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Photoelectrochemical (PEC) CO, reduction offers a promising pathway for sustainable fuel generation
powered by sunlight. However, current PEC systems face two major challenges: inefficient charge
separation and limited visible-light absorption in conventional semiconductor photocatalysts. In this
study, we addressed these limitations through an innovative material design that integrates plasmonic
silver nanostructures with a SrTiOs perovskite, creating a high-performance and durable hybrid
photocathode for CO, reduction. The hybrid photocathode was fabricated via the spin-coating of
a SrTiOs film and the deposition of a thin plasmonic silver layer—either as an underlayer or an
overlayer—using physical vapor deposition (PVD). Notably, the silver underlayer beneath SrTiOs3
demonstrated remarkable performance under back illumination. The silver film served dual functions: it
extended light absorption into the visible spectrum through the localized surface plasmon resonance
(LSPR) and simultaneously suppressed charge This synergistic effect delivered
exceptional CO, reduction activity, achieving 80% faradaic efficiency for CO production at a low
potential of —0.8 V vs. RHE, with a CO generation rate of 12 pmol h™* mg~*—three times higher than

recombination.

that of pristine SrTiOs. These findings establish plasmonic-perovskite hybrids as a promising platform for
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) nanostructures—achieved here by embedding the metal layer beneath the semiconductor. The design
DOI: 10.1039/d5ta08535) principles demonstrated can be extended to other photocatalytic systems for renewable energy

rsc.li/materials-a applications.

remains a major challenge, necessitating the development of
advanced materials with superior catalytic and light-absorption

1 Introduction

The increasing concentration of carbon dioxide (CO,) in the
atmosphere, primarily due to fossil fuel combustion and
industrial activities, has led to severe environmental challenges,
including global warming and ocean acidification.! Innovative
approaches for CO, capture, storage, and conversion into value-
added chemicals and fuels are being explored to mitigate these
effects. Among these approaches, photoelectrochemical CO,
reduction (PECCR) has gained significant attention as it offers
a sustainable way to utilize sunlight and electricity to convert
CO, into hydrocarbons, alcohols, or syngas.> This process helps
reduce greenhouse gas emissions and provides a pathway for
producing renewable fuels, thereby addressing environmental
and energy concerns. However, achieving a high solar-to-
chemical efficiency and selectivity in PEC CO, reduction
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In recent years, titanium-based perovskite oxides, such as
strontium titanate (SrTiOz) and barium titanate (BaTiO;), have
emerged as promising photocatalysts for CO, reduction due to
their excellent chemical stability, suitable band edge positions,
and ability to drive multi-electron transfer reactions.*® SrTiO;
has been widely studied due to its high conduction band
potential, which enables efficient CO, reduction.® However, its
fast electron-hole pair recombination rate limits its utilization
as an efficient photocathode due to the unavailability of its
charge carriers for the reaction.” Moreover, its wide bandgap
(~3.2 eV) limits absorption to only the ultraviolet (UV) region.®
This necessitates modifications, such as doping, hetero-
structure formation, and surface engineering, to enhance the
visible-light-enhanced PEC activity. Interestingly, introducing
oxygen vacancies (O,) and coupling SrTiO; with plasmonic
nanoparticles, such as Ag, Cu, or Au, can improve charge
separation, modulate the Fermi level, and regulate the selec-
tivity toward the desired CO, reduction products.”*®
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Recent reviews have underscored the potential of plasmonic-
metal heterostructures in modulating CO, conversion pathways
via localised surface plasmon resonances (LSPR) and hot elec-
tron injection.” By carefully tuning particle size, morphology,
and interface chemistry, high solar fuel yields were recorded
under visible illumination.”” Systems, such as Au-SrTiOj,
benefit from strong visible LSPR and chemical robustness and
have demonstrated enhanced H, evolution and CO, reduc-
tion."” However, these systems rely on scarce and expensive
noble metals and are typically realised as nanoparticle decora-
tions rather than scalable underlayer architectures. Conversely,
Cu- or CuO-modified SrTiO; offers lower cost and extended
visible absorption via narrow-gap oxides and p-n hetero-
junction formation, but suffers from photocorrosion and a less
defined plasmonic response under reductive conditions.'* In
contrast, the Ag underlayer employed in this study combines
the strong visible-range plasmonic response of Ag with
a continuous metallic back contact, which simultaneously (i)
enhances local electromagnetic fields at the SrTiO; interface, (ii)
increases optical path length through reflective coupling, and
(iii) provides an efficient, low-resistance, electron-transfer
pathway. This architecture thus balances plasmonic perfor-
mance, stability, and economic viability in a way that is difficult
to achieve with Au or Cu-based SrTiO; hybrids.™

