
enhance performance by aiding charge separation, improving
water oxidation kinetics and increasing reaction selectivity.
Limited but encouraging results exist to date regarding the role
of Pd species as OECs. Kim et al. studied the effect of a range of
metal oxide OECs, in addition to FeOOH and Ag', on BiVO,
photoanodes, and identified PdO, as the best performing
catalyst."* More recently, Joya et al. described nanoporous Pd
as a benchmark electrocatalyst, with a low onset potential for
electrocatalytic water oxidation (1.43 Vryg) and high stability.'?

In this work, nanoneedle WO; photoanodes are synthesised
in a single-step via an up-scalable aerosol assisted chemical
vapour deposition (AA-CVD) route and employed as photo-
anodes for PEC water oxidation."*'* With the aim of overcoming
the poor water oxidation selectivity of WO;, Pd nanoparticles
(NPs) are deposited in a second AA-CVD step. Pd incorporation
into WO; nanoneedle films has previously been achieved by
AA-CVD, in both a single and two step synthesis.">'® However,
to the best of our knowledge, the effect of Pd co-catalysts on
WO; photoanodes applied to PEC water oxidation has not been
previously studied. An additional annealing step, post Pd
deposition, is undertaken to investigate the recognised effects
of co-catalyst oxidation state on performance.'” We identify
PdO as a promising OEC for acidic conditions that enhances
the water oxidation activity and selectivity of WO; towards
oxygen evolution, to yield an impressive FE of 92%. Further
investigations into the photoanodes, including the charge
carrier properties using transient techniques, reveal the role
of PdO in inducing favourable band bending and tuning oxygen
vacancy concentrations in WO3, to consequently improve elec-
tron transport through the nanoneedles.

2. Experimental
Materials synthesis

Nanostructured photoanodes were prepared by aerosol assisted
chemical vapour deposition (AA-CVD).** FTO coated substrates
were cleaned and heated in the reactor from the carbon block
below. The inlet was fitted with a water-cooling jacket to
prevent the decomposition of the precursors. During heating,
deposition and cooling steps, the reactor was supplied with a
steady flow of N, (3.5 L min "), regulated by a mass flow
controller, with the exhaust from the reactor directed to the
back of the fume hood. To obtain WO; nanoneedles, a
precursor solution was prepared by dissolving W(CO) (0.200 g)
in a 2:1 mixture of acetone and methanol and sonicating for
three minutes. The reactor was heated to 375 °C and the
precursor solution was added in portions (8 x 5 mL). Aerosols
were generated using an ultrasonic humidifier (2 MHz, Liquifog,
Johnson Matthey) to generate a thick white aerosol that was
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carried into the reactor by the N, flow. Following deposition, the
reactor and substrates were left to cool to room temperature.
The as-synthesised blue films, WO;(B), were annealed in a
furnace at 500 °C for 12 hours to yield the white WO; films.
(NH,4),PdCl, (0.003 g) was added to 50 mL methanol and
sonicated for three minutes to obtain the precursor solution
for Pd deposition. Pd nanoparticles were deposited onto
annealed WOj; to yield Pd/WO; using an analogous reactor set-
up and method to above, except at 350 °C. Annealing at 500 °C
for 12 hours post-Pd deposition was conducted on a portion of
the films, with the resulting films labelled Pd(A)/WOs.

Materials characterisation

A Leo Gemini 1525 Field Emission Gun scanning electron
microscope (FEG SEM) was used for imaging the surface and
cross-sectional morphology of the films, sputtered with a 10 nm
Cr layer. Further imaging via high-resolution transmission
electron microscopy (HR-TEM) was conducted with a Joel
TEM 2100 Plus. X-ray diffraction (XRD) patterns were obtained
with a Bruker D2 phaser with parallel beam optics equipped
with a PSD LinxEye silicon strip detector, using Cu Ko radiation
(40 kv and 40 mA). Raman spectra were collected with a Horiba
LabRam Infinity spectrometer, with a HeNe laser (633 nm,
25 nW). The system was calibrated to a silicon reference and
samples were analysed over the 150-1050 cm ™' range. Chemical
analysis was performed by X-ray photoelectron spectroscopy
(XPS) using a Thermo K-Alpha spectrometer with a mono-
chromated Al Ko radiation source. Survey scans were carried
out in the region of 0-1350 eV, at intervals of 0.1 eV and using a
pass energy of 200 eV. Peaks were calibrated to the adventitious
C 1s peak at 284.5 eV. CasaXPS software (Version 2.3.19PR1.0)
was used for peak fitting and analysis.

