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This study demonstrates that the integration of plasmonic palladium (Pd) nanoparticles between a
bismuth vanadate (BVO) coating and an electrode interface can significantly improve solar-driven glycerol
oxidation. Pd nanoparticles of controllable shape, size and coverage were produced using a novel
aerosol-assisted chemical vapour deposition (AACVD) synthetic route and then coated with BVO using
the same technique. The nanoparticles enhanced visible light absorption and crystallinity. At 1.23 Vgue,
the photocurrent density of bare BVO increased from 0.62 mA cm™ in the absence of glycerol to
1.20 mA cm™2 with 0.5 M glycerol. When Pd nanoparticles were incorporated beneath BVO, the photo-
current further increased from 0.86 mA cm™2 without glycerol to 1.58 mA cm™2 with 0.5 M glycerol, and
the incident photon-to-current conversion efficiency (IPCE) boosted from ~15% to ~40% at 400 nm.
Ultra-fast transient absorption spectroscopy suggests that the addition of Pd nanoparticles introduces
additional charge transfer pathways, including hot electron injection and plasmon-coupled states, which
prolong carrier lifetimes and suppress recombination. These combined effects provide a promising strat-
egy to improve the efficiency and durability of photoelectrochemical devices for sustainable fuel gene-
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1. Introduction

The growing global economy and population have increasing
energy demands, where our reliance on fossil fuels is causing
the climate crisis."™ Given the limited nature of fossil fuel
reserves, solar energy offers an alternative with vast potential
to meet our global demands.** Hydrogen is a clean energy
carrier that can be produced through solar-driven water split-
ting, offering a renewable and readily-storable solution.®’
Photoelectrochemical (PEC) water splitting, utilizing bulk
semiconductor photoelectrodes, is one of the most promising
methods for producing solar hydrogen in terms of efficiency
and cost.® Of the various earth-abundant semiconductors
investigated for use in photoelectrodes, bismuth vanadate
(BVO) has emerged as a highly promising candidate due to its
visible light bandgap (2.4 eV) and favourable band alignment
for water oxidation,” chemical stability, and the potential for
performance improvement through modifications such as het-
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ration and selective organic oxidation reactions.

erojunction formation,'®™* coupling with cocatalysts,"*™” and

introducing plasmonic metals."®*° However, unmodified BVO
suffers from a short hole-diffusion length (<70 nm), resulting
in inefficient charge separation, slow charge transport kinetics,
and rapid charge recombination, ultimately leading to low
activity, '+

An emerging strategy to enhance the light absorption and
charge separation in BVO photoanodes is to incorporate plas-
monic metal nanoparticles (NPs), such as Au, Ag, Pt, or
Pd.>**” While Au and Ag have been the most commonly inves-
tigated plasmonic metal NPs,® Pd has recently gained atten-
tion due to its broad-band light absorption capability (span-
ning from 200 to 1000 nm), which can improve light harvest-
ing across the whole visible light spectrum.?””*° Additionally,
its relatively large Fermi level of 5.12 V vs. vacuum®® compared
to near 4.44 V vs. vacuum for highly n-doped BVO facilitates
the formation of a Schottky barrier at the metal-semi-
conductor interface, potentially increasing charge separation
efficiency and extending carrier lifetimes.*" In the context of
Pd/BVO systems, many studies have focused on applications
such as wastewater treatment,**** CO, reduction,®* and water
splitting,®**** where Pd mainly served as a catalytic site to
facilitate redox reactions rather than as a plasmonic sensitizer.
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A related report demonstrated plasmonic Pd nanoparticle- and
nanorod-decorated BVO electrodes with enhanced PEC activity
across the visible-NIR region.”> However, Pd directly decorated
on BVO is unstable under anodic bias, where it can be readily
oxidized and deactivated.*® These properties make Pd a prom-
ising plasmonic metal for coupling with BVO photoanodes,
although its practical application requires strategies to over-
come stability challenges under bias to fully retain its plasmo-
nic functionality. Herein, we show how Pd nanoparticles
grown beneath BVO overlayers protect them from anodic oxi-
dation, whilst facilitating enhanced PEC activity.

Pd induced plasmonic behaviour could involve several key
stages and timescales. Upon light excitation, surface plasmon
polaritons (SPPs) and localized surface plasmon resonance
(LSPR) are generated, with coherent oscillations lasting around
10 femtoseconds (fs). These oscillations dephase, leading to
electron-electron scattering at 100 fs, generating hot
electrons.’”° By around 1 picosecond (ps), electron-phonon
coupling occurs. Energy can be transferred to a semiconductor
either through plasmon resonance energy transfer (PRET) or
via plasmonic hot electron transfer (PIHET),">"! with direct
interfacial charge transfer (DICTT) offering an alternative,
bypassing metal relaxation processes.*’™** Transient absorp-
tion spectroscopy (TAS) can be used to study the charge carrier
dynamics in BVO and plasmonic systems.***> Data from ultra-
fast TAS on the fs timescale’® are typically analysed using
kinetic fitting or global analysis methods, such as genetic
algorithms, to resolve charge transfer processes.?””*® In
addition to these ultrafast relaxation dynamics, the strong
near-field electromagnetic enhancement associated with LSPR
also plays a key role in promoting interfacial charge separ-
ation. The enhanced local field increases light absorption in
the semiconductor near the metal interface and concentrates
carrier generation closed to the collection pathway. This loca-
lized excitation, coupled with drift-induced carrier separation
and shortened diffusion length, can suppress recombination
and improve charge extraction efficiency.®3%*°

