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Development of suitable catalysts for light-driven CO, hydrogenation is an alluring goal in catalysis. In
this study, plasmonic Ag nanoprisms were combined with Pt to make surface-alloyed nanoparticles for
aqueous-phase CO, hydrogenation. The Pt loading favoured the product selectivity towards multi-
electron C; products and promoted acetic acid production via C-C coupling. Increasing the reaction
pressure further improved acetic acid production where the highest yield of 0.491 mmol ge.: * was
achieved at 20 bar. Within the visible-light region, the in-plane dipole resonance peak of Ago;Pty at
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DOI: 10.1039/d5ey00046g 600 nm contributed the highest apparent quantum yield of 26.7%. These investigations demonstrated

the significance of designer plasmonic catalysts and highlighted their photocatalytic enhancement

rsc.li/eescatalysis towards CO, conversion.

Broader context

Photocatalytic CO, conversion to valuable C;-C, chemicals offers a low carbon intensity pathway to combat climate change and replace fossil fuels as feedstock.
This study focuses on enhancing photocatalytic activity by developing plasmonic surface-alloyed AgPt nanoprisms, to convert CO, in an aqueous environment
at room temperature. The addition of Pt enhances productivity towards a variety of chemicals, particularly acetic acid. The investigations on using visible-light
illumination and achieving high apparent quantum yield underscore the ability of plasmon-mediated photocatalysis to enhance CO, conversion. These
findings highlight the potential of using plasmonic materials as photocatalysts.
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Introduction

Carbon capture, utilisation and storage (CCUS) technologies have
expanded over the last decade, supporting the emissions
reduction target towards creating a circular economy.’ Bulk
chemical production from CO, offers an opportunity to displace
conventionally used fossil-derived chemicals. Carbon-neutral
chemicals can be produced by hydrogenating the captured CO,
using green hydrogen.” Photocatalytic CO, hydrogenation is an
emerging area of interest due to its potential to utilise sunlight.®

Semiconductor photocatalysts have been studied extensively
for CO, hydrogenation to produce C, chemicals such as carbon
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monoxide (CO)," methane (CH,),"” formic acid (HCOOH),*°
formaldehyde (HCHO)"'* and methanol (CH;OH)"*™"* and C,
chemicals including acetic acid (CH;COOH),® acetaldehyde
(CH;CHO),"® ethane (C,Hg)>'? and ethanol (C,HsOH)."*"” The
major challenges of photocatalytic CO, reduction and hydrogena-
tion can be attributed to (1) poor multi-component catalyst design
hindering light-to-energy transfer, (2) limited light absorption
range, and (3) limited control of product selectivity because of a
lack of understanding of reaction pathway. Plasmonic nanomater-
ials have garnered interest for various applications,"®*° including
their potential as photocatalysts.>*>* Noble metal nanoparticles
(NPs) made of silver (Ag), gold (Au) and copper (Cu) can capture
the incident light through the collective excitation of conduction
electrons. The spatial confinement of this excitation because of a
NP’s exterior boundary results in a resonant oscillation, known as
the localised surface plasmon resonance (LSPR).***® LSPR pro-
duces a local electric field amplification and decay by creating hot
charge carriers and phonon vibrations.””®

Ag provides several advantages over other plasmonic metals
(e.g. Au, Cu) including high plasmon quality factor, tunable
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optical properties and distinguishable interband and intraband
transitions.?® Various factors affect LSPR such as particle size,
morphology, composition and surrounding environment.*
Among these, silver nanoprism-like morphology has multiple
tunable LSPR modes in the visible region and higher photo-
catalytic performance.’™*> Ag-based catalysts have shown CO,
activation. However, co-catalysts are required to enhance the
photocatalytic properties. Combining Ag with a catalytically
active metal such as platinum (Pt) can overcome the challenges
with photocatalysts in hydrogenating CO,.>*” Researchers
have also found the plasmon energy transfer within Ag-Pt
nanocubes useful for photochemical reactions.*®>°

Here, we show plasmon-mediated photocatalytic capability of
surface-alloyed AgPt nanoprisms (NPrs) in and aqueous-phase
CO, hydrogenation reaction to produce HCOOH, HCHO and
CH3;COOH. The AgPt NPrs were synthesised through galvanic
replacement reaction (GRR) of Pt with Ag NPrs. The deposition
of Pt on the Ag NPrs was surface-limited, which formed Ag-Pt
alloys. The catalyst performance improved significantly with
increasing Pt loading and reaction pressure. Control experiments
confirmed the visible-light-driven photocatalysis consuming CO,
and H,. The in-plane dipole resonance peak was majorly respon-
sible for the catalytic performance. We also investigated catalyst
deactivation through colloidal instability. The reaction pathway
was interpreted based on the catalyst selectivity and hydrogena-
tion of selected intermediates.

