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ABSTRACT: Light absorption and scattering by metal nano-

particles can drive catalytic reactions at their surface via the hv { » HCOOH
generation of hot charge carriers, elevated temperatures, and Ag EE— gg + HCHO

focused electromagnetic fields. These photoinduced processes can
substantially alter the shape, surface structure, and oxidation state of
surface atoms of the nanoparticles and therefore significantly modify
their catalytic properties. Information on such local structural and
chemical change in plasmonic nanoparticles is however blurred in
ensemble experiments, due to the typical large heterogeneity in
sample size and shape distributions. Here, we use single-particle
dark-field and Raman scattering spectroscopy to elucidate the
reshaping and surface restructuring of individual silver nanodisks
under plasmon excitation and during photocatalytic CO, hydro-
genation. We show that silver nanoparticles reshape significantly in inert N, atmosphere, due to photothermal effects. Furthermore,
by collecting the inelastic scattering during laser irradiation in a reducing gas environment, we observe intermittent light emission
from silver clusters transiently formed at the nanoparticle surface. These clusters are likely to modify the photocatalytic activity of
silver nanodisks and to enable detection of reaction products by enhancing their Raman signal. Our results highlight the dynamic
nature of the catalytic surface of plasmonic silver nanoparticles and demonstrate the power of single-particle spectroscopic
techniques to unveil their structure—activity relationship both in situ and in real time.
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B INTRODUCTION nanoparticles in plasmon-driven reactions.”””*’ Despite abun-
dant research on plasmon-assisted photocatalysis, most results
currently focus on the molecular products, while the fate of the
plasmonic nanoparticles remains poorly understood. To tackle
this challenge, single-particle spectroscopic techniques are
emerging as a powerful tool to characterize the structure—
activity relationship of plasmonic catalysts under irradia-
tion, 62425

In this study, we use a suite of spectroscopic techniques to
follow light-driven structural changes of individual plasmonic
nanoparticles under different reactive gas environments. We
follow the structural evolution of individual silver nanodisks

Light is known to enhance the catalytic activity of metal
nanoparticles via the excitation of localized surface plasmon
resonances (LSPRs). These resonances, which are due to the
collective oscillation of free electrons in metal nanostructures,
can give rise to nonthermalized (hot) charge carriers, elevated
temperatures, and enhanced electromagnetic fields."”” These
plasmon decay mechanisms can be exploited to activate
catalytic reactions such as ethylene epoxidation and organic
coupling reactions on silver nanoparticles,” > carbon dioxide
reduction on silver and gold,’”® and ammonia decomposition

on plasmonic alloys.” However, to date, a complete under-

standing of these photocatalytic processes along with the (Ag ,NDS) fabrlcatecll using electron-beam hthograp hy
. a . technique, by measuring their dark-field (DF) scattering
relative contributions of these plasmon decay mechanisms ] .
. . 9—14 spectra under photocatalytic conditions. Furthermore, we
remains contentious.

The catalytic and photocatalytic properties of metal elucidate their structure—activity relationship by correlating

nanoparticles are highly dependent on their chemical

composition and the morphology of their surface."”~" Received:  February 1, 2021
However, during most heterogeneous catalytic reactions, Revised:  February 18, 2021
atomic-scale structural and chemical modifications occur on Published: March 3, 2021

the catalyst surface, leading to dramatic changes in their
activity and selectivity.'"~*' Such surface modifications are also
known to markedly alter the catalytic properties of metal
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Figure 1. Sample design and microscopy setup. (a) (Top) Dark-field image of Ag NDs fabricated on a glass substrate (scale bar, 10 ym) and
(bottom) SEM images of four individual Ag NDs on a silicon substrate (scale bar, S0 nm). (b) Experimental setup for single-particle DF scattering
and SERS measurements. (c) Dark-field images and corresponding scattering spectra of four selected Ag NDs in air along with the FDTD
simulated scattering spectrum of a single Ag ND with a diameter of 95 nm and a height of 40 nm on a glass substrate. The vertical dashed line

represents the position of the 532 nm laser.

the LSPR of the Ag NDs measured in DF with their
photocatalytic activity under laser illumination, using surface-
enhanced Raman spectroscopy (SERS). We observe that Ag
NDs reshape significantly under mild (photothermal) heating
even under inert nitrogen atmosphere. Such nanocatalyst
reshaping is accompanied by dynamic restructuring of their
surface, leading to silver cluster formation (Ag,) under
plasmon excitation in a CO, and H, mixture, as confirmed
by their intermittent Stokes emission. These silver clusters are
likely to strongly affect the CO, reduction reaction, as
suggested by the correlated Stokes emissions from the
nanoclusters and the SERS signals of the photocatalytic
products.