To further increase the performance and value of products
formed by solar water splitting devices, the oxygen evolution
reaction (OER), which produces oxygen as a low-value bypro-
duct, can be replaced with an oxidation reaction that produces
high-value-added chemicals.’® One of the most promising
replacements is the glycerol oxidation reaction (GOR). As a
byproduct of the biodiesel industry, glycerol is abundant and
inexpensive. With an annual production exceeding 3-4 million
tons and a market cost of approximately $0.11 per kg, glycerol
is more economical than many alternative organic sub-
strates.” The GOR (0.4 Vgyg) is thermodynamically more
favourable than the OER (1.23 Vgyg), significantly reducing the
photovoltage requirement for PEC devices,>® thereby boosting
H, production.”® Also, glycerol oxidation can yield high-value
chemicals such as dihydroxyacetone and glyceraldehyde,
which hold much higher economic value than glycerol
itself.>>>> Among these products, dihydroxyacetone (DHA) is
particularly valuable, and recent studies have demonstrated
that BVO photoanodes can achieve selective oxidation of gly-
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cerol to DHA with high efficiency.’® Also, PEC-driven routes
have been shown to be more efficient and cost-effective than
conventional methods such as microbial fermentation or
thermal catalytic processes.>”">

In this work, we present a method for decorating fluorine-
doped tin oxide (FTO) with plasmonic Pd NPs. On top of these
Pd NPs, we then grow a BVO layer (BVO-coated Pd). Using UV-
vis spectroscopy we demonstrated the plasmonic nature of
these Pd NPs and using X-ray diffraction (XRD) and Raman
spectroscopy we confirmed the crystal structures of Pd and
BVO. The PEC performance of the modified samples showed
that the presence of plasmonic Pd NPs significantly improved
the onset potential and plateau photocurrent density in
current-voltage (J-V) curves and quantum efficiency of light
conversion in incident photon-to-current conversion efficiency
(IPCE) measurements. TAS was also applied to study the
charge carrier behaviour in the BVO-coated Pd samples, reveal-
ing unique absorption signals associated with plasmonic
energy transfer. To further resolve the spectrally and tem-
porally overlapping signals in TAS, we applied a model-free
global analysis based on a genetic algorithm to extract distinct
kinetic components. Overall, the improved performance of
BVO-coated Pd provides a new strategy for enhancing the per-
formance of PEC devices, with further insights into the mecha-
nism of this enhancement revealed by time-resolved studies of
their charge carrier behaviour.

2. Experimental section

2.1. Synthesis of bismuth vanadate (BVO) and Pd decoration
by aerosol-assisted chemical vapor deposition (AACVD)

BVO films were fabricated in an aerosol-assisted chemical
vapor deposition (AACVD) setup on FTO coated substrates
(TEC 15, 2.5 x 1.3 c¢m, Pilkington NSG). The precursor solution
was vanadium acetylacetonate (V(acac)s, 0.073 g) and triphenyl
bismuth (Bi(Ph);, 0.088 g) dissolved in a mixture of acetone
and methanol (40 ml, 3:1). This solution was aerosolized
using a humidifier (Liqui-fog®, Johnson Matthey, ~1.6 MHz
operating frequency) and then carried into the reactor by air at
a flow rate of 5 L min~". The aerosol was directed over the
heated FTO substrate surface at 400 °C, leading to the depo-
sition of BVO films. The films were later annealed in a muffle
furnace (Nabertherm, L-092K1RN1) in air at 500 °C for
2 hours.

The BVO-coated Pd samples were prepared with a similar
process. The Pd NPs are deposited on FTO with a precursor
solution of palladium acetylacetonate (Pd(acac),, X mg, X = 1,
2, 4, 8, 12, 20) dissolved in 25 mL of methanol carried by N, at
a flow rate of 2 L min~". The samples were cooled in N, atmo-
sphere before the synthesis of BVO films via AACVD on its
surface.

2.2. X-ray diffraction

X-ray diffraction (XRD) patterns were obtained using a Bruker
D2 Phaser diffractometer featuring a PSD Linx Eye silicon strip

This journal is © the Partner Organisations 2025
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detector. The X-rays were generated with Cu K, radiation (1 =
1.54056 A) and Cu K, radiation (A = 1.54439 A) at an intensity
ratio of 2:1. Measurements were conducted on all samples
over a 20 range of 15° to 70°, with an angular increment of
0.03° and 1 s per step. The crystallite sizes were estimated
using the Debye-Scherrer equation:*®

D K2
" Peosd

(1)

where D is the average diameter of the Pd particles, K is the
shape factor (set to 0.9),°* 1 is the X-ray wavelength (1.54056 A
for Cu Ka, radiation), g is the full width at half maximum
observed (FWHM), and 6 is the Bragg angle.

2.3. UV-vis

Transmittance and total reflectance spectra were measured
using a SHIMADZU UV-vis spectrometer (UV-2600) with inte-
grating sphere. The data was collected over the wavelength
range of 400 nm to 700 nm with resolution of 0.1 nm.
Absorptance spectra were calculated by subtracting the trans-
mittance and total reflectance from unity.