As such, a lot of attention has been given to materials
capable of supporting localized surface plasmon resonance due
to their unique ability to enhance light absorption, generate
energetic hot charge carriers, and create intense localized
electromagnetic fields. These effects collectively amplify the
efficiency of photoelectrochemical CO, reduction reactions
(PECRR)."* Fundamentally, LSPR arises from the resonant
oscillation of conduction electrons in metal nanostructures
when excited by light at specific wavelengths. This resonance
not only broadens the light absorption spectrum—especially
into the visible range—but also facilitates the generation of hot
electrons that can cross the Schottky barrier formed at metal/
semiconductor interfaces. These Schottky barriers act as effec-
tive electron traps, preventing rapid recombination by sepa-
rating charge carriers and prolonging electron lifetime within
the semiconductor.”” The extended lifetime enhances the
semiconductor's catalytic capability, improving the overall
photocatalytic efficiency.’ These advancements in Ti-based
perovskites hold great potential for scalable PEC systems that
can efficiently convert CO, into sustainable fuels, contributing
to the transition towards a carbon-neutral energy future. Recent
studies have further expanded the collective understanding of
catalytic pathways and material design for efficient CO,
electroreduction and photoreduction. For example, new catalyst
materials with atomic-level interface control have demonstrated
enhanced selectivity towards complex hydrocarbons and alco-
hols under mild operating conditions.”® Advances in under-
standing interfacial charge dynamics and reaction intermediate
stabilisation within engineered metal-oxide catalysts continue
to drive improvements in faradaic efficiency and product
distribution.*

Despite notable advancements, LSPR-coupled Ti-based
perovskites still encounter key challenges on two major
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fronts. From a photochemical standpoint, issues, such as the
photocorrosion of plasmonic components, nanoparticle aggre-
gation, and difficulties in precisely controlling particle size and
morphology continue to hinder PEC performance. Electro-
chemically, these systems often suffer from low reaction rates,
limited product selectivity, and inadequate long-term opera-
tional stability.>*** Emerging evidence points to the critical role
of catalyst surface engineering and encapsulation strategies in
mitigating photocorrosion and promoting long-term durability
under operational conditions.” These insights highlight the
necessity of integrating plasmonic enhancement mechanisms
with robust support materials to achieve synergistic improve-
ments in activity and stability.

To address these challenges, we have developed a series of
thin-film catalysts comprised of STO, which provided
electrolyte-induced corrosion resistance, combined with
a 30 nm thin silver (Ag) film as an LSPR generator. The catalysts
were fabricated via a combination of a spin-coating technique
and physical vapour deposition for efficient CO, reduction. Two
photocathode analogues were fabricated based on the differing
layer architectures relative to the STO layer. The FTO-Ag-STO
(UL-Ag-STO) configuration integrates a plasmonic silver film
as an underlayer beneath a SrTiO; semiconductor film, whilst
the FTO-STO-Ag (OL-Ag-STO) integrates a plasmonic silver film
on top of SrTiO; to unravel the inhibition of dynamic charge
transportation due to interfacial silver oxidation. Furthermore,
we assessed which type of illumination best enhanced the
concurrent photocurrents, which corroborated the significance
of device architecture in PEC assemblies.

The UL-Ag-STO photocathodes demonstrated superior
activity when operated under back-illumination conditions. By
leveraging silver's localized surface plasmon resonance
(LSPR),**** the hybrid catalyst significantly extended the light-
absorption range into the visible spectrum, while simulta-
neously generating energetic hot electrons.>®* These hot
carriers overcame the Schottky barrier at the Ag/STO inter-
face,”* and were injected into the semiconductor, enabling
efficient charge separation.*® The Schottky barrier further acted
as an electron trap, suppressing recombination and prolonging
the charge-carrier lifetime.*"** Coupled with back illumination
through the transparent substrate, this configuration maxi-
mized plasmonic excitation and enhanced interfacial charge
transfer, achieving a faradaic efficiency of 80% and a CO
production rate of 12 umol h™' mg™" at —0.8 V vs. RHE, thus
extending STO's performances as a photocathode.

2 Experimental section
2.1 Materials and chemicals

All chemicals were analytical grade and used without purifica-
tion unless stated otherwise. Sr(OH),-8H,0, KH,PO,, K,HPO,,
NaOH, and TiO, (21 nm, =99%) were procured from Merck,
India. FTO substrates were obtained from Alfa Aesar. Silver
granules were purchased from Sigma Aldrich. Ultrapure Ar and
N, gases from Sigma Gases, New Delhi, were passed through
moisture and oxygen traps, and gas purification panels before
they were used for the PEC experiments.