The optical absorption of the photoanodes was charac-
terised using a UV-Vis spectrometer (Shimadzu UV-2600) fitted
with an integrating sphere. The absorbance (%A) was calculated
from the measured diffuse reflectance (%R) and the transmit-
tance (%7) using eqn (1):

%A = 100 — (%R + %T) 1)

The Kubelka-Munk transform was applied to the diffuse
reflectance results to obtain a value approximately proportional
to the absorption coefficient using eqn (2):

2
f(R):(lgRR) :%

(2)
where R is the measured diffuse reflectance of the sample, o is
the absorption coefficient and s is the scattering coefficient.
When using this approximation to obtain o, s is taken to be a
constant independent of wavelength and the value of o. Estimations
of the optical band gap were made from Tauc plots of (athr)'"
vs. hv, where the as calculated f(R) was used in the place of «
and the value of 7 is taken as 2, due to the indirect (allowed)
band gap transition of WO;.
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Photoelectrochemical (PEC) measurements

PEC measurements were conducted in a homemade PEEK cell
with a quartz window and a three-electrode set-up comprising
of the as-synthesised photoanodes as the working electrode,
Ag/AgCl/saturated KCl solution as the reference electrode
(calibrated using Ferrocene as an internal reference) and a Pt
mesh counter electrode. All electrodes were submerged into a
0.1 M H,SO, (pH 1) electrolyte solution. Voltage was applied to
the set-up using an Autolab potentiostat (PGSTAT 12). The
incident photon to current efficiency (IPCE) was measured at
1.23 Vgye and calculated at regular wavelength intervals from
250-800 nm, using a 75 W Xe arc lamp (~100 mW c¢cm > white
light intensity) fitted with a monochromator. Linear sweep
voltammetry (LSV) measurements were taken in an anodic
direction at a scan rate of 10 mV s~ ' and under simulated
1 sun AM 1.5G irradiation. LSV sweeps were measured under
light, dark and chopped-light conditions from 0.45-2.40 Vgyg.
Stability tests were conducted using the same set-up as for the
LSV measurements, but with the potential held at 1.23 Vgyg
throughout.

The faradaic efficiency (FE) was measured using a H-cell,
where the photoanode and reference electrode are in a separate
chamber to the Pt counter electrode, with a frit between the
chambers that allows ion exchange to occur. Otherwise, the set-
up conditions were equivalent to the PEC measurements.
Oxygen evolution from the photoanodes was detected in the
gas phase, in the headspace above the electrolyte solution, by a
Clark electrode (OXNP Unisense Oxygen Sensor) calibrated by
the injection of known oxygen quantities. Similarly to LSV
measurements, the photoanodes were illuminated with a
365 nm LED lamp mimicking the photon flux that would be
absorbed at 1 sun irradiance.

The FE was calculated by dividing the measured O, by the
theoretical O, evolution based on the photocurrent generation,
using eqn (3):

O, (mol) x Na

1
(JphotoxAxst)/e

where O, evolved is measured using the calibrated Clark
electrode, Jonoto is the integrated current measured over the
illumination time and at a constant of applied potential of

FE (%) =

x 100 (3)

1.23 Vgpyg, A is the illuminated photoanode area, s is the
measurement time period and e is the elementary charge
constant. The multiplication by a quarter in the denominator
is due to the consideration that four holes are required to
evolve one mol of O, from water oxidation.