2.4. Photoelectrochemical measurements

All photoelectrochemical measurements conducted
under a three-electrode system with a cappuccino cell®® using
an Autolab potentiostat (PGSTAT101, Metrohm). The three-
electrode system consisted of Pt mesh counter electrode as the
cathode, an Ag/AgCl saturated KCI reference electrode and the
working electrode as the anode. All measurements were
carried out from the BVO side (front illumination) with an
electrolyte of 0.5 M Na,SO, and 0.1 M K,HPO,/KH,PO, buffer
(pH = 7). The actual applied voltage was reported against the
reversible hydrogen electrode (Vryg), obtained with the Nernst

equation:

were

Viie = Vag/agal T Exg/agal -+ 00591 X pH. (2)

In this equation, Vyg/agc is the applied potential against Ag/
AgCl reference electrode, while EZg/AgCl is the reference elec-
trode standard potential.

Linear scan voltammetry (LSV) was utilized to measure the
performance of our photoanodes in the light and dark across
a range of applied voltages (with a scan rate of 25 mV s™%).
Chronoamperometry was utilised the measure the perform-
ance of our photoanodes in the light and dark at a fixed
applied potential. All measurements were conducted under 1
sun simulated (white light) illumination provided by a 75 W
Xenon lamp (Hamamatsu) with a KG3 filter.

IPCE was used to characterize the photocatalyst efficiency
in converting photons to current under monochromatic light
from 250-600 nm (produced by the same 75 W Xenon lamp
with a monochromator) (OBB-2001, Photon Technology
International). The intensity of the monochromatic light was
measured by an optical power meter (PM100D, Thorlabs) with
a power sensor (S120UV, Thorlabs). Chronoamperometry (CA)
is used to apply a constant potential and measure current over
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time under different wavelength of monochromatic light and
was also used to evaluate the stability and performance of
photocatalysts in water splitting under equilibrium. The IPCE
was calculated using the equation:

239I;n

1
IPCE = x 100% (3)

le’lO}'

In this equation, I, (mA cm™>) is the photogenerated

current density. Prono (MW cm™2) and A (nm) is the measured

power and wavelength of the monochromatic light. 1239 is a

constant derived from Planck’s constant, the speed of light,

and the electronvolt conversion factor, used to relate photon
energy to wavelength in nanometres.

2.5. Scanning electron microscopy (SEM)

A SEM system (Zeiss Gemini Sigma300 FEG) in secondary elec-
tron mode is used to image the samples using an electron
beam accelerating voltage of 5 kv and a working distance of
~5 mm. Signals of Energy Dispersive X-ray spectroscopy are
shown with 10 points Savitzky-Golay smoothing on elemental
signals.

2.6. Raman spectroscopy measurements

Raman spectroscopy measurements were taken with a Horiba
LabRAM HR Evolution microscope at room temperature with a
532 nm green laser operating at 10% laser power, within 50 to
1000 cm ™! wavenumbers and a resolution of 0.52 cm™".
2.7. Transient absorption spectroscopy (TAS) and global
analysis (GA)

The ultrafast transient absorption system uses a regeneratively
amplified Ti:sapphire laser (Solstice, Spectra-Physics) to
produce 800 nm laser pulses with a width of 92 fs at 1 kHz rep-
etition rate. After the Solstice amplifier, pulses are split into
pump and probe pulses. The pump pulse is tuned for wave-
lengths from ~290 nm to NIR using an optical parametric
amplifier and a frequency mixer. The probe pulse is delayed by
up to ~6 ns using a delay stage and then transformed into a
white light continuum by focusing it through a sapphire
crystal. This continuum covers a broad wavelength range and
is split into two: one for probing the sample and the other for
reference. Both are analysed using separate multichannel spec-
trometers. AA between the excited and ground states are
measured by blocking alternate pump pulses with a rotating
optical chopper. In this TAS measurement, BVO films and
BVO-coated Pd samples are excited by a 400 nm pump when a
delay probe is used to measure the A4 in a visible continuum
(450-700 nm) within the timescale from ~100 fs to ~6 ns. All
tests are done under front illumination.

Furthermore, global analysis (GA) was utilized to combine
data from different time points to fit models, helping to under-
stand how dynamic processes evolve over time. In mathemat-
ics, global analysis, also known as analysis on manifolds,
focuses on the global and topological characteristics of differ-
ential equations defined on manifolds and vector bundles. It
employs methods from infinite-dimensional manifold theory

Inorg. Chem. Front., 2025, 12, 8785-8799 | 8787
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and the topology of mappings to classify the behaviour of
differential equations, especially nonlinear ones. Global ana-
lysis of TAS data simultaneously fits a model to data from mul-
tiple time-resolved spectra to reveal separate dynamic pro-
cesses. This approach enhances parameter accuracy by inte-
grating data across different delay times and experimental con-
ditions. It provides a holistic view of carrier dynamics and
other transient phenomena, offering deeper insights than iso-
lated analyses. MATLAB (R2020b) software was used to
conduct global analysis for TAS measurements with a two-com-
partment model.