Results
Materials characterisation

Ag nanoprisms (Ag NPrs) were synthesised according to the
method developed by Aherne and co-authors with modifications
to increase sample concentration.’® The colloidal synthesis pro-
duced a high proportion of platelet nanoprisms (NPr) (77%),
which were categorised into triangles (29%) with an edge length
of 63 £+ 10 nm, and discs (48%) with a diameter of 42 + 6 nm
(Fig. S.1, S.2 and Table S.1, ESIt). Pt was incorporated in the Ag
NPr by a galvanic replacement reaction (GRR) using K,PtCl,. The
Pt loadings were calculated from the total moles of Ag and Pt
used in synthesis, and samples were labelled Ag;q_,Pt,, where x
corresponded with loadings from 1.5-9 mol% Pt, assuming
complete GRR. The UV-vis spectra of Ag NPrs and AgPt NPrs
showed both red-shift and dampening of the in-plane dipole
resonance peak of Ag NPr at 600 nm, proportional to the Pt
loadings (Fig. 1 and Table S.2, ESIt). This was attributed to the
galvanic etching of Ag NPr and Ag-Pt alloy formation on the NPr
surface.”’ ™ In comparison, the Pt NP spectra did not show any
appreciable plasmon resonance peaks in the wavelength region
(Fig. 1).

In comparison with as-synthesised Ag NPrs (Fig. 2A), edge
deformation was observed in bright field scanning transmis-
sion electron microscopy (BF-STEM) micrographs for all AgPt
NPrs with varying Pt loadings (Fig. 2C, E, G and I). Between
samples, the dimensions of the NPrs (Fig. S.2C, ESIt) and the
degree of edge deformation did not vary significantly, but
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Fig. 1 UV-vis spectra of AgPt surface alloyed catalyst with different Pt
loading.

Kirkendall voids were present in at higher Pt loadings (Fig. 2I
and ]) which may contribute to the non-linear relationship
between Pt concentration and in-plane dipole resonance wave-
length (Table S.2, ESIY).

STEM energy dispersive spectroscopy (STEM-EDS) mapping
of clusters of NPrs was used to quantify Ag/Pt composition of the
samples (Table 1) and confirmed that free Pt NPs were not present.
Mapping of individual NPrs at all loadings revealed Pt was dis-
tributed across the entire surface but was concentrated at the edges
of the triangular face (Fig. 2C-J). As STEM-EDS is a depth-insensitive
technique, EDS line scans of Agqy;Pt, at different orientations were
collected (Fig. S.3, ESIT). Pt was most abundant at the edges of the
NPrs in both orientations, and a pronounced minimum of Pt
occurred at the centre of the NPr in the edge-on case. Given these
results and previous literature showing the surface-limited nature of
alloy formation through galvanic processes, the Pt deposition was
determined to be surface-limited.***®

The crystal structure of the NPrs was studied using selected
area electron diffraction (SAED) (Fig. 2M). In agreement with
Aherne and co-authors, peaks for HCP {1010}, FCC {111} and
{220} planes were identified in the Ag NPr sample.*® Based on
Vegard’s Law and the lattice parameters of Ag (4.08 A) and Pt
(3.92 A), a linear expansion of the real space inter-planar distances
with increasing Pt concentration was expected. As Pt concentration
increased up to AgoesPtss, the HCP {1010} and FCC {111} peak
positions remained unchanged, while the FCC {220} peak under-
went a small reciprocal space expansion consistent with Ag-Pt
alloying under Vegard’s Law. HCP {1010} and FCC {111} planes
occurred on the flat triangular faces and through the interior of the
NPr, while FCC {220} planes were predominantly present at the
edges and tips. The change to only the {220} peak position
suggests that, at concentrations at or below 3.5%, Pt was mainly
deposited along the NPr edges.

However, at AgoyPty, the crystallography of the sample
changed considerably. The HCP {1010} peak was still present,
though shifted from 4.06 nm ™" in Ag to 3.99 nm ™" in Ago,Pto.
Similarly, the FCC {220} peak shifted from 7.03 nm ™' in Ag to
6.87 nm ™' in Agoy1Pty in a reversal of trend observed at lower Pt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A)—(L) STEM-EDS micrographs of (A) and (B) Ag NPr (C) and (D) Ageg 5Pty s (E) and (F) AgegPt, (G) and (H) Agee sPts s (I) and (J) AgesPts (K) and (L) Pt

NP (inset of STEM micrographs shows corresponding bulk sample solutions) with corresponding elemental maps of Ag (red) and Pt (green) (M) rotational
averages of selected area diffraction (SAED) patterns of corresponding catalysts.

concentrations (where the peak gradually shifted from
7.03 nm ' to 7.05 nm ). The large peak at 4.18 nm " did not
align with any of the expected reflections. Based on the lattice
parameter of Ag, the FCC {111} reflection can be calculated to be
4.23 nm™ ", but in the Ag NPr sample, FCC {111} was observed at
4.30 nm™ ", It was unlikely that the 4.18 nm ™' peak is FCC {111}, as
this would require a significant shift from the corresponding Ag