This journal is © The Royal Society of Chemistry 2025
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3 Synthesis and fabrication of SrTiO3
(STO) and Ag/STO catalysts

Pristine STO was synthesized following a literature-reported,
one-step hydrothermal method using TiO,, Sr(OH),-8H,O,
and NaOH for the hydrolytic attack on the Ti-O bond as per the
following equations:**

TiO, + 2H,0 +2 OH™ — [Ti(OH)e]*~ 1)
Sr** + [Ti(OH)*~ — StTiO; + 3H,0 )

After continuous stirring for ca. 20 min, a mixture of
12.5 mmol of Sr(OH),-8H,0, 12.5 mmol of TiO,, and 50 mL of
5 M NaOH was transferred into a Teflon-lined hydrothermal
autoclave of 100 mL capacity and heated at 180 °C for ca. 15 h.
The obtained white product was centrifuged, washed several
times with water, acetone, and HCI, and then dried in a vacuum
oven at 70 °C for about 24 hours before using it for physico-
chemical and electrochemical investigations.

3.1 Synthesis of Ag-SrTiO; heterojunctions

For the synthesis of the samples, a 6 mg mL ' solution of
strontium titanate (STO) was first prepared in isopropyl alcohol
(IPA) and sonicated to achieve a uniform dispersion. Each
sample was fabricated by spin-coating 100 pL of the STO
dispersion onto the substrate for 20 seconds at 2500 rpm; this
process was repeated a total of five times to improve uniformity
in the surface coverage. For the deposition of silver (Ag) on the
fluorine-doped tin oxide (FTO) substrates, a thickness of 30 nm
was selected and deposition was achieved using a nanoparticle
physical vapor deposition system (nanoPVD). Based on the
different sample architectures, two sets of samples were
prepared: in the first set, the FTO substrates were coated with
the STO layers as described above, after which Ag was deposited
on top; thus, completing the fabrication of the FTO/STO/Ag
films (OL-Ag-STO). In the second set, an Ag overlayer was first
deposited onto the FTO substrates before the sequential depo-
sition of the STO layers, thus resulting in the fabrication of the
FTO/Ag/STO films (UL-Ag-STO). This synthesis strategy (as well
as the individual constituents comprising FTO/STO and FTO/
Ag) allowed for a direct comparison of the effects of Ag posi-
tioning relative to the STO layer and its modulation of the
electronic properties.

4 Material characterization

X-ray diffraction (XRD) measurements were acquired using an
AERIS PANalytical Research Edition instrument. The setup
employed Cu Ka radiation (2 = 0.154 nm) at 40 kV and 7.5 mA
with scanning from 10° to 70°. Raman spectroscopy measure-
ments were then performed using a Renishaw inVia Raman
microscope (Renishaw, UK). The samples were analyzed with
a 515 nm laser excitation source. Lastly, sample surface
morphologies were analyzed using a Hitachi™4000II Scanning
Electron Microscope (SEM) to observe surface variations. KPFM
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measurements were carried out using an SKP5050 KP Tech-
nology System (tapping mode) by measuring the contact
potential differences between the various samples and the
KPFM tip. The work function for all the samples was calculated
using the following equation:

Psample = Ptip — € (SP) (3)

where @gmple denotes the respective work function of the
samples determined from the surface potential data (S.P),
whilst ¢y, represents the calibrated work function value of the
KPFM tip (4.97 eV).

5 PEC evaluation and product
quantification

Photoelectrochemical measurements were conducted using
Autolab 302 and CHI workstations in a Teflon-lined, two-
chamber, three-electrode setup with a quartz window. The
cathodic chamber contained a catalyst-modified FTO working
electrode, Ag/AgCl reference electrode in phosphate-buffered
saline (PBS, pH 7), an anodic chamber of Pt mesh as
a counter electrode in 0.2 M KOH (pH 13) coupled via a Nafion
117 membrane. The electrolytes were purged with ultrapure Ar
and CO, (flow rate: 20 scem) before measurements. The
potentials were converted to RHE using the equation: Eryg =
Engiagcicl (satxcr) T 0.197 +0.059 pH. The gaseous products (H,
and CO) were analysed by gas chromatography, with faradaic
efficiency and yield rates calculated using eqn (3) and (4),
respectively.**

e X Copm X F X fin X P
X

%F.E, —
ot RxTxi

100 (4)
ne X Ny X F

Rp(mol mg,,, " s7') = ;

(5)
where 7, is the number of electrons required for one molecule
of product, Cppr, is the ppm of the gaseous product formed, N,
is the number of moles of a liquid product, P is the ambient
pressure (101, 325 N m™?), f;, is the molar flow rate (sccm
mole "), T'is the ambient temperature, F is the Faraday constant
(96,485 C mol 1), R is the gas constant (8.314 J K ' mol %), Rp
(mole mg_ts ') is the yield rate of a particular product, and i is
the average current. Additional details about the F.E, calcula-
tions are mentioned in the SI.