B RESULTS AND DISCUSSION

Microscopy Setup and Sample Design. Silver nanodisks
with an LSPR close to the 532 nm laser irradiation are
fabricated on a glass substrate using electron-beam lithography
(EBL). In a typical sample, the nanodisks are ~95 nm in
diameter and 40 nm in thickness and adhered to glass with a 2
nm Ge layer. The nanodisks are arranged in a square lattice
and separated by 10 ym. Figure la shows the DF image of the
fabricated Ag NDs along with a few representative scanning
electron microscopy (SEM) images of silver disks fabricated on
a Si substrate, showing particle-to-particle heterogeneity in the
sample (also see the Supporting Information Section S1). Such
heterogeneity arises from the polycrystalline nature of the
EBL-deposited nanodisks.

Single-particle scattering spectra of the NDs are recorded in
an inverted microscope equipped with a monochromator and
an electron-multiplying charge-coupled device (EMCCD)
camera using a DF white light illumination geometry.”*~*
The microscope setup (Figure 1b) can be switched from
broadband to monochromatic illumination, allowing the
acquisition of single-particle surface-enhanced Raman scatter-
ing spectra as well. The transparent glass substrate supporting
the Ag NDs is used as the bottom window of a gas flow cell.
Three mass flow controllers (N,, CO,, H,) allow us to regulate
the gas composition during photocatalytic experiments. In
Figure 1c, we show the measured dark-field scattering image
and the corresponding scattering spectra of four Ag NDs in air
on a glass substrate, along with the spectrum of an ideal Ag ND
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simulated using finite-difference time domain (FDTD). Most
silver particles have LSPRs close to the ideal one, with
differences that can be attributed to their deviation from a
perfectly round disk.

(Photo)thermal Stability in Inert Atmosphere. To
characterize the thermal stability of our nanoparticles, we first
separately track the DF spectral evolution of 16 individual Ag
NDs during conventional heating under nitrogen atmosphere.
We find that the surface plasmon resonance of the NDs blue-
shifts with increasing temperatures (Figure 2a). Such spectral
shifts of the plasmon resonance are attributed to the reshaping
of slightly anisotropic NDs into (more) round particles
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Figure 2. Thermal and photothermal stabilities of Ag NDs in inert
atmosphere. (a) Temperature dependence of the LSPR shift (A, gpr)
of 16 individual Ag NDs after conventional heating in the dark in
nitrogen atmosphere. (b) Arrhenius plot of the mean values from (a).
The line is a linear fit using eq 1. (c) Time evolution of the dark-field
scattering spectrum of an individual anisotropic Ag ND in nitrogen
atmosphere illuminated by a 532 nm CW laser at increasing
irradiance. The NDs were illuminated for 10 min before the
accumulation of each DF spectrum. The spectra are vertically
translated for clarity. (d) LSPR shift (Al gpr) measured for 31
individual Ag NDs upon 532 nm CW illumination at 1 mW/ um? in
nitrogen atmosphere for 30 min, as a function of their initial LSPR.
The dashed vertical line shows the position of the 532 nm laser. The
horizontal line represents unaffected LSPR of irradiated Ag NDs.
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(Supporting Information Section S2).>' These shape trans-
formations are due to the surface diffusion of silver atoms,
which follows an Arrhenius-type relation with temperature.”>>*
Since the thermal reshaping is characterized by a blueshift in
LSPR, we quantify the degree of particle reshaping using the
plasmon resonance blueshift, Ad;gpr, and by following the

relation

Ea
|AA;gpr! o exp| —

kT (1)
where E, is the activation energy for the surface diffusion of
silver atoms, kg is the Boltzmann constant, and T is the
temperature. A linear fit of In(AA gpr) as a function of the
inverse temperature (Figure 2b) yields an activation energy of
0.28 eV/atom, which is in excellent agreement with previously
reported values for the surface diffusion of silver atoms.””**