3. Results and discussion

In Fig. 1a, the XRD pattern collected from Pd-decorated glass
(8 mg precursor) reveals a peak at 26 = 40.1° and 46.8°,
assigned to the (111) and (200) plane of face-centred cubic Pd
(ICSD PDF #46-1043, space group Fm3m, a = b = ¢ = 3.89 A),
confirming crystalline Pd growth. The diffraction patterns in
Fig. 1b confirm the formation of the monoclinic BVO phase
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(ICSD PDF #48-0744) in all BVO-containing samples, with
peaks from the underlying FTO substrate also observed (ICSD
PDF # 99-000-0607). Sharper and more intense peaks are
observed in the sample coated on Pd, indicating improved
crystallinity of the BVO layer promoted by the Pd nanoparticles
that reside underneath. The annealing step at 500 °C also
improves the crystallinity of BVO, as evidenced by the sharper
diffraction peaks in the XRD patterns (Fig. S1), while the FTO
substrate remains unchanged. This treatment enhances the
structural quality of the photoanode, further contributing to
the improved PEC performance we observe. The crystallite
sizes were estimated using the Debye-Scherrer equation (eqn
(1)),>° with sizes from select peaks of the Pd and BVO phases
summarized in Table 1.

While Pd crystallites are ~30 nm in size, the BVO crystallites
range from ~82.4 to 97.4 nm. A notable increase in BVO crys-
tallite size is observed upon Pd loading (from 98.3 to
122.6 nm), suggesting a Pd-induced enhancement in crystal
growth. These values represent lower bounds, as they do not
account for structural defects or particle agglomeration seen
in SEM images (Fig. 2).
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(a) XRD pattern of glass decorated with Pd from 8 mg precursor, standard Pd data obtained from the ICSD PDF #46-1043, and standard PdO

data obtained from the ICSD PDF #46-1211. (b) XRD patterns of BVO, BVO-coated Pd from 2 mg precursor, standard BVO data obtained from the
ICSD PDF #48-0744 and standard SnO, data (i.e. FTO) obtained from the ICSD PDF #48-0744. (c) Absorptance spectra of Pd-coated FTO samples
and FTO. (d) Average absorptance spectra of BVO and BVO-coated Pd sample, with three distinct samples used to produce the average.
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Table 1 Crystallite sizes (D) of Pd and BVO samples calculated using
the Debye—Scherrer equation from selected XRD peaks

Peak position  Peak FWHM f  Crystal size
20 (°) assignment  (rad) D (nm)
Pd on FTO 8 mg 40.1 Pd (111) 0.063 28.8
46.8 Pd (200) 0.052 39.8
BVO 40 ml 18.9 BVO (101) 0.017 85.9
28.8 BVO (112) 0.019 82.4
37.7 BVO (114) 0.018 97.4
BVO-coated Pd 2 mg 18.9 BVO (101) 0.015 98.3
28.9 BVO (112) 0.013 122.6
37.8 BVO (114) 0.015 114.3

Optical absorption measurements in Fig. 1c show that
Pd-coated FTO substrates exhibit markedly higher absorptance
than bare FTO. The broad spectral response of these samples
is consistent with a broadband plasmonic effect, attributed to
the size and shape variation of the Pd nanoparticles.®"**
Fig. 1d presents the averaged absorptance spectra of BVO and
Pd-coated BVO samples with varying Pd precursor amounts.
All Pd-containing samples display enhanced absorption from
250 nm to 700 nm, likely resulting from LSPR and surface
plasmon polariton effects introduced by the Pd-semi-
conductor interface.”®®? Fig. S2 shows the average absorptance
spectra with one standard deviation error and Fig. S3 shows
the transmittance and reflectance spectra of all samples.

As further shown in Fig. S4a and b, the Raman spectra con-
firmed the characteristic peaks of monoclinic BVO, which
remained unchanged with small Pd loadings beneath the BVO
layer, while heavy Pd deposition disrupted BVO crystallinity.®*
A weak feature around 650 cm™" was observed for the 2 mg Pd
sample, likely originating from the FTO substrate and
enhanced through a surface-enhanced Raman scattering
effect, which could further attest the plasmonic behavior of Pd
on FTO.%

The fabrication process of BVO-coated (i.e. BVO-coated) Pd
electrodes is illustrated in Fig. 2a. Pd nanoparticles were first
deposited on FTO substrates using an AACVD process. The
aerosol of Pd(acac), dissolved in methanol was carried using
nitrogen gas into a reactor held at 400 °C, where the thermal
decomposition of the precursor resulted in Pd NP formation.
This was followed by the AACVD deposition of a BVO layer
from the aerosol of Bi(Ph); and V(acac); dissolved in an
acetone: methanol mixture carried using air into a reactor held
at 400 °C. By varying the Pd precursor transferred (2-8 mg),
different surface coverages were achieved (Fig. S5).

Top-down scanning electron microscopy (SEM) images
reveal the evolution of surface morphology with increasing Pd
precursor. The pristine FTO surface (Fig. 2b) is composed of
densely packed, polycrystalline grains with irregular shapes
and sharp boundaries.®® This texture is characteristic of FTO
and beneficial for light scattering and film adhesion. Upon
deposition using 2 mg Pd precursor (Fig. 2¢), uniformly dis-
tributed Pd nanoparticles with diameters around 5 nm appear
on the FTO surface. At 4 mg of precursor transfer (Fig. 2d), the
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View Article Online

Research Article

density of Pd increases, and particles begin to cluster with
sizes around 10 nm. Further increasing the precursor transfer
to 8 mg (Fig. 2e) leads to extensive surface coverage by Pd
nanoparticles, some of which grow to ~30 nm, along with a
background population of smaller clusters. Top-down SEM
images of an exemplar BVO-coated 8 mg sample is shown in
Fig. S6, with the BVO layer seen to completely cover the Pd par-
ticles beneath, forming globular structures around 200 nm in
diameter.