© 2025 The Author(s). Published by the Royal Society of Chemistry

NPr peak in the opposite direction to what was expected from AgPt
alloying. However, given similar shifts occurred for the HCP {1010}
and FCC {220} peaks in this sample, the FCC {111} assignment
cannot be ruled out. The other explanation for the 4.18 nm ™" peak
is an Ag-Pt alloy phase of HCP {1010}. Pt has been observed to
adopt an HCP lattice structure when deposited on another HCP
surface and may be responsible for the anomalous peak.’’**®

EES Catal., 2025, 3, 811-821 | 813
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Table 1 Composition of Ag and Pt (mol%) characterised from STEM-EDS, ICP-MS and XPS analysis

STEM-EDS ICP-MS XPS
Sample Ag (mol%) Pt (mol%) Ag (mol%) Pt (mol%) Ag® (mol%) Pt (mol%) Pt*" (mol%)
Ag NPr 100 — 100 — 100 — —
Agos 5Pt 5 98.9 + 5.0 11+01 98.5 + 0.7 1.46 + 0.07 97.6 2.25 0.10
AgqgPt, 98.8 £ 5.1 1.2 £0.2 97.9 £ 0.3 2.07 £ 0.30 95.5 3.85 0.67
AZos.5Pts 5 97.4 + 4.9 2.6 + 0.2 96.4 + 1.3 3.59 £ 0.12 94.2 4.89 0.93
Ago; Pty 92.6 + 4.2 7.4 + 0.4 92.2 + 0.5 7.81 + 0.46 87.2 7.04 5.73

High resolution TEM (HR-TEM) for single particle measurement
do not give us conclusive indication of the existing changes as the
lattice parameters of Ag and Pt are within the range of ~5% error
(Fig. S.4, ESIt). The atom-to-atom distance varied from 0.22 to
0.32 nm. These variations resulted in an average of 0.27 nm
which are significantly higher than a 5% error (Fig. S.5, ESIT).

XPS analysis was conducted to investigate the efficiency of Pt
deposition by GRR and determine the surface composition of
the Ag Pt NPs (Fig. 3). Ag 3d spectra of Ag NPr showed binding
energy peaks at 367.7 eV (3ds,, spin-orbit component), corres-
ponding to Ag®*® (Fig. 3A). The Ag 3ds/, peaks in AgPt NPrs also
showed similar peak profiles at ~367.7 eV, while no signals
were observed for Ag". For AgPt, Pt 4f spectra showed both Pt°
and Pt** signals with binding energies at 70.1 and 72 eV of 4f,,
spin orbital®®! (Fig. 3B). The intensity of the Pt** signal was
proportional to Pt loading, thus showing the limited extent of
GRR. The XPS results were used to quantify the elemental
composition of Ag’, Pt® and Pt** in the different samples
(Table 1). C 1s spectra for Ag NPr showed peaks at 285 eV (C-
H), 286.5 eV (C-0) and 288 eV (C—0), which likely results from
the citrate used as capping agent.>> Similarly, O 1s spectra for Ag
NPr showed peaks at ~531 eV (C—O0) and 533 eV (C-O/C-OH)
(Fig. S.6, ESI).>® The peak signals corresponding to C=0 were
significantly lower on Agq,Pto, resulting from the loss of capping
agent on the surface.*’

Table 1 summarises the metal composition measured through
various techniques. The measurements from STEM-EDS of particle
maps and ICP-MS of bulk solution were in good agreement and
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Fig. 3 XPS spectra of AgPt NPrs in (A) Ag 3d region and (B) Pt 4f region.
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were close to theoretical estimates. Results from XPS quantifica-
tion corresponded to the surface composition, which showed
higher Pt loading. This was expected as XPS is a surface-sensitive
technique. This is in agreement with the surface-limited bimetallic
structure seen in STEM line scans (Fig. S.3, ESIT). Of the total Pt
signals, Pt>" increased from ~4.3% to ~45% with increasing Pt
loading. This indicated that the degree of galvanic reduction was
inversely correlated with the Pt loading.

Photocatalytic CO, hydrogenation

Effect of Pt loading. We investigated the addition of Pt
towards the product selectivity in aqueous-phase CO, hydrogena-
tion operated in a batch photo reactor (Fig. S.7A and B, ESI) at
10 bar. The catalyst loading was selected based on wavelength
absorbance to reduce optical saturation (Fig S.7D and Table S.3,
ESIt). HCOOH, HCHO and CH3;COOH were detected as liquid
products, whereas no gaseous products were obtained. As seen in
Fig. 4A, adding 1.5 mol% Pt significantly improved the HCOOH
yield by approximately 10-fold, to 0.42 + 0.12 mmol ge . A
maximum HCOOH yield of 0.52 =+ 0.08 mmol g, ' was obtained
at 2 mol% Pt. Similarly, the highest HCHO yield of 0.16 +
0.01 mmol g.,. ' was obtained at 3.5 mol% Pt. With 9 mol% Pt
loading, we observed the highest CH;COOH yield of 0.43 +
0.03 mmol gcafl. This trend revealed that the yield of products
requiring higher electron consumption increased with the Pt
loading. To validate that this reaction was not driven by Pt solely,
we performed the reaction with Pt NPs, which yielded compar-
ably low amounts of HCOOH and CH;COOH.
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(A) Product yield of AgPt surface alloyed catalysts with different Pt loadings (B) in situ temperature profile of the reactor solution. Reaction

conditions — pressure = 10 bar (H,/CO, = 1), filtered Xe lamp illumination, t = 2 h.