At room temperature (~18 °C) and in the absence of laser
irradiation, the LSPR of individual Ag NDs remains constant
over a 1 h period in N,, CO,, and H, gas environments
(Supporting Information Section S3). Under focused irradi-
ation with a 532 nm continuous-wave (CW) laser, however, Ag
NDs significantly reshape, as indicated by a characteristic
blueshift of their plasmon resonance. In Figure 2c, we plot the
LSPR evolution as a function of irradiation power in pure N,
atmosphere for an individual Ag ND showing two peaks in its
initial scattering spectrum. Upon consecutive irradiation
periods of 10 min at increasing laser powers, the LSPR blue-
shifts and merges into a single peak, indicating a reshaping into
a (more) symmetric or round disk.”> The LSPR blueshift
converges to a constant value after about an hour of laser
irradiation, suggesting that the particle has reconfigured into a
stable shape.

Both continuous-wave and pulsed lasers have been known to
cause dramatic shape change in metal nanoparticles.’*™’
These transformations occur due to an increase in the
nanoparticle temperature, as a result of the nonradiative
decay of the LSPRs into heat. Under high illumination
intensities by tightly focused lasers, plasmonic nanoparticles
can in fact achieve temperatures as high as their melting
points.”’40 However, significant reshaping can occur at milder
temperatures well below the melting point of the bulk metal,
thanks to the higher mobility of surface metal atoms with
respect to bulk and to the low activation energy of diffusion in
nanostructures with high curvatures.*' ~* Hence, even under
mild heating, surface atoms also change their equilibrium
positions in order to minimize lattice stress and surface
energy.** As a result, reshaping and surface reconstruction can
occur leading to the formation of pico- and nanocavities and
surface protrusions.*

In Figure 2d, we plot the plasmon resonance shift measured
for 31 individual Ag NDs after 30 min in 532 nm CW laser
illumination at 1 mW/um? under a flow of N, gas at
atmospheric pressure, as a function of their initial LSPR. This
laser irradiance is well below the typical threshold for ablation
of plasmonic nanoparticles.”® Upon irradiation, most of the
nanoparticles exhibit a blueshift in their LSPR. Interestingly,
particles that had an original LSPR close to the 532 nm
irradiation wavelength and were therefore resonantly excited
show larger blueshifts due to plasmonic heating than particles
with an initial plasmon resonance farther away from the laser
wavelength. The scatter in the data can be attributed to the
misalignment of the particles with respect to the Gaussian laser
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beam and to the varying degree of anisotropy of the individual
nanodisks.

The temperature rise during plasmonic heating is dictated by
the laser irradiance, the absorption cross section of the
nanoparticle, and the thermal conductivity of the surrounding
medium. For an irradiated Ag ND at the geometric center of
the laser spot, the temperature rise, AT, can be estimated
using47

GabsI

AT = =
4rkr

)

where 0, is the absorption cross section of the nanodisk, I is
the laser irradiance (power per unit area), k is the average
thermal conductivity of the surrounding medium, and r is the
effective radius of the nanodisk. The latter is calculated by
approximating a nanodisk of diameter d and height h, with a
spherical particle of equal volume and therefore with a radius r
given by’

3 1/3
r= (— X d* x h)
16 (3)

For our Ag NDs, an absorption cross section of 1.13 X 107"
m? is calculated using FDTD simulations (see the
Experimental Section). Assuming a thermal conductivity of
02 + 01 Wm™! K for a glass—air interface,”® and an
irradiance of 1 mW/ ,umz, a temperature rise of the order of
100—200 K on a single Ag ND can be obtained from eq 2.
Such temperature increases could lead to significant reshaping
in the NDs. Equation 2 provides an upper bound of the
nanoparticle temperature increase due to the potential
misalignment of the nanoparticle with respect to the laser.