6 Results and discussion
6.1 Structural characterizations

The resulting strontium titanate powder obtained following
Fig. 1a was first evaluated based on its crystal morphology,
which is sensitive to synthesis conditions.**** The DFT studies
show that the crystallographic facets and atomic terminations
were derived from the unique atomic configurations which
resulted in distinctive facets.*** Most notably, those facets had
different surface energies and favored anisotropic charge
separation and transfer towards these surface terminations. To
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(a) One-step autoclave synthesis of STO. (b) Step-by-step fabrication of the OL-Ag-STO and UL-Ag-STO photocathode heterostructures

via spin-coating and physical vapor deposition. (c) Crystal structure of the cubic perovskite phase space group Pm3m. (d) X-ray diffraction
patterns of UL-Ag-STO and OL-Ag-STO. (d—f) Ensuing variations in the Raman spectral response relative to the differences in architectures. (g—j)
Surface potential variations in FTO/STO, FTO/Ag, UL-Ag-STO, and OL-Ag-STO, respectively. (k) Work function differences extrapolated from the

average surface potential differences obtained from (f-i).

identify these, the XRD pattern illustrated in Fig. 1c provides
further insight into the structural characteristics of these
titanium-based materials. The diffraction peaks obtained from
the UL-Ag-STO films corresponded well with the characteristic
cubic perovskite phase (space group Pm3m), consistent with
literature values. Key diffraction angles are observed at 22.85°,
32.20°, 39.84°, 46.28°, 57.10°, and 67.40°, which were assigned
to the (100), (110), (111), (200), (211), and (220) planes of STO,
respectively.*® The presence of silver did not cause noticeable
shifts in the STO diffraction peaks, indicating that the under-
lying STO crystal structure remained intact and unaffected by
the Ag overlayer. This observation confirms that the Ag film did
not alter the fundamental lattice parameters or crystalline
phase of STO, thereby demonstrating the structural stability of
STO upon integration with the Ag plasmonic layer.*”

Raman spectroscopy was then employed to assess the
chemical bond signature of the concurrent heterostructures.

J. Mater. Chem. A

We observed a combination of vibrational modes from both Ag
and STO, as depicted in Fig. 1d and e. The STO component
exhibits characteristic vibrational peaks at 178, 282.4, 545, and
802 cm™*, which describe the first-order phonon modes, TO,,
TOj, TO,4, and LO,, associated with the O-Sr-O bending modes,
and the Ti-O-Ti bending and stretching modes,
respectively.***° The Raman spectra for the UL-Ag-STO and OL-
Ag-STO heterostructures revealed more complex modifications
in their vibrational properties compared to the FTO/STO refer-
ence. Notably, the characteristic STO peak at approximately
545 cm ' disappeared in both the Ag-containing structures,
regardless of the stacking order. Although the low-frequency
region associated with STO can still be identified in these
samples, a significant drop in intensity was observed in the
spectral region where the STO peak was previously prominent.
These observations strongly suggest that the incorporation of
the Ag underlayer onto STO significantly modified charge

This journal is © The Royal Society of Chemistry 2025
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transfer and resulted in strong electronic interactions at the
interface.**> This led to the formation of collective phonon-
plasmon-mediated modes, wherein the Ag-coupled STO
exhibited hybridized modes, which are observed in the Raman
spectra and likely reflect a complex interplay between the
metallic electronic states and STO lattice. This mechanism not
only highlights the modifications in the interfacial vibrational
signature, but also sets the stage for alternative ways of boosting
charge transport and the creation of extra electron-hole pairs.*

To complement our previous observation and better under-
stand the interactions between STO and the Ag films, KPFM was
used to extrapolate the work function from the average distri-
bution of the surface potential associated with the various
samples. Fig. 1g to j depict surface potential variations along
a 200 pm X 200 um surface area. Subsequent histogram
distributions were used to obtain the average surface potential
(Fig. S1a-d) and thus calculate the work function.