Cross-sectional analyses of the BVO-coated Pd sample are
shown in Fig. 2f and g. A line scan energy-dispersive X-ray
spectroscopy (EDS) across the vertical interface confirms the
presence and distribution of Si, Bi, Pd, Sn, and V elements.
The BVO layer is ~200 nm thick and lies on a ~500 nm FTO
substrate. The clear signal of the Pd layer embedded beneath
BVO further indicates good integration between the metal and
semiconductor. The BVO layer also acts as a protective layer,
preventing Pd from being oxidized to PdO under an applied
positive voltage, as shown in the Pourbaix diagram in Fig. S7.
With increasing Pd loading, the overall nanoparticle coverage
increases, which can enhance the plasmonic effect and light
absorption. However, excessive Pd may compromise the photo-
electrochemical performance of the photoanode due to two
factors. Firstly, strong plasmonic coupling between neighbour-
ing Pd particles can dampen the LSPR, reducing its beneficial
optical effects.®”®® Secondly, a higher density of Pd may intro-
duce energy level misalignment at the metal-semiconductor
interface, potentially forming a Schottky barrier that hinders
efficient charge transfer and promotes carrier accumulation.
Control over nanoparticle loading is therefore critical. While
moderate Pd incorporation promotes light absorption and
charge separation, excessive aggregation may diminish the
overall photoelectrochemical activity.

PEC measurements were conducted to evaluate the effect of
Pd NPs incorporation on the performance of the BVO photo-
anodes. As shown in the linear sweep voltammetry (LSV)
curves under front-side illumination (Fig. 3a), all BVO-coated
Pd samples display improved photocurrent densities compared
to pristine BVO. Among them, the BVO-coated Pd 4 mg sample
achieves the highest current density of 0.85 mA cm™> at 1.23
Vrug, corresponding to a 36% improvement relative to bare
BVO. Upon introducing 0.5 M glycerol as a hole scavenger
(Fig. 3b), the photocurrent of BVO-coated Pd 4 mg further
increases to 1.58 mA cm™> at the same potential. This rep-
resents a 32% enhancement compared to BVO with glycerol,
and a total increase of 158% when compared to bare BVO
without glycerol. These results highlight the synergistic role of
Pd and glycerol in promoting charge separation and suppres-
sing recombination. JV curves for a range of glycerol concen-
trations (0.1 to 1.5 M) are shown for both the bare BVO and
BVO-coated Pd 4 mg samples in Fig. S8, where optimal activity
was seen at 0.5 M glycerol in both cases.

The stability of the photoanodes was examined using
chopped light chronoamperometry, as shown in Fig. 3c and d.
In the absence of glycerol (Fig. 3c), the bare BVO electrode
exhibited a rapid decay in photocurrent over time, which is
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Fig. 2 (a) Schematic of our fabrication process of BVO-coated Pd and the surface decoration of FTO. Top-down SEM images of (b) FTO, (c) glass
decorated with Pd from 2 mg precursor, (d) glass decorated with Pd from 4 mg precursor, (e) glass decorated with Pd from 8 mg precursor. The
main images are measured at a magnification of 100k while the insets are measured at a magnification of 400k. (f) Linear scan energy dispersive
X-ray spectroscopy of BVO-coated Pd 8 mg. (g) A side-on view of BVO-coated Pd 8 mg showing the approximate thicknesses of the BVO layer
(~200 nm) and FTO substrate (~500 nm) taken at a magnification of 100k. All SEM images are measured with 5 keV electron beam power.
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Fig. 3

(a) Forward scanning LSV measurements of BVO-coated Pd and BVO photoanodes. (b) LSV measurement of BVO-coated Pd from 4 mg pre-

cursor and BVO photoanodes with an addition of 0.5 M glycerol. Chopped photocurrent density-time profiles of BVO and BVO-coated Pd photo-
anodes at an applied voltage of 1.23 Ve (c) without addition of glycerol and (d) with an addition of 0.5 M glycerol. An automatic chopper is used to
modulate light on/off with a frequency of 30s. Conditions: front illumination, electrolyte 0.5 M Na,SO, (aq) + 0.1 M K,HPO4/KH,PO,, pH 7, under

illumination with a 75 W Xe lamp with a KG3 filter set to match the intensity, 100 mW cm™2 of 1 sun condition, Scan rate: 25 mV s,

commonly attributed to surface recombination and the
accumulation of oxygen or oxidation byproducts.®® In contrast,
BVO-coated Pd 4 mg maintained a higher initial photocurrent
and exhibited significantly improved stability, retaining 58.1%
of its initial value after 2 hours, whereas bare BVO retained
only 10.6%.”° In the presence of 0.5 M glycerol (Fig. 3d), both
BVO and BVO-coated Pd 4 mg showed enhanced photocurrent
retention due to the suppression of competitive water oxi-
dation and side reactions.”“”> Nonetheless, BVO-coated Pd
4 mg continued to outperform bare BVO, with 49.5% retention