Theoretical solar photocurrent (TSP) calculation

The IPCE spectrum (measured at 1.23 Vgyg) was integrated and
multiplied by AM 1.5G sunlight (100 mW cm™?) to determine
the theoretical solar photocurrent (TSP) using the following
equation:

280nm
IPCE x AM 1.5G x 1000/1C

Ehg(nm)

TSP (mA cm ?) = J
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where AM 1.5G is the solar photon flux (photons em™?), By is
the material bandgap (~490 nm) and 1C is 6.241 x 10"
electrons per second. The IPCE data was fit using a combined
exponential decay and Gaussian model (with all fits showing
r? > 0.99).

Transient photocurrent (TPC) measurements

TPC measurements were undertaken on photoanode samples
in a PEC cell connected to a potentiostat, analogously to in the
PEC measurements, under a constant potential as specified.
Excitation of samples was conducted using the third harmonic
output of a Nd:YAG laser (OPOTEK Inc, Opolette 355 II, 6 ns
pulse width, Aex = 355 nm). A liquid light guide with a 0.5 cm
diameter was used to direct the excitation pulse to the sample.
Following excitation with the laser pulse, the transient photo-
current was obtained by measuring the voltage change with an
oscilloscope (Tektronics DPO3012) from 10 ps to 0.1 s.

3. Results and discussion

The WO; films consist of a dense array of fine nanoneedles, up
to 2 um in length and ~30-60 nm in width, as seen by SEM
(Fig. 1). Considering the approximate electron (7 pm) and hole
(150 nm) diffusion lengths in WO;,'* wherever electron-hole
pairs are formed in the material, hole diffusion to the electrolyte
interface and electron extraction from the photoanode can
occur. Pd NPs were subsequently deposited onto the WO, films,
also by the AA-CVD technique, to obtain Pd/WO; photoanodes,
with those annealed post-Pd deposition termed Pd(A)/WOs;.
HR-TEM images of Pd(A)/WO; show NPs of ~4-10 nm in
diameter, attributed to Pd by means of energy dispersive X-ray
(EDX) analysis (Fig. S1, ESIT).

XRD patterns of all samples exhibit well defined peaks corres-
ponding to crystalline monoclinic WO; and a dominant (002)
peak due to preferential growth in this crystal plane (Fig. S2, ESIt),

Lty A -

1um

— A AR W e

Fig. 1 (a) Top down, and (b) cross-sectional SEM images of WOs, showing
a maximum film thickness of 2 pm.
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with the dominance of the (002) facet previously shown to
increase reactivity and PEC performance.'® This structure
extends to photoanodes with Pd NPs, with no peaks corres-
ponding to Pd species observed, likely due to the small quantity
and nanoscale nature of the Pd-based material present. The
crystal structure of the WO; coatings is confirmed by Raman
spectroscopy (Fig. S3, ESIt), whereby the number and frequency
of W-O-W stretching (718 cm™ ' and 806 cm ') and O-W-O
bending (272 ecm ™" and 325 cm™ ') vibrations observed corre-
spond to monoclinic WO;."°

The surface chemical composition of the photoanodes was
analysed by XPS and identified a near-complete oxidation of Pd
to PdO, following the annealing treatment of Pd/WO; to Pd(A)/
WO;. The Pd 3d XPS spectrum of Pd/WO; (Fig. 2a) is dominated
by a doublet, with 3ds,, and 3d;,, peaks at 335.6 eV and 340.9 eV
respectively, corresponding to Pd metal.”® The shoulder
towards higher binding energies is fitted with two doublets of
low intensity. The doublet with a 3ds, peak at 337.3 eV
corresponds to the 3ds/, peak of PdO.%° Meanwhile, the second
low intensity doublet with a 3ds,, peak at 338.7 eV, is assigned
to Pd*>" species in PdCl,,>' that arise from the incomplete
decomposition of the Pd precursor ((NH,),PdCl,) during the
AA-CVD synthesis. In contrast to Pd/WO;, the dominant
doublet in the Pd(A)/WO; spectrum (Fig. 2b) is assigned to
PdO, with the 3d;/, peak at 337.4 eV in good agreement with the
low intensity PdO doublet observed prior to annealing.
Although the Pd metal doublet is also observed here, it is of
significantly lower intensity.