The average surface potential of FTO/STO and FTO/Ag were
calculated to be —15.21 mV and —326.6 mV, resulting in a work
function of 4.99 eV and 5.3 eV, respectively. With an average SP
of 137.6 mV for UL-Ag-STO and 131.8 mV for UL-Ag-STO, both
these heterostructure samples exhibited lower work function
values of 4.83 eV and 4.84 eV, respectively (Fig. 1k). This
reduction in the work function is in good agreement with the
expected interfacial effects derived from the electronic redis-
tribution due to charge-transfer processes, which arose from

Fig. 2
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the Fermi level equilibration associated with Ag and STO,
allowing for a higher electron density near the interface of the
heterostructure, resulting in a higher CO, reduction.****
Furthermore, both OL-Ag-STO and UL-Ag-STO demonstrate
negligible differences in their work function, suggesting that
the stacking order did not influence the overall surface elec-
tronic density.*® Therefore, we can conclude that the deposition
of the conductive Ag film played a pivotal role in facilitating
charge redistribution by modulating the interfacial electronic
density via Fermi equilibration because of charge transfer.?®*°
We then concurrently employed field emission scanning
electron microscopy (FESEM) imaging to observe the STO
morphology of the UL-Ag-STO photocathodes, and elemental
mapping from energy-dispersive X-ray spectroscopy (EDS/
EDAX) to accurately quantify elemental distribution, as shown
in Fig. 2. The FESEM images in Fig. 2a-c show largely cuboidal
STO structures with a mean size of 100 nm, which were
dispersed on either FTO or the plasmonic silver film. EDS
(Fig. 2d-h) was then employed to analyze the elemental
composition of the UL-Ag-STO heterostructure, providing both
qualitative and quantitative information about oxygen (O),
titanium (Ti), strontium (Sr), and silver (Ag). The EDS results
further support the presence of Ag alongside the expected
constitutional elements of perovskite SrTiO;. Quantitative
analysis based on atomic percentages normalized to Ti yielded
an approximate empirical formula of Sr(ggy), Tif), O.05) and

16.7% 13.6%

2.2%

(o} Ti Sr Ag
Element

(a—c) Selected FESEM images of the UL-Ag-STO films. Figures (b) and (c) show the distributed STO crystals within the 500 nm and 100 nm

inset magnifications, respectively. (d—h) EDS elemental mapping highlighting the elemental distributions of STO and underlying Ag in UL-Ag-STO
films relative to the FESEM of figure (a). (i) Subsequent atomic ratios tabulated from the EDS spectra.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08539j

Open Access Article. Published on 03 December 2025. Downloaded on 1/11/2026 3:29:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Ag(o.13) With respective error margins of +0.05, 0.46, +0.001
for Sr, O, and Ag, respectively. The overarching results indicate
that the STO layer remained close to its ideal stoichiometry with
a slight Sr deficiency and minor oxygen measurement variation,
both of which are commonly expected due to instrumental
limitations and surface sensitivity. The presence of silver at
approximately 13% relative Ti, confirms its incorporation as
a discrete layer without disturbing the superposed STO
elemental composition.

6.2 Photoelectrochemical investigations

The primary PEC activity of the designed photocathodes was
investigated via cyclic voltammetry (CV), impedance spectros-
copy (EIS), and light-chopped chronoamperometry (CA) in PBS
under dark and light conditions. Under light illumination in the
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CO,-saturated PBS, UL-Ag-STO showed an enhanced current
density with an anodic shift (20 mV) and an onset potential of
0.5 mA cm~ > compared to the Ar-saturated PBS in the presence
and absence of light (Fig. 3a). All the CV spectra show two redox
peaks appearing between —0.089 V and —0.168 V vs. RHE,
arising from the Ag/Ag-OH or Ag/Ag-O redox processes.
Although the underlying redox chemistry is the same, the
number, position, and sharpness of these peaks changed under
different experimental conditions due to changes in the local
environment at the UL-Ag-STO-PBS interface. For instance,
under Ar and dark conditions, the interface remained in its
most electronically uncomplicated state, without photogene-
rated carriers or CO,-related surface chemistry; hence, a single,
well-defined Ag redox feature was observed around —0.109 V vs.
RHE, again attributed to the Ag'/Ag redox system. In contrast,
under illumination and/or in the presence of CO,, several
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Fig. 3 Photoelectrochemical response of UL-Ag-STO. (a) Cyclic voltammetry (CV) and consequent redox peak under various conditions, (b)
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interfacial factors evolved simultaneously, including changes in
the local pH, modification of the interfacial dipoles, and
adsorption of the CO,-derived species, such as bicarbonates or
carbonates. These processes altered the electronic structure of
Ag and modified the local environment, which collectively led to
the observed peak splitting, cathodic shifts and changes in the
peak shape observed in Fig. 3b.