In situ temperature profile was measured during the reaction
to investigate the effect of Pt loading on the plasmon decay
pathway (Fig. 4B). The trend of photothermal response indi-
cated that low Pt loading did not significantly affect the photo-
thermal response, suggesting that electron relaxation to
thermalisation was not affected. The highest in situ tempera-
ture of ~0.35 °C/mg.,c was observed in AgqgPt, whereas Agq Pty
showed a relatively lower rate and steady-state temperature.
The correlation between dampened extinction intensity of the
plasmon resonance peaks and temperature increase was simi-
larly reported for Au/Pd system.>* The plasmon decay for Ag-Pt
system has been reported to under electron and energy trans-
fer, therefore reducing heat generation.*"*’

A series of control reactions verified the visible-light photo-
catalytic activity of AgPt NPrs. Catalysts were irradiated with a
300 W Xe Lamp in unfiltered and filtered modes corresponding
to different spectral intensity profiles (Fig. S.7C, ESIt). As seen in
Fig. 5, the product selectivity between the illumination modes
varied at lower Pt loadings. This difference in the selectivity at
lower Pt loading was due to electrons generated by the interband
transitions in Ag that lied in the UV region (Fig. 1 and 5A, B). As
the Pt loading increased, the product selectivity was relatively
similar as the plasmon decay pathway dissipated towards surface
AgPt sites, thus governing the catalytic pathway (Fig. 5C and D).*®
A control reaction with no illumination (reaction in dark) was
also conducted for Agy,Pty, which produced 0.11 mmol gcm’1
HCOOH and <0.01 mmol g.,; ' HCHO. The aqueous production
of HCOOH has a negative Gibbs free energy and is favourable at
these conditions.”® The apparent quantum yield (AQY) was
calculated for the cumulative production of HCOOH, HCHO
and CH3;COOH against the photons emitted in the two illumina-
tion modes. The increase in AQY in the filtered mode increased
proportional to the Pt loading, thus confirming the visible-light
driven nature of the Ag;qo_,Pt, nanoprisms.

Further control reactions were conducted using Agy;Pty to
validate the consumption of CO, and H, (Fig. S.13, ESIT). The

© 2025 The Author(s). Published by the Royal Society of Chemistry

reaction did not proceed without any catalyst. A 100% CO, environ-
ment yielded 0.012 mmol g.,, " HCOOH and 0.053 mmol ge, '
HCHO. While Ag-based catalysts have shown HCOOH and HCHO
production in similar applications using H,O as the electron-
donating species, this reaction relied on the presence of H, as the
electron donor.”” > To confirm the absence of any other carbon
sources in the reaction, a 100% H, environment was used. We
observed the formation of HCOOH at 0.11 mmol g.,; ', HCHO at
0.026 mmol g, * and CH3;COOH at 0.01 mmol g., . This contra-
dicted our initial assumption. However, we detected ~280 pM
bicarbonate (HCO;™) from HPLC analysis in the solution before
the reaction commenced which decreased to 190 pM, indicating
that CO, from the air was absorbed and converted into aqueous
species, such as HCO; ™ and carbonate (cong), in the feed solution.

To validate the source of carbon species responsible for
forming the C, and C, products in this study, the feed solution was
dosed with 0.5 mM HCO;~ and H,. The results showed increased
product yields, with the maximum yields of HCOOH, HCHO and
CH;COOH at 0.19 mmol gy ', 0.072 mmol g, ', and 0.125 mmol
gcat’l, respectively. This confirmed that HCO;~ was a precursor to
the hydrogenation reaction in a similar yield trend to that of H, +
CO, environment. Photo-oxidation of adsorbed citrate capping on
Ag NPr to CO, has been observed.®® Hence, we dosed a reaction
containing 0.5 mM sodium tricitrate and H,. No products were
detected until 1 h, similar to the 100% H, environment case,
which showed negligible contribution from citrate.