This journal is © the Partner Organisations 2025

1

compared to 36.3% after 2 hours, suggesting that the Pd nano-
particles provide additional functional benefits beyond the
effect of the hole scavenger alone. "H NMR measurements of
aliquots from bare BVO samples indicated that the oxidation
products of glycerol were dihydroxyacetone (DHA) and formic
acid (FA), in an approximate ratio of 1:2 (Fig. S9). Control
experiments confirmed that Pd nanoparticles alone are
unstable under bias. As shown in Fig. S10, Pd/FTO exhibited a
high initial current that rapidly decayed in successive scans,
with CV curves indicating Pd redox transitions consistent with
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its thermodynamic instability. Similarly, Pd deposited on top
of BVO also showed a progressive photocurrent loss upon
repeated scans (Fig. S11), highlighting the BVO-coated Pd
structure preserve its plasmonic contribution in PEC
applications.

The overall improvement in PEC performance can be attrib-
uted to multiple roles by the Pd NPs. The LSPR effect of Pd
enhances visible light absorption, while the formation of a
Schottky junction at the Pd/BVO interface facilitates charge
separation, preventing charge recombination at the surface.”®
Furthermore, Pd sites may provide additional transfer route,
which act as temporary sinks for photogenerated electrons,
reducing surface recombination and delaying product accumu-
lation. These effects collectively contribute to both improved
initial photocurrent and enhanced long-term stability.

IPCE measurements were performed at 1.23 Viyg to further
evaluate the photo response of the photoanodes under mono-
chromatic illumination. Fig. 4a shows the IPCE spectra of BVO
with varying concentrations of glycerol. A gradual increase in
IPCE is observed as the glycerol concentration is increased
from 0.1 M to 0.5 M, after which the enhancement plateaus.
This trend suggests that at 0.5 M glycerol a mass transfer limit
is reached, where further additions of glycerol does not result
in further improvements in hole carrier extraction. A similar
behaviour is observed for the BVO-coated Pd 4 mg sample
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(Fig. 4b), where the IPCE also peaks at 0.5 M glycerol, confirm-
ing that glycerol benefits this system by facilitating more
efficient charge separation. Additional IPCE spectra at 1.23
Vrue for a range of BVO-coated Pd samples (1, 2 and 8 mg) ata
range of glycerol concentrations (0.1 to 1.5 M) are shown in
Fig. S12, with optimal activity seen at 0.5 M.

Direct comparison of IPCE spectra with and without gly-
cerol addition is shown in Fig. 4c and d. In the presence of 0.5
M glycerol, the IPCE of BVO increases by approximately 10%
across the measured wavelength range, whereas the BVO-
coated Pd 4 mg sample exhibits a more substantial improve-
ment of around 20%. The maximum IPCE of BVO-coated Pd
reaches above 45% under these conditions, significantly
exceeding that of bare BVO without glycerol, which remains
around 15%. These results underscore the superior light-har-
vesting and interfacial charge transfer properties of the BVO-
coated Pd photoanode.

The enhancement in IPCE can be attributed to the com-
bined effects of glycerol oxidation and Pd plasmonic behav-
iour. Glycerol acts as a sacrificial hole donor, driving the GOR,
which is more thermodynamically favourable than the OER.”?
This reaction significantly boosts IPCE as glycerol oxidation
reduces charge-transfer resistance,”* with IPCEs of ~55% seen
in glycerol-enhanced PEC systems.””> Meanwhile, the presence
of Pd NPs contributes through LSPR, extending the range of
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(a) IPCE spectra of BVO with and without the addition of 0.1, 0.5, 1.0 and 1.5 M glycerol, measured at 1.23 VgyE. (b) IPCE spectra of BVO-

coated Pd from 4 mg precursor with and without the addition of 0.1, 0.5, 1 and 1.5 M glycerol, measured at 1.23 Vgye. (c) IPCE spectra of BVO-
coated Pd from 4 mg precursor and BVO without the addition of glycerol measured at 1.23 Vgye. (d) IPCE spectra of BVO-coated Pd from 4 mg pre-
cursor and BVO with the addition of 0.5 M glycerol, measured at 1.23 Vrye. All IPCE spectra are produced with data from three samples, with uncer-
tainty bars of each data point calculated with a standard deviation of 16 shown. Conditions: front illumination, electrolyte 0.5 M Na,SO,4 (aq) + 0.1 M
KoHPO4/KH,PO4, pH 7, under illumination by a 75 W Xe lamp with a KG3 filter, set to match the intensity of 100 mW cm™2 for 1 sun intensity.
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light absorption and providing additional excitation and elec-
tron-transfer pathways, which reduce bulk and surface recom-
bination losses. The synergy between enhanced hole extraction
by glycerol and improved electron dynamics via Pd plasmonic
effects leads to a marked increase in the photoanode’s external
quantum efficiency and PEC activity.