The EIS response measured at —0.7 V vs. RHE in the frequency
region of 120 KHz-0.1 Hz with a perturbation amplitude of 10 mV
shows a similar trend to the CV response shown in Fig. 3c. All the
Nyquist plots for UL-Ag-STO were fitted using a two-time-constant
equivalent circuit (Rs (Ret1/CPE;)~(Rcto/CPE,)). The fitted EIS
spectra (Fig. S3 and Table S1) distinguished the high-frequency
process associated with electron transport across the FTO/Ag/
SrTiO; interface from the Ag/STO interfacial barrier (R, ). The low-
frequency process was attributed to charge transfer at the STO/PBS
interface (R.) for CO, reduction. The fitted values showed
a decrease in both the charge-transfer resistances (R.; and Re)
when transitioning from dark to light conditions, confirming that
illumination enhanced electron transport, which further acceler-
ated the charge-transfer kinetics for the PEC CO, reduction.
Notably, the smallest R, in the CO,-saturated PBS under light
illumination reflected the synergistic effect of photocarrier
generation and the plasmonic effect of the Ag layer on the inter-
facial charge-transfer kinetics. For instance, the chopped CA
response also depicted an enhanced photoresponse of UL-Ag-STO

a) 120 F ntIIIumlnat|on CO™™ H,
100 0.8 V vs RHE) .
S ITTTE

1 - K
B3 @ £ N2 z
°" 601 > 9 L »
w s $s825
LL 40 J B = mm
A R
201 j P e o
=) <
0
Catalyst
c)
Front side illumination
14
qr
£
O 2
<
3
o -31
(&)
-
-4 UL-Ag-STO Back side illumination
1.0 -09 -08 -0.7 -0.6
E (V vs RHE)

View Article Online

Journal of Materials Chemistry A

under light-illumination conditions (Fig. 3d). In contrast, the
other photocathodes depicted lower current densities and higher
charge-transfer resistances (R.) compared to the UL-Ag-STO
sample (Fig. S3), consistent with the trend: UL-Ag-STO < M-Ag-
STO < OL-Ag-STO < STO.

For product quantification, gas chromatography (GC) was
employed, which indicated the formation of CO as a major
PECRR product for all the photocathodes. Under a front side
illumination, we observed relative changes in the faradaic effi-
ciency as a function of the applied potentials ranging from —0.6
to —1 Vvs. RHE. Among all the designed photocathodes, UL-Ag-
STO showed a maximum FE of 60% for CO at —0.8 V vs. RHE
under light illumination (Fig. S4 and 3e). From these observa-
tions, we demonstrated a higher selectivity and faradaic effi-
ciency for CO at —0.8 V vs. RHE. To elucidate the role of
photoexcitation, the faradaic efficiency towards CO selectivity
was further evaluated at 0.8 V vs. RHE under both dark and
illuminated conditions (Fig. 3f). Under relatively dark condi-
tions, the photoinduced contributions quantitatively amounted
to a threefold enhancement in the faradaic efficiency for the
production of CO, thereby highlighting the positive impact has
on the electrochemical reduction.

Furthermore, we highlighted that the direction of light irradi-
ation significantly influenced photocatalytic activity, with back
illumination enhancing the performance of all the cathodes.
Under these conditions, UL-Ag-STO exhibited the largest
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Fig. 4 FE plots for the various photocathodes at an optimum potential: (a) front side illumination, (b) backside illumination, (c) yield rate
comparison, and (d) a comparison of the partial current density of CO for UL-Ag-STO under front and back illumination conditions in the CO,-

saturated PBS.
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improvement, with the faradaic efficiency for CO increasing from
60% to 80%, outperforming most reported STO- and Ag-based
photocathodes (Fig. 4b, Table S2 and S3 in SI). Whilst photoin-
duction generally benefits faradaic outputs, OL-Ag-STO and the
pristine Ag photocathode films were found to be unstable in
aqueous conditions under illumination, leading to a reduced
photocatalytic activity compared to UL-Ag-STO (Fig. S4).