The optical properties of the NPrs were analysed ex situ at
different reaction times (Fig. S.8, ESIt). The plasmon resonance
peaks observed in Ag NPr did not change. However, a blue shift
was observed in the AgPt NPrs. This suggested changes in the
adsorbed surface species on the NPrs, although further inves-
tigations were conducted to determine possible causes.*®*! XPS
analysis of the NPrs post-reaction showed some BE shifts for Ag
3d and Pt 4f regions compared to as-synthesised NPrs (Fig. S.9,
ESIt). The Ag 3ds, peak for Ag NPr shifted the most from
367.7 eV to 368 eV. The BE shift was reduced with increasing Pt

EES Catal,, 2025, 3, 811-821 | 815


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00046g

Open Access Article. Published on 22 Abréll 2025. Downloaded on 24.02.26 07:43:08.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
A 1.0 1.0
- Formic Acid
- Formaldehyde Ag98 5 Ptl 5
0.8 - Acetic acid ’ ' L0.8
— K AQY
8
<
— 0.6 F06 &
g X
>
€ g
5 041 F04 <
g
=
0.2 * {' 0.2
0.0 - T 0.0

Unfiltered lllumination  Filtered illumination

1.0

o

- Formic Acid
C [ Formaldehyde Ag Pt
0.8 -Aceticacid 96.5 3.5 08
— | * aav ’
8
=
— 0.6 06 5
o g
>
£ ]
35 044 04 <
2
=

0.2

=
N
1

0.0

Filtered illumination

Unfiltered lllumination

View Article Online

EES Catalysis

1.0 1.0
- Formic Acid
B - Formaldehyde Ag Pt
-Acetic acid 98 2
0.8 0.8
— % AQY
g
~
_g 064 0.6 3
>
£ g
a 0.4 04 <
2
>
0.2 0.2
0.0 - 0.0
Unfiltered lllumination  Filtered illumination
1.0 1.0
D I Formic Acid
[ Formaldehyde Ag Pt
o8 -Acetic acid 91 9 08
— 7 * nar e
W
IS
o0
Y 0.6 Lo6 =
5 S
€ >
S * [®f
— 04+ L04 <
o
2
>
0.2 0.2
0.0 - L 0.0
No Unfiltered Filtered
illumination lllumination illumination

Fig. 5 Product yields and AQY under unfiltered Xe lamp illumination (320-2500 nm) and Filtered Xe lamp illumination (380-780 nm) of (A) Agog 5Pty 5 (B)
AdogPts (C) Aggs sPtss (D) AgeiPty reaction conditions — ~10 mg catalyst, P = 10 bar, Ho/CO, (1:1 v/v), t = 2 h.

loading. Similarly, the highest BE shift in Pt 4f;,, was observed
for Agog 5Pt 5 from 70.1 eV to 70.5 eV. We deduce these shifts in
binding energy indicate diffusion of Ag to form an Ag-Pt
surface alloy adlayer.°>

Aggregation of NPrs was observed among all samples under
reaction conditions (Fig. S.10A, ESIT), which was hypothesised to
be because of either the loss of capping agent or structural
changes. Upon the introduction of reaction gases, a decrease in
PH occurred due to. the solvation of CO,, which created an acidic
medium. The decrease in pH increases the protonation of
trisodium citrate, which could cause NPrs aggregation.®® Analysis
of the solutions pre- and postreaction revealed an average pH
reduction from 6.9 to 4.9 (Fig. S.10B, ESIY). The shift in pH would
cause protonation of [Citrate]’” to H,[Citrate]  and affect the
surface charge of the NPr. Therefore, we investigated the change
in surface charge by measuring the zeta potential and hydro-
dynamic radius of the NPrs post-reaction (Fig. S.10C, ESIt). The
zeta potential of as-synthesised AgPt NPrs averaged at —28 mV
with a mean hydrodynamic radius of 48 nm. The zeta potential of
the NPrs post-reaction increased compared to the initial measure-
ment, where this increase was proportional to the Pt loading.
Similarly, the hydrodynamic radius increased proportionally to
the Pt loading with a mean hydrodynamic radius of ~80 nm for

816 | EES Catal., 2025, 3, 811-821

Ago,Pty. XPS analysis of postreaction AgPt NPrs in C 1s region
(Fig. S.9C, ESIT) also showed a significant decrease in the signal
area for C—0O (288 eV), confirming the cause of aggregation from
loss of citrate from the particle surface. This implied that the
acidic environment formation of acidic products further caused
citrate protonation and particle aggregation.®*

On the nanoscale, examples of NPrs with structural deforma-
tions, such as holes on particle faces, were seen in pre- and post-
reaction samples. The frequency of hole formation was higher in
the post-reaction samples (Table S.4 and Fig. S.11, ESI{). Catalyst
composition was also quantified post-reaction (Table S.5, ESIT).
The composition changed compared to as-synthesised samples.
However, there were discrepancies among the measurements.
We considered these discrepancies as part of sample preparation
techniques and analysed the data separately. In comparison, a
relative increase in Pt loading of samples post-reaction was
observed from ICP-MS and XPS. The increase in Pt loading
implied a loss of Ag, which was not detected as Ag" in XPS
measurements. The total catalyst recovered was also calculated
using ICP-MS which showed significant Ag loss of up to 81.7%
while only 10.8% Pt loss occurred in the same sample (Table S.6,
ESIt). Hence, we proposed this as an unrecoverable catalyst lost
during the reaction by aggregation and colloidal instability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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H,/CO, (1:1), room temperature, filtered illumination mode.