3 [—Pdmetal
-~ PdO
PdCl,
i}
c
3
Q
(]
350 345 340 335
Binding Energy (eV)
L —r 3d;;,
= Pd metal N
——— PdO sat Y

Counts

350 345 340 335
Binding Energy (eV)

Fig. 2 Pd 3d XPS spectra for (a) Pd/WOs and (b) Pd(A)/WOs. The red lines
and grey triangles represent the summation of the fitted peaks and the raw
data points respectively.
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Oxygen vacancies in WO; induce sub-band gap defect
states (Vo) that are situated below the conduction band.??
It has been demonstrated that the concentration of Vg
in WO; has profound effects on recombination rates and
material properties, including visible light absorption and
charge transport.>”**>* w>*
vacancy sites have a characteristic optical absorption extending
into the near-IR.>***** This is demonstrated by the blue colour
and intense near-IR absorption feature of Vo rich WO;(B),
compared to the white colour and diminished near-IR absorp-
tion of annealed WO; (Fig. S4, ESIt). Consequently, the
decreased absorption intensity in the near-IR for Pd/WO; and
Pd(A)/WO; indicates a further decrease in V, concentration
(Fig. S5, ESIt). The indirect band gap of ~2.8-2.9 eV estimated
for our WO; using a Tauc plot (Fig. S6a, ESIT) does not differ
significantly for Pd/WO; or Pd(A)/WO; (Fig. S6b and c, ESIt).
The suppressed Vo concentration with Pd-based co-catalysts

species neighbouring oxygen

was semi-quantified (using the ratio of W*>* to W°* peak areas in
the XPS spectra, Table S1, ESI) to reveal a near 25% decrease of
Vo in WO; upon Pd addition in both Pd/WO; and Pd(A)/WOj;,
coinciding with the change to the near-IR W*' absorption.
Given the known sensitivity of WO properties to Vo, this is
significant and hence needs consideration when discussing the
trends in performance between the photoanodes.

Following the characterisation of the as-synthesised materials,
they were employed as photoanodes in a three-electrode set-up
in 0.1 M H,SO, to measure their PEC water oxidation perfor-
mance. A comparison of the IPCE of the photoanodes at
1.23 Vgryg is displayed in Fig. 3a. The IPCE of WOj;-based
photoanodes peaks at 325 nm and is notable up to 450 nm.
The negligible IPCE at longer wavelengths demonstrates that
the photocurrent is generated solely as a result of band gap
excitation (with W>" absorption at longer wavelengths unable to
facilitate water oxidation). This is further corroborated by the
negligible IPCE of WO;(B) at all wavelengths despite the
significant absorption by W>*, due to insufficient tuning of

a 50— . . - . b 14 . . . .
/-"\_ —=— WO, —— WO, !
i —=— Pd/WO, 1.24——Pdwo, I
40+ —=— Pd(A)/WO, | —— Pd(A)WO, I
Al < 107 M
A £
o
< 30 4 £ 0.8
< y ul £
e |/ \ = 0.6
o 20 4 " e g
3 0.4
101 4 0.24
0 20 40 60 80 100
FE (%) 0.0
0 pEI=—i= ,

300 400 500 600 700 800 04 08 12 16 20 24

Wavelength (nm) Applied Potential (Vgye)

Fig. 3 PEC water oxidation performance of photoanodes under front
illumination in 0.1 M H,SO4. (a) IPCE spectra measured at 1.23 Vg under
100 mW cm~2 white light. Inset of (a) shows the FE of the photoanodes at
1.23 Vgpe, irradiated with a 365 nm LED mimicking the photon flux that
would be absorbed at 1 sun irradiance. (b) LSV measurements under light
(solid line) and dark (dashed line) conditions, using simulated 1 sun AM 1.5G
irradiation.
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the Vo, concentration.”*” The poor charge separation efficiency
of the bare WO; upon light absorption is reflected by the low
IPCE (33% at 325 nm). Hence, a co-catalyst that forms a
junction and improves charge separation, or accelerates the
rate of hole transfer from WOs3, is desirable to improve perfor-
mance. Pd/WO; achieves a trivial IPCE increase over WO3;,
however, Pd(A)/WO; results in an increase in IPCE to 49% at
325 nm. Given the analogous UV-Vis spectra of WO; and Pd(A)/
WO; in the photoactive region (Fig. S5, ESIT), the IPCE increase
is attributed to a decrease in recombination and/or improved
catalysis, as opposed to a higher initial yield of photogenerated
charges. The contact established between PdO NPs and WO; in
Pd(A)/WOs; is likely to resemble a p-n junction (given the n-type
character of WO; and previous reports of PdO as a p-type
material)'®*®?” that improves charge separation by driving
holes towards PdO and electrons in the opposite direction into
bulk WO;.