The enhanced PEC performance of the UL-Ag-STO electrode
under back illumination was attributed to a combination of
optical and electronic effects. Back illumination directs light
through the FTO onto the plasmonic Ag layer, enabling localized
surface plasmon resonance and scattering that enhances light
absorption in SrTiO;.*” This configuration also favours photog-
enerated carrier distribution, with electron-hole pairs being
generated closer to the Ag/FTO interface, promoting efficient hole
collection at the back contact and minimizing electron-hole
recombination. Additionally, plasmonic Ag injects hot electrons
into SrTiO; under back illumination, further enhancing the
kinetics of CO, reduction.”® Moreover, under back illumination,
the Ag layer reflects and scatters unabsorbed photons back into
the SITiO;, effectively causing the light to undergo multiple
internal reflections within the SrTiO;.*® This increases the effective
optical path length of the photons inside it, enhancing their
probability of absorption, resulting in a higher photogenerated
carrier density and an improved photoelectrochemical perfor-
mance.” Together, these factors synergistically increased the

View Article Online
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electron flux to the catalytic surface, enabling enhanced
photoelectrochemical CO, reduction under back illumination
conditions. A 1.5-fold increase in the CO yield rate and partial
current density were observed under back illumination compared
to front illumination (Fig. 4c and d).

The stability of the UL-Ag-STO photocathode was demon-
strated by a steady current-time (J vs. ) response curve at —0.8 V
vs. RHE over 10 hours (Fig. 5a), along with subsequent cyclic
repeatability tests (Fig. S5a and b). The XRD analysis of the used
UL-Ag-STO photocathode (Fig. S5c) revealed no detectable
phase transformation, and the SEM images showed no signifi-
cant changes in surface morphology (Fig. S5d).

To elucidate the origin of the enhanced photoelectrocatalytic
activity of UL-Ag-STO relative to the other crafted photocathodes,
Mott-Schottky (MS) measurements were conducted at 1000 Hz
over the potential range of —0.2 V to 2.0 V vs. RHE. The MS plots
confirmed an n-type conductivity for all the photocathode samples
(Fig. S6 (a—c)). The flatband potential, determined from the
intercept of the MS plots, indicates the higher reducibility of UL-
Ag-STO compared to OL-Ag-STO and the pristine STO (Fig. S6d).
To further probe the photocathode/PBS interface, particularly the
role of the double layer and the influence of Ag on the electronic
structure of STO, the potential of zero charge (Ep,c) was extracted
from the global minimum in the differential capacitance plots
derived from the Mott-Schottky measurements performed at
a frequency of 1000 Hz with a 10 mV sinusoidal perturbation
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(a) Long-term stability of CA at —0.8 V vs. RHE for 10 hours with an inset of the photocatalytic performance, (b) differential capacitance

measurements, and (c) work function of the various photocathodes estimated from Fig. 5b.
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amplitude (Fig. 5b). A rigorous protocol was employed to mini-
mize errors in the Ep,c determination. Specifically, the dissolved
0O, was removed by Ar purging for 30 minutes, the electrochemical
window was carefully selected, and the system was allowed to
stabilise at an open-circuit potential (OCP) for 60 minutes, as
previously reported. In 0.5 M PBS, UL-Ag-STO exhibited the largest
Ep;c** shift of approximately 50 mV, indicative of a more
pronounced modulation of the interfacial electric field. The larger
shift in the Ep,c helped in regulating the interfacial electric field,
stabilizing CO, reduction intermediates, and promoting CO
production.

Moreover, the enhanced cathodic shift in UL-Ag-STO sup-
pressed excessive proton accumulation at the interface, thereby
favoring the kinetically demanding CO, reduction over the
competing hydrogen evolution reactions. The electrochemical
work function (®54) estimated from the Ep, values (®5q = Epzc
+3.44) indicates that Ag lowered the work function of STO, with
the greatest decrease for UL-Ag-STO from 4.0 eV to around
3.86 eV (Fig. 5¢). This reduction in the work function enhanced
conductivity and the charge-transfer kinetics, contributing to
UL-Ag-STO's superior photocatalytic performance compared to
the pristine STO and other photocathodes.

6.2.1 Mechanistic insights. The formation of the Ag/STO
heterostructure induced interfacial-charge equilibration that
fundamentally modified the electronic structure and energetics of
the system.** Individually, FTO/STO and FTO/Ag exhibited work
functions of approximately 4.99 eV and 5.3 €V, respectively. Upon
heterostructure formation, the effective work function measured
by Kelvin probe force microscopy (KPFM) decreased to about 4.83—
4.84 eV, a reflection of the intrinsic electronic equilibration effects
as a result of the metal-semiconductor coupling. Simultaneously,
the operando electrochemical measurements from the potential of
zero charge (Epzc) yielded a significantly lower work function value
(3.86 V), corresponding to the solid-liquid interface under reac-
tion conditions.*** This discrepancy arose due to the formation of
an electrical double layer (EDL), which subsequently formed
interfacial dipoles due to ion adsorption, thereby screening the
photogenerated electrons and mediating band bending. These
effects collectively lowered the energy barrier for electron transfer
at the electrode/electrolyte interface.>**