Transient absorption spectroscopy (TAS) was further per-
formed to investigate the ultrafast charge carrier dynamics in
BVO and Pd-modified BVO photoelectrodes. In TAS, positive
AA signals are primarily attributed to excited-state absorption
(ESA), or the absorption by photogenerated intermediate
species, whereas negative AA signals typically arise from
ground-state bleaching (GSB) or stimulated emission.”>’® In
the case of BVO, the dominant contributors to the positive
transient signals are generally associated with ESA from photo-
generated electrons and absorption features related to hole
trapping.”” % In the sub-500 nm region, especially near
470 nm, the signal is primarily attributed to ESA by elec-
trons.” In contrast, the absorption above 500 nm is domi-
nated by hole-related processes, particularly transitions invol-
ving trapped holes at or near the surface. While earlier
interpretations generally assigned the 470 nm peak to photo-
generated hole absorption, more recent experimental and
modelling studies suggest that ESA by conduction band elec-
trons and electron polarons is the predominant mechanism in
this range.”®®® Therefore, both spectral position and time
dynamics must be considered to accurately identify the contri-
buting charge carrier species. Power dependence TA (0.4 to
1.4 yJ per pulse) for both BVO and BVO-coated Pd 4 mg in an

View Article Online
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N, environment are shown in Fig. S13a. To exclude the poss-
ible influence of O, in the air, a comparison of the TA
measured in an N, environment for BVO and BVO-coated Pd
samples with 2 and 4 mg of precursor are shown in Fig. S13b,
which indicates similar results to those seen in air in Fig. 5.

Fig. 5a and b compare the TA spectral evolution of pristine
BVO and BVO-coated Pd 4 mg samples from 100 fs to 5000 ps
under 400 nm pump excitation. Both samples exhibit a promi-
nent positive AA feature centred near 470 nm, corresponding
to excited-state absorption of photogenerated electrons.®' The
BVO-coated Pd samples show a higher amplitude and broader
response extending into the near-infrared (NIR) region, indi-
cating more efficient electron generation due to plasmon-
enhanced excitation. The broad NIR signal is characteristic of
LSPR in Pd nanoparticles,®* where it was previously suggested
that hot electrons of the plasmon may be injected into the
semiconductor conduction band or shallow trap states.*"%?

In the BVO-coated Pd samples, the early-time (<~1 ps) the
positive TA signals in the >500 nm region (denoted as Region
C in Fig. 5b) increase in intensity as Pd loading increases
(Fig. 5c). This enhancement suggests that Pd incorporation
introduces plasmonic-coupled states participating and facili-
tating charge separation. The respective electron transfer chan-
nels have transient character that reduces the probability of
direct electron-hole recombination, effectively prolonging
charge carrier lifetime.”%*

In addition, BVO-coated Pd from 4 mg precursor shows a
significantly stronger TA signal in the sub-470 nm region
(Region B in Fig. 5b) compared to pristine BVO. This spectral
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Fig. 5 Transient absorption spectra from 100 fs to 6000 ps after the pump for: (a) BVO and (b) BVO-coated Pd from 4 mg precursor. (c) Transient
absorption spectra and kinetics of BVO and BVO-coated Pd with deposition precursors of 2, 4, 8, & 20 mg measured with 1 pJ 400 nm pump and
visible probe in a time scale of 1 ps. (d) Pd on FTO from 2 mg precursor. (e) Pd on FTO from 4 mg precursor. All measurements were conducted with
a 400 nm pump with power of 1.04 pJ and visible probe in an N, atmosphere. (f) Comparison between the TAS decay signals in BVO and BVO-
coated Pd from 2, 4, 8 mg precursor samples at the probe wavelength of 480 nm.
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range is generally attributed to ESA by conduction band elec-
trons or electron polarons. The increased signal in this region
points to a higher density of excited electrons, which is con-
sistent with hot electron injection from Pd into the BVO con-
duction band. This observation further supports the existence
of a plasmon-induced or catalytically facilitated hot electron
transfer process, which elevates the early-time electron popu-
lation in the TAS measurement window.

Fig. 5c demonstrates the influence of Pd loading on the
transient spectra. As the amount of Pd precursor increases
from 2 to 20 mg, the NIR transient absorption amplitude
becomes progressively stronger. This observation is consistent
with enhanced LSPR excitation and the generation of a greater
number of hot carriers.”®®®> These carriers be can either
directly injected into the BVO layer or transfer energy through
near-field coupling, improving charge separation and delaying
recombination. Notably, the BVO-coated Pd 20 mg sample
exhibits the strongest TA response, suggesting maximum plas-
monic enhancement at the highest loading level.

Fig. 5d and e show the transient spectra of Pd on FTO
samples from 2 and 4 mg precursor, respectively. Short-lived
features within the first few hundred femtoseconds are

View Article Online
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observed, consistent with surface plasmon polariton (SPP)
excitation and subsequent hot carrier generation. The signals
decay rapidly, indicating fast thermalization and limited
charge retention in the absence of a semiconductor interface.
To assess electron dynamics, TAS decay profiles at a probe
wavelength of 480 nm are compared in Fig. 5f. All Pd-coated
samples exhibit longer-lived signals than pristine BVO, indicat-
ing suppressed recombination and enhanced charge stabiliz-
ation. Fitting results summarised in Table 2 reveal that the
second lifetime component (z,) of BVO is approximately 2.4
ns, while BVO-coated Pd samples show extended rz, values
from ~7 to 10 ns. The BVO-coated Pd 20 mg sample shows a
particularly long z; and 7,, indicating significant suppression
of charge recombination. This trend suggests that photogene-
rated electrons can transfer to the Pd NPs introduced plasmo-
nic-coupled states, thereby reducing the direct recombination
within the BVO.%*%%%” However, excessively high Pd loading
may also introduce drawbacks. In the case of the 20 mg
sample, the unusually long 7z, could originate from the for-
mation of deep interfacial trap states or reduced light pene-
tration due to nanoparticle overaccumulation. Although this
results in extended electron lifetime, it may also hinder light