PEC properties of the photoanodes were further investigated
by LSV measurements under simulated sunlight and dark
conditions (Fig. 3b). The effect of illumination on the overall
current is strong evidence of photocurrent generation after an
onset potential of ~0.55 Vgyg in all cases, similar to previous
reports of WO; photoanodes.”"*?® The trend in photocurrent
generation between samples at the standard water oxidation
potential (1.23 Vgyg) correlates to that of the IPCE results,
obtained at the same potential. The highest photocurrents at
1.23 Vgye achieved by Pd(A)/WO; (0.28 mA cm™ ) are 75%
greater than bare WO; (0.16 mA cm™?), in agreement with the
overall trends observed from the TSP calculations (Table S2,
ESIt). The discrepancy from this trend at 0.8-1.0 Vgyg in the
LSV measurements is ascribed to an energy barrier to charge
transfer in Pd-decorated systems, which must be overcome to
achieve the photocurrent enhancements. The rapid increase in
current density at high applied potentials (in both light and
dark conditions) is attributed to electrocatalytic water oxida-
tion, the onset of which occurs earliest and most dramatically
for Pd(A)/WO; and identifies the role of PdO in effectively
enhancing the electrocatalytic water oxidation performance of
WO;. Over the 4 hour period of stability tests at 1.23 Vryg,
highly stable photocurrents were achieved by the photoanodes
after a short initial stabilisation period (Fig. S7, ESIt), with only
a 3.6% and 2.1% photocurrent decrease observed thereafter for
WO; and Pd(A)/WOj; respectively. Transient spikes in the
chopped light LSV measurements are not observed for our
systems (Fig. S8a, ESIt), in contrast to what is commonly
observed for BiVO, and Fe,O; photoanodes.?*® Such spikes
are indicative of back electron-hole recombination of photo-
generated charge pairs,> > and their absence herein indicates
that this recombination process is masked by sufficiently fast
water oxidation kinetics, or that it occurs before the timescale
of our measurements.

A comparison of the LSV traces under front and back
illumination (Fig. S8b, ESIt) identifies electron extraction as
the limiting charge carrier process in WO; (due to the preference
for back illumination), in agreement with prior work.” In
contrast, front illumination favours photocurrent generation in
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Pd(A)/WO; (however, it should be noted that back illumination
of Pd(A)/WO; also remains more favourable than that of WO;),
indicating a switch to hole transport as the more limiting
process, as discussed further later.

Now we turn to our comparison of the water oxidation
efficiency of the photoanodes (Fig. 3a inset and Fig. S9, ESIT).
WO; achieves a FE of 52%, in line with previous reports***® and
explained by the oxidation of SO,>~ anions in the electrolyte to
S$,05°" on the WOj; surface.®® Strikingly, Pd(A)/WO, achieves a
greatly improved FE of 92% which confirms water oxidation as
the origin of the higher photocurrents associated with this
photoanode (little improvement is seen with Pd/WO;) and
highlights the role of PdO, or the PdO/WO; interface, in
offering catalytic sites for improved water oxidation selectivity.

Alternative surface modification routes for improving the FE
of WOj; are compared with this work (Table S3, ESIt), to reveal
that PdO addition is unique regarding the extent to which it
improves FE without inhibiting photocurrent generation.
For example, the addition of Cr,0; nanocrystals® or a Al,O;
overlayer’® results in modest improvements to the FE com-
pared to PdO addition, with a reduction in photocurrent
observed for the latter case. Meanwhile, the photoelectrochem-
ical deposition of FeOOH significantly increases the FE (27% to
96% (entry 2)),*® but also induces parasitic light absorption and
inhibits photocurrent generation by 50% (whereas, PdO
enhances photocurrent generation). Thus, amongst the surface
modification routes explored to date, Pd(A)/WO; shows highly
favourable properties for enhancing the FE and photocurrent.