More specifically, the formation of a denser cation-screening
Stern layer at the electrode/electrolyte interface significantly
facilitated CO, adsorption and the stabilisation of CO-forming
intermediates by strengthening the local electric field and
modulating the interfacial solvation environment.** Cations in
the Stern layer screened the negative charges on the surface of
the STO catalyst, which enhanced the local electric field near the
surface and lowered the activation energy for CO, adsorption.”®
This electrostatic stabilisation favoured the formation and
retention of intermediate species, such as COZ and COOH¥*,
which are critical for directing the reaction pathway towards CO
formation, while suppressing competing reactions, such as
hydrogen evolution.”” Studies have shown that different cations
impact the capacitance and electric field strength of the Stern
layer, altering the kinetics and selectivity of CO, reduction
reactions by promoting specific intermediate configurations
and facilitating inner-sphere electron transfer steps.*® In

This journal is © The Royal Society of Chemistry 2025
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particular, partially desolvated cations can form ionic coordi-
nation with reaction intermediates, thereby directly stabilising
them and thus enhancing reaction rates and product
selectivity.>

In terms of device architecture, under back illumination, the
localised surface plasmon resonance of the silver underlayer
activated pronounced plasmonic excitation, generating ener-
getic hot electrons within the silver film. These hot electrons
overcame the Schottky barrier at the Ag/STO interface and were
injected into the SrTiO; conduction band. Concurrently, SrTiO3
native photogenerated holes migrated towards the silver layer
where they were scavenged. This directional charge flow, start-
ing from hot electron injection from Ag to STO, combined with
the hole migration from STO to Ag, resulted in a stronger built-
in field, which promoted efficient charge separation, prolonged
carrier lifetime, and enhanced the electron density in SrTiO;.
Ultimately, a higher steady-state electron density at the STO/
electrolyte surface resulted in a more developed EDL (denser
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tates CO, reductive reactions via a new-found equilibrium. (c)
Proposed reaction pathway for CO, reduction to CO (C atoms: grey, O
atoms: red, H atoms: gold and adsorbed (*) intermediates on STO).
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cationic screening), and therefore, more effective CO, adsorp-
tion and stabilisation of the CO-forming intermediates (Fig. 6).
Comparatively, under front side illumination (electrolyte-STO-
Ag), much of the light was absorbed or scattered near the
STO/electrolyte surface before reaching Ag, making plasmon
excitation in Ag consequently weaker, which in turn impacted
the magnitude of the built-in electric field, and spatial charge
separation. As a result, recombination losses increased, so
fewer electrons reached the catalytic interface, and the CO,-to-
CO reaction became less efficient in comparison.

Therefore, this study, which integrates, controls, and compares
the directional effects of incident illumination, achieved a high
faradaic efficiency of CO (80%) and a CO production rate of 12
umol h™' mg™" at —0.8 V vs. RHE. The observed enhanced pho-
toelectrocatalytic conversion of CO, to CO, and product selectivity
in the Ag/STO heterostructure arose from the synergistic combi-
nation of a plasmonic hot electron injection from silver, efficient
charge-carrier separation facilitated by a Schottky-barrier modu-
lation, and effective charge screening by an electrical double layer,
which fundamentally account for our observations.?**>

7 Conclusions

In summary, the integration of plasmonic Ag with STO pre-
sented a highly effective strategy for overcoming key limitations
in the PEC CO, reduction. The underlayer architecture of UL-Ag-
STO, which was developed via a simple and scalable spin-
coating method, exhibited a significant enhancement in PEC
performance under back illumination. This enhancement was
primarily attributed to the localized surface plasmon resonance
effect of Ag, which improved visible-light absorption, facilitated
hot carrier injection, and prolonged charge-carrier lifetimes by
reducing electron-hole recombination. As a result, the system
demonstrated a high faradaic efficiency of 80% and a notable
CO production rate of 12 umol h™" mg™" at —0.8 V vs. RHE.
These results underline the critical role of plasmonic engi-
neering in boosting the activity and selectivity of wide-bandgap
semiconductors, such as STO, making them viable candidates
for solar-to-fuel applications. Moreover, the successful demon-
stration of a low-cost, solution-processed thin film catalyst
opens new avenues for designing efficient and scalable PEC
devices for CO, conversion. This study contributes toward the
broader goal of developing carbon-neutral technologies and
highlights the promise of plasmonic-perovskite hybrid systems
in addressing global energy and environmental challenges.
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