Table 2 Fitting parameters of the TAS dataset collected with the BVO and BVO-coated Pd from 2, 4, 8 and 20 mg precursor electrodes

BVO BVO-coated Pd 2 mg BVO-coated Pd 4 mg BVO-coated Pd 8 mg BVO-coated Pd 20 mg
Tl(ps) 16+1 20+1 23+£2 41+3 59 +10
T, (ps) 2400 +£ 100 7800 +£ 1000 8200 + 2000 8500 = 2000 9800 + 2000
Ay 41% 42.60% 45.30% 43.90% 46.60%
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Fig. 6 Schematic of mechanisms of charge transport in (a) BVO and (d) BVO-coated Pd. Global analysis of simulated data from a two-compartment

model: (b) the species associated spectra (SAS) and (c) decay traces of BVO.
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from reaching the BVO layer, potentially limiting PEC
performance.

To better resolve the overlapping spectral and temporal sig-
natures in the transient absorption data, we applied a two-com-
ponent global analysis based on a genetic algorithm. This
model-free fitting approach separates the measured signal into
two spectrally and kinetically distinct components, which are
presented for two representative samples in Fig. 6. Panels (b)
and (e) display the normalized spectra of the extracted com-
ponents, while panels (c) and (f) show their corresponding
decay traces across the probed time window. These plots allow
direct identification of the contributing species and their tem-
poral evolution.*” The GA analyses for BVO-coated Pd 8 mg and
BVO-coated Pd 20 mg are shown in Fig. S14, and the detailed
methodology and description can be found in the SI (Fig. S15).

The schematic diagrams in Fig. 6a and d summarize the
proposed photoinduced charge carrier dynamics in pristine
BVO and BVO-coated Pd. In the pristine system (Fig. 6a),
photogenerated electrons and holes are rapidly trapped within
a few picoseconds and then recombine on the nanosecond
timescale, limiting both carrier lifetime and photoelectro-
chemical efficiency. Upon Pd incorporation (Fig. 6d), two ben-
eficial effects emerge: (i) the formation of plasmon-coupled
states that extend hole lifetime, and (ii) the injection of hot
electrons from Pd into the BVO conduction band, increasing
the conduction electron population. Together, these processes
suppress recombination and enhance the usable charge
carrier density under illumination.®*%

The global analysis results shown in Fig. 6b, c, e and f
provide further support for these interpretations. Two distinct
spectrotemporal components were extracted from the datasets.
The first component (blue line), dominant in the >470 nm
region, corresponds to long-lived carriers and hole-related
absorption, especially from trapped holes. Its amplitude is sig-
nificantly higher in the Pd-modified sample (Fig. 6e) than in
pristine BVO (Fig. 6b), consistent with the presence of
additional plasmon-coupled states introduced by Pd. The
second component (red line), dominant below 470 nm, is
attributed to conduction band electrons or shallow traps. In
the BVO-coated Pd sample, this component appears more
intense within the first 10 ps (Fig. 6f), indicating a higher
initial electron population. This behaviour is consistent with
ultrafast hot electron injection from Pd nanoparticles into
BVO. Taken together, these findings support the dual role of
Pd in improving charge separation through both increased
hole trapping and enhanced early-time electron injection.

4. Conclusions

In this study, we developed a synthetic route to BVO photo-
anodes decorated with plasmonic Pd nanoparticles using a
novel AACVD method to improve the efficiency of solar-driven
value-added glycerol oxidation. SEM, EDS, UV-vis, and XRD
confirmed that the introduction of Pd nanoparticles enhanced
visible light absorption through localized surface plasmon

This journal is © the Partner Organisations 2025
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resonance and promoted higher BVO crystallinity, which
benefits charge transport. Photoelectrochemical measure-
ments showed that a moderate Pd loading (prepared with
4 mg of Pd precursor) significantly increased photocurrent
density at 1.23 Vgyg, where the current rose from 0.62 mA
em~? without glycerol (in bare BVO samples) to 1.58 mA cm >
with glycerol (in BVO,4-coated Pd samples), as well as a boost of
the IPCE from ~15% to ~40%. Stability was also improved,
where under chopped light chronoamperometry for 2 hours
without glycerol, the Pd coated BVO,-coated Pd photoanode
retained 58.1% of its initial photocurrent, whereas the bare
BVO electrode only retained 10.6%. Transient absorption spec-
troscopy with global analysis revealed that Pd nanoparticles
introduced additional pathways for charge carrier transfer. Hot
electron injection from Pd into BVO increased conduction
band electron density shortly after photoexcitation, while new
plasmon-coupled states prolonged hole lifetime and reduced
recombination. Together, these findings highlight the poten-
tial of integrating plasmonic nanoparticles with BVO photo-
anodes to improve solar water splitting and selective organic
oxidation. We envisage that this strategy can be applied in
related systems to improve the efficiency, stability, and econ-
omic viability of solar fuels and chemicals production.
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