Herein, we find consistent improvements in the IPCE, LSV
and FE results when PdO co-catalysts are grown on WO; (Pd(A)/
WO;). As shown by XPS (Fig. 2), annealing results in a near-
complete oxidation of metallic Pd° in Pd/WOs3, to Pd** (PdO) in
Pd(A)/WO3. Modelling of the band bending at the junction
between WO; and the Pd NP species can help rationalise these
differences (Fig. $10, ESIT).*®* We note that the models do not
predict the band bending under operational conditions but do
allow the distinct effects of PAO and Pd° at the surface to be
compared. The junction between n-type WO; and p-type PdO
NPs in Pd(A)/WO; results in band bending in WO; that facil-
itates hole transport to the surface and electron extraction via
the back contact, whereas for Pd/WO; unfavourable band
bending is observed. Moreover, the electric field present in
PdO after equilibrium further drives holes away from WO; and
towards the electrolyte junction, with no such driving force
present with Pd®. In addition to the contrasting effects on band
bending in WO3;, the different oxidation states of Pd would
result in different bonding and adsorption properties of
oxygenated intermediates that drive water oxidation.'”*”

The charge extraction characteristics of the photoanodes
were assessed by TPC measurements, whereby the charge
extracted was measured as a function of time following excitation
by a laser pulse (Fig. 4). Pd(A)/WO; exhibits faster charge
extraction rates than bare WOj;, whilst charge extraction in
Pd/WO; is slower. The kinetics of electron extraction therefore
support the band bending models (Fig. S10, ESIt), as compared
to metallic Pd, the band bending that results with PdO favours
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Fig. 4 A comparison of the charge extraction rates of the photoanodes
following laser excitation (355 nm, 6 ns pulse width), held at 1.23 Vg in
0.1 M H,SO,.

electron extraction through the bulk WO;. Our previous TPC
studies on WO; nanoneedles showed that electron extraction
through the bulk is hindered by an excess of oxygen vacancies.”
Given that a decrease in Vo concentration is observed in both
Pd(A)/WO; and Pd/WO; (Table S1 and Fig. S5, ESI), but
increased charge extraction rates are observed exclusively in
the former, the V5 concentration cannot be the sole reason for
this result. Therefore, the effects of the co-catalyst species on
band bending are likely to dominate the charge extraction
properties in this case.

With the difference in electron extraction properties
between WO; and Pd(A)/WO; established, the rationale for
their contrasting photocurrent generation behaviour under
front and back illumination (Fig. S8b, ESIY) is twofold. Firstly,
due to PdO deposition occurring predominantly on the top
layer of the dense film, front illumination is required to
generate holes that can diffuse to PdO sites and maximise the
impact of the OEC. Secondly, the improved electron extraction
properties of Pd(A)/WO;, compared to WO;, means that the
advantages of generating holes in close proximity to PdO out-
weigh the benefits to electron extraction realised under back
illumination.

4. Conclusions

In summary, nanostructured WO; photoanodes and Pd-based
co-catalysts are synthesised via AA-CVD as a simple and up-
scalable method. The PEC water oxidation performance of WO,
is significantly enhanced by the addition of PdO as an OEC,
with the promising stability of the photoanodes under acidic
operating conditions maintained following this surface
modification. We confirm the critical role of oxidising Pd
species to achieve these performance enhancements, with
negligible improvements observed with metallic Pd. Following
the addition of the PdO co-catalyst, the FE of the photoanode
surface is greatly improved from 52% to 92% for water
oxidation, more greatly avoiding the deleterious side reactions
that typically arise from the deep VBM of WO;. Furthermore,
PdO demonstrates beneficial effects on the photocurrent
generation properties and increases the rate of charge

1290 | Phys. Chem. Chem. Phys., 2021, 23,1285-1291
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extraction through the bulk of WO, likely due to the formation
of a p—n junction.
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