Measurements from STEM-EDS indicated no significant compo-
sitional change occurred to the imaged NPrs (Table S.5, ESIT).
Impact of reaction pressure. The effect of pressure on the
product yields was investigated because of the low solubility of
H, at ambient pressures (Fig. 6A). With increasing pressure,
HCOOH production was favoured with the maximum yield of
0.46 mmol g.,, ' at 20 bar. This confirmed the pressure depen-
dence of the photocatalytic reactions and was likely produced by
the hydrogenation of dissolved CO,.°> The HCHO yield was not
affected significantly by increasing pressure. CH;COOH was not
observed at 1 bar, followed by a significant increase to 0.36 mmol
Zeae  at 5 bar and reached a maximum yield of 0.49 mmol g,
at 20 bar. The yield profile of CH;COOH over the reaction time
showed a trend where the production of CH;COOH production
was only observed after 1 h at 5 bar, but reached a near-linear
productivity of ~0.196 mmol g, ' h™" at 20 bar (Fig. 6B). We
deduced that the hydrogenation of CO, was limited by mass
transfer below 5 bar. This was overcome at higher pressures but
reached a kinetic limitation of the rate-determining step, as
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(A) Product yield of Age;Ptg as a function of pressure (B) CHzCOOH yield profile at different pressures. Reaction conditions — ~10 mg catalyst,

observed by the incremental change in CH;COOH yield between
5-20 bar (Fig. S.12A, ESIf). We also investigated the colloidal
stability as a function of pressure. The pH of the solution
decreased at higher reaction pressures owing to the increased
solubility of CO,. As a result, the zeta potential and hydrodynamic
radius increased to —0.25 mV and 144 nm respectively, implying
increased extent of aggregation (Fig. S.12B and C, ESIY).
Distinguishing plasmon-mediated catalysis. Because of the
anisotropic shape of Ag NPr, multiple LSPR peaks were observed
corresponding to in-plane and out-of-plane dipole and quadru-
pole plasmon resonances (Fig. 1). To distinguish the effect of
LSPR peak on catalyst performance, the impact of illumination
wavelength was investigated on the product yield of CO, hydro-
genation using Ago,Pty (Fig. 7). Using a supercontinuum laser
with a contrast filter, the excitation wavelengths between 400-
900 nm could be controlled to a bandwidth of less than 2.5 nm.
Product yields were normalised using the irradiation power (mw).
The highest yield contribution of 0.57 mmol g, ' mW ', was
revealed by trends in HCOOH yield at the in-plane dipole
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Fig. 7 Wavelength-dependent product yields normalised by laser power. Black line shows extinction spectra for Agg;Ptg post-reaction.
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resonance peak (600 nm) of Agy;Pto. This also coincided with the
highest AQY of 26.7%. CH;COOH was not detected at wavelengths
higher than 700 nm. At 600 nm, the highest in situ temperature of
1.7 °C was observed (Fig. S.14A, ESIt). The peak temperature
profile correlated well with the yield profile, confirming that plas-
mon generation was the highest at the in-plane dipole and signifi-
cantly increased the catalytic performance. HCHO and CH;COOH
exhibited higher selectivity at lower wavelengths (400-500 nm),
possibly because of the energy of hot carriers, which is proportional
to the energy of the illuminating photon (Fig. S.14B, ESIt). Inter-
estingly, we observed that the yield of HCHO and CH;COOH were in
the same magnitudes across all wavelengths except >700 nm where
no CH3;COOH was produced. This implied a rate-limiting step that
affected the C-C coupling to CH;COOH.

Reaction pathway investigation. Based on a study conducted
by Genovese and co-authors,® the reaction pathway to CH;COOH
was investigated by using several intermediates (NaHCOj,
HCOOH, HCHO, CH;3;0H) observed during CO, hydrogenation
(Table S.7, ESIt). Using NaHCO; produces HCO;  as a reactant
that produced all liquid products. Based on previous literature
findings, HCO;™ approaches equilibrium with aqueous CO, and
create COO~ on the catalyst surface that was a key reaction
intermediate. Comparatively, using HCOOH and HCHO did not
yield CH;COOH significantly higher than control reaction 2
(Fig. S.13, ESIY). This implied that *HCOO and *CHO were not
the intermediates involved in C-C coupling towards CH;COOH.
This also suggested that adsorption of these radicals inhibited

H ./

+H/

O=—=C—H

+2H"2e”

—— I
. -H,0

/ 2H2e

A

A
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CH;COOH production, as the oxidation of these intermediates
was not favourable. Using CH;0H, however, produced a relatively
higher CH;COOH yield, implying *CHj; as a key intermediate for
the reaction. Contrarily, the oxidation of CH3;OH as a hole
scavenger could also produce CO,, contributing to the reaction
pathway.®” Therefore, we conducted a control reaction involving
NaHCO; and CH3;OH that produced a higher yield of CH;COOH.
From these reactions, we deduce that CO,/COO~ and *CHj; were
key reaction intermediates in the C-C coupling to CH;COOH and
*HCOO/*CHO resulted from CO, hydrogenation but did not
participate directly in C-C coupling.