Photochemical Stability under CO, and H, Gas
Atmosphere. Metal nanoparticles often undergo significant
changes in surface structure and chemistry during (photo)-
catalytic processes.”’ "> We therefore extend our single-
particle approach to study the photochemical stability of Ag
NDs under laser irradiation in different reactive gas environ-
ments. Under resonant excitation by a 532 nm laser at 1 mW/
um?, Ag NDs show changes in their scattering spectra that
depend on the gas atmosphere around them. In addition to
photothermal reshaping, the chemical environment and the
thermodynamics of the processes occurring at the surface also
affect their structure. Hence, a competition between photo-
thermal reshaping and photochemical effects determines the
overall spectral shifts observed. Depending on the gas
environment, these two effects on the spectral position of
the LSPR will either complement or cancel each other. In
principle, the different thermal conductivities of the gasses
used could also affect the photothermal reshaping. However,
the thermal conductivities of N, (0.026 W m™! K™!), CO,
(0.017 Wm™ K™'), and H, (0.187 W m™ K™!) are all much
lower than the one of the glass substrate (1 W m™ K™') and
will therefore have a negligible effect on the photothermal
heating under steady-state conditions.’

Similar to the case of N,, in an atmospheric flow of CO,, we
observe a reshaping-induced blueshift of the plasmon
resonance during the first 15 min of laser irradiation, after
which the LSPR remains nearly constant (Figure 3a). In the
CO, environment, photocatalytic oxidation of silver catalysts
has been previously observed.”** Such a surface oxidation
would in principle lead to a redshift in the LSPR of the Ag
NDs. In our experiments, however, the spectral signature of

https://dx.doi.org/10.1021/acscatal.1c00478
ACS Catal. 2021, 11, 3478—3486


http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00478/suppl_file/cs1c00478_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.1c00478/suppl_file/cs1c00478_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.1c00478?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(a

(b

co, H,

Normalized scattering
Normalized scattering

500 600
Wavelength (nm)

500 600
Wavelength (nm)

400 700 400 700

Figure 3. Photochemical stability under reactive gas atmosphere.
Time evolution of the dark-field scattering spectra of a single Ag ND
irradiated by a 532 nm laser at 1 mW/um? in (a) CO, and (b) H,
environment. DF spectra are recorded every 15 min for ~2 h by
switching between laser and white light source. The spectra in (a) and
(b) are vertically translated for clarity. The black arrows are a guide to
the eye.

photothermal reshaping overcomes any potential contribution
from surface oxidation and a net blueshift is thus observed.

Photoirradiation of an Ag ND in 1 bar H, results in a
redshift of its LSPR over a period of 2 h (Figure 3b).
Hydrogen is a strong reducing agent and plasmon excitation
via laser irradiation could lead to the reduction of the 1—2 nm
thick native silver oxide at the surface of the nanodisk.”> A
conformal reduction of the native oxide shell into metallic
silver, however, would lead to a blueshift of the LSPR (see
Supporting Information Section S4). To shed further light on
the origin of the redshift observed experimentally, we
performed a laser irradiation experiment under a continuous
hydrogen flow on colloidally synthesized Ag nanoparticles
deposited on a carbon-coated Cu TEM grid. The laser power
was significantly lower, to avoid photothermal damage of the
ultrathin carbon membrane. TEM measurements of the same
nanoparticles before and after laser irradiation in hydrogen
atmosphere reveal the photochemical transformation of
smooth surfaces of silver nanoparticles into rough ones (see
Supporting Information Section SS). The roughness is likely
induced by the formation of silver clusters (Ag,) on the silver
nanoparticle surface, resulting in a Ag—Ag, system. Strong
evidence for silver cluster formation under photochemical
experiments in reducing gas environments is discussed in the
next section, where we show the appearance of a photo-
luminescence signal, which cannot be attributed to carbon
species.

The optical properties of silver nanoparticles are typically
modeled assuming a thin shell of native Ag,O around
them.”**® The mechanism of formation of silver clusters can
then be understood by considering that Ag,O has a band gap
of 2.25 eV (4 & 554 nm), which nearly coincides with the
LSPR of the Ag NDs.*® Upon irradiation in a hydrogen
environment, a plasmon-induced reduction of the native oxide
can therefore occur. Although we cannot exclude any
plasmonic activation mechanism, including photothermal
heating, hot charge carrier, and near-field driven processes, a
similar effect has been observed by Linic et al. when irradiating
plasmonic copper nanoparticles during the epoxidation of
propylene to propylene oxide.”> Furthermore, the native silver
oxide shell is often described as discontinuous and
inhomogeneous in nature.”” Reduction of surface silver oxide
can therefore lead to the generation of silver islands, clusters,
or cavities at the surface of the Ag NDs. Such nano- and sub-
nanostructures can give rise to electromagnetic hot spots under
laser irradiation. These in situ formed hot spots and their
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uneven distribution on the surface of the nanoparticles result in
a redshift and damping of the LSPR, as observed
expesrémentally (Figure 3b and Supporting Information Section
S6).