Based on the liquid products observed, the reaction pathway was
elucidated based on similar findings from previous studies.®®® As
shown in Scheme 1, the reaction initiates with the adsorption of
CO, resulting from dissolved CO, and HCO; . The formation of
HCOOH was followed by a two-step electron reduction involving
COO™ and *HCOO™. HCHO was produced by further hydrogenat-
ing *HCOO™ to *CHO and *CH,O. *CH; was produced from
*CH,0, undergoing a nucleophilic reaction from COO™ to produce
CH;COO™ /CH;COOH.

Discussion

The CO, hydrogenation performance of Agy Pty NPrs was
comparable with other metal-based photocatalysts reported in
the literature (Table S.8, ESIT). While HCOOH and HCHO were

H

|
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3
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NoF S
N
= e
\
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\]
H
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|
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Scheme 1 Proposed reaction pathway of CO, to HCOOH, HCHO and CH3COOH on AgPt NPr.
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produced in similar yields, CH;COOH was produced at a much
higher yield. This could be attributed to the favourability of C-C
coupling on AgPt NPrs and optimal reaction conditions.
Although most reaction conditions involved H,O as the elec-
tron donor to reduce CO, to CO, using H, in our experiments
significantly improved the product yields. H, is used in CO,-to-
CH;O0H, which favours *CH; formation. Using a liquid-phase reac-
tion also favoured certain products, and the reaction pressure
improved the mass transfer of reactants in the solution. This study
conducted the reactions at room temperature and confirmed the
catalyst was primarily active in the visible light region. Therefore, the
reaction was considered to be plasmon-mediated and driven by
visible-light illumination. We observed correlations between the
LSPR peaks and in situ temperature; however, this did not confirm
the exact mechanism of plasmon decay. With the addition of Pt, the
plasmon decay mechanism shifted towards energy transfer and hot-
electron generation. Further investigation would provide insight
into this mechanism. Increasing Pt loading and reaction pressure
affected the colloidal stability. The aggregation presented a limita-
tion on the parameters that could be investigated. An alternative
capping agent such as polyvinylpyrrolidone (PVP) and cetyltrimethy-
lammonium bromide (CTAB) could improve the colloidal stability.
In order to create a scalable synthesis, catalyst immobilisation on a
support or encapsulation in microparticle frameworks could help
overcome this limitation. Further improvement in achieving high
AQY could be approached by designing a modular reactor system
which ideal wavelength illumination in a continuous mode.

Conclusions

We have developed a bimetallic plasmon-active catalyst consisting
of a combination of the Ag-Pt system for photocatalysis. The
incorporation of Pt into Ag NPrs as surface-limited alloys signifi-
cantly improved the product yield and selectivity by altering the
plasmon decay pathway towards energy transfer from Ag to Pt. The
maximum yields of HCOOH (0.52 mmol g, with AgosPt,), HCHO
(0.16 mmol g., " with AgqgsPts 5 and CH;COOH (0.43 mmol g,
with Agy,Pty) suggested multi-electron hydrogenation and C-C
coupling of *CH; and COO™ species. Notably, a peak AQY of
26.7% was observed at the in-dipole resonance (600 nm) for Agy,Pto,
highlighting the wavelength dependence in driving the reaction.
Catalyst deactivation due to colloidal instability and long-term
performance validation remains a challenge. Therefore, future work
on improving catalyst stability and investigating surface species will
provide deeper insight on the viability for scale-up. These findings
highlight the role of designer plasmonic catalysts in enhancing
photocatalytic CO, conversion. The results demonstrate that careful
tuning of catalyst composition and morphology significantly
improve the light-to-energy transfer and product selectivity.

Experimental
Chemicals

Silver nitrate (AgNO;), trisodium citrate dihydrate, sodium
borohydride (NaBH,), poly(4-styrenesulfonic acid)sodium salt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(PSSS, 1000 kDa), r-ascorbic acid, potassium tetrachloroplatinate(u)
(K,PtCly), formic acid (reagent grade), acetic acid (reagent grade)
and methanol (ACS reagent) were purchased from Sigma Aldrich
and used as received. CO, (ultra-high purity) and H, (ultra-high
purity) was purchased from BOC. MilliQ water (18.2 mQ) was used
for all the experiments.

Synthesis of Ag NPr and Ag,,,_,Pt, nanoparticles

Ag seed synthesis. 5 mL of 2.5 mM trisodium citrate, 0.3 mL
of 10 mM NaBH, and 0.25 mL of 500 mg L' PSSS were stirred
until mixed under ambient conditions. 5 mL AgNO; was added
at a rate of 2 mL minute " under stirring. The Ag seed solution
was aged at room temperature without protection from light for
4-6 hours.

Ag NPr synthesis. 75 pL of 10 mM ascorbic acid, 5 mL Milli-Q
H,0 and 47 pL Ag seed solution were mixed under ambient
conditions. Under stirring, 3 mL AgNO; was added at a rate of
1 mL minute ™. After 2 additional minutes of stirring, 5 mL of
25 mM trisodium citrate was added. The sample was mixed for
another 2 minutes before the synthesis was complete.

Agi00_xPt, synthesis. A chosen volume of Ag NPr solution
was stirred in dark. The molar mass of Ag present in this
solution was calculated based upon the synthesis process. The
appropriate mass of Pt precursor for the desired Pt loading was
then calculated (e.g. for 500 mL of Agy,Pto, 3.64 mg K,PtCl, was
needed). The Pt precursor was dissolved in a small volume of
Milli-Q H,0 before being added to the stirring Ag NPr solution.
The volume of H,O used was arbitrarily set to 5 mL but did not
affect the synthesis.

Characterisations

UV-vis extinction spectra of the samples were obtained using a
PerkinElmer Lambda 365 UV-vis spectrophotomer. Samples to be
imaged in STEM were centrifuged three times at 10k RPM for 30
minutes. The supernatant was removed and replaced with Milli-Q
H,0. 1.4 pL of sample solution was drop cast on plasma-cleaned
carbon-film-coated Cu grids. STEM imaging was captured on
both the FEI Tecnai G2 T-20 TWIN TEM and F20 S-TWIN TEM at
Monash Centre for Electron Microscopy (MCEM). STEM-EDS was
conducted on the F20 using a Bruker 30 mm” 123 eV windowless
SDD and Quantax analysis system. '”’Ag and '*°Pt isotope con-
centrations were analysed in the bulk catalyst samples using
Inductively Coupled Plasma - Mass Spectroscopy (Thermo iCAP
TQe Triple Quadrupole). 2 mL of catalyst samples were diluted in
70% v/v HNO; followed by serial dilutions in 2% v/v HNO;.
Sample zeta potentials and hydrodynamic radius were measured
and recorded by Malvern Nano Zetasizer using disposable folded
capillary cells (DTS1070). XPS analysis of as-synthesised nano-
particles was conducted on Thermo Scientific K-alpha XPS
(monochromated Al Ko, Ephoon = 1487.6 €V, 1 X 10~ ° torr). Scans
were obtained using a pass energy of 50 eV with 0.1 eV resolution.
Post-reaction samples were analysed on the Thermo Nesa Surface
Analysis System (monochromated Al Ko., Eppoton = 1487.6 €V). The
spectra were charge corrected to adventitious carbon at 285 eV in
the C 1s region using Avantage software. Ag 3d and P 4f regions
were background corrected with Shirley algorithm. Ag® and Pt°
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peaks were fitted with a Doniac-Sunjic asymmetry model. The
oxidation states (Pt**), C 1s and O 1s regions were equipped with
Gaussian-Lorentzian function in Origin software (2022b).

Photocatalytic CO, hydrogenation

The reaction was carried out in batch mode in a PARR (A239M)
photoreactor with a K-type thermocouple inserted at the base.
5-10 mg of as-synthesised catalysts were concentrated, re-
dispersed in 50 mL Milli-Q H,O and added to the reaction vessel.
The reactor was sealed, and H, was introduced for 15 min to flush
the reactor. This was followed by venting the reactor and introdu-
cing CO, and H, (1:1) to the specified pressure. A 300 W Xe lamp
(Zolix 300P) irradiated the sample through the photoreactor
window. For visible light (380-780 nm) irradiation, a UV + IR
cutoff filter was used. Liquid products were analysed using high-
performance liquid chromatography (Agilent 1220 Infinity). An ion
exclusion column (Rezex RHM-Monosaccharide H+ 8%) with
refractive index detector was used to detect HCOOH and
CH3;COOH). A C18 column (Xterra MS C18) with diode array
detector was used to detect HCHO by derivatisation with Nash
reagent. Gaseous products (CO, CO,, CH, and H,) were analysed
using gas chromatography (Agilent MicroGC 990) equipped with a
TCD detector. Wavelength-dependent studies were performed
using the same photoreactor setup as NKT Supercontinuum
source (SuperK Fianium FIU-15) with a LTTF Contrast VIS giving
a bandwidth <2.5 nm.
Equations

Cproduct (mM) X Vreactor (L)
Meat (&)

Yield (mmol gy ') =

Nproduct (mOI)

x 100
Htotal (mOI)

Selectivity (%) =

number of reacted electrons
number of incident photons

AQY (%) =

where,
Ntormicacid = 2
Nformaldehyde =4
Nacetic acid = 8
Data availability
All data has been included in the manuscript and ESL{ Raw
data may be provided upon request.
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