Photocatalytic Restructuring in the CO, and H,
Mixture. CO,RR is generally carried out in a reaction
environment that can cause oxidation or reduction of the
catalyst, hence modifying their surface structure and chemistry,
depending on the overall gas composition. We study the
combined effect of the constituting gases on individual Ag ND
catalysts during a photocatalytic CO,RR by varying the volume
ratios of CO, and H, in the gas mixture. For all of the
measurements, the Ag ND catalysts are pretreated in nitrogen
while irradiating with a 532 nm laser for 1 h. As observed
before, during the pretreatment, the Ag ND particles display a
blueshift of their plasmon resonance due to photothermal
reshaping (see Supporting Information Section S7). After
pretreatment in N,, we continue the photocatalytic experiment
by switching to a H,/CO, gas mixture and irradiating the NDs
for periods of 15 min, followed by acquisition of the dark-field
scattering spectra. Furthermore, during laser irradiation, we
continuously record the inelastic scattering spectra of the
catalysts. In Figure 4a, we plot the LSPR shift during
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Figure 4. Catalyst restructuring during CO,RR under laser
irradiation. (a) LSPR shift measured during 532 nm laser illumination
at 1 mW/um? of single Ag NDs in gas mixtures with different CO,/
H, ratios: 90:10 (circles), 80:20 (hexagons), and 60:40 (rhombi). (b)
Transient photoemission measured via inelastic scattering spectros-
copy during the laser irradiation of the Ag ND in a CO,/H, ratio of
60:40, corresponding to the time interval marked by the black dot in

(a).

photochemical irradiation of three single NDs under CO,/
H, mixtures of composition 90:10, 80:20, and 60:40.
Interestingly, the higher the concentration of hydrogen, the
larger is the redshift of the LSPR, indicating the formation of
silver clusters similar to the one observed in pure hydrogen
studies (Figure 3b).

Interestingly, during one of the photocatalytic irradiation
periods (marked by the black dot in Figure 4a), an intense
green-red luminescence from the particles is observed (Figure
4b). Such a luminescence, which has been observed for
multiple individual NDs studied under photocatalytic reduc-
tion conditions, is intermittent and typically centered between
540 and 650 nm (1.9—2.3 eV). Following the observation of
Dickson et al,,>® we attribute this emission to the luminescence
of the growing silver clusters resulting from their molecular-like
electronic levels. The emission energy of the luminescence
signal depends on the number of atoms of the cluster, N,
according to the relation®

Eg
E, =
YN )
where E, is the emission energy corresponding to the cluster’s

band gap and Eg is the Fermi energy of the metal (Eg = 5.49 eV
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for silver®). Using eq 4, we find that all of the emission
observed in our photocatalytic CO,RR experiments on various
Ag NDs can be attributed to silver clusters ranging from 13 to
24 atoms (Supporting Information Section $8).”> No emission
from clusters smaller than 13 atoms is observed in the blue part
of the spectrum, as their band gap is larger than our 532 nm
excitation energy (22.33 V). As the clusters grow in size (N >
25), their emission red-shifts to wavelengths longer than 650
nm and therefore away from our spectral range. Interestingly,
the silver cluster emission is only observed for a few seconds in
our experiments, i.e., when the cluster is growing and their size
lies between 13 and 24 atoms. Furthermore, as can be seen in
Figure 4a, after measuring photoemission during laser
irradiation, we observe a marked redshift of the plasmon
resonance of the Ag ND. Both these optical effects are
consistent with the nucleation and growth of nanoscale silver
clusters at the disk surface under photocatalytic conditions.
Finally, the intermittent nature of the measured luminescence
signal also suggests the random nature of Ag, cluster
formation, growth, and dissolution, similar to what has been
previously observed in nanoporous gold—silver catalysts.'®

An alternative explanation for the observed luminescence
signal could be the photocatalytic formation of amorphous
carbon species or carbon dots on the silver surface. The
luminescence signal from these species, however, is typically
accompanied and often overshadowed by characteristic Raman
signatures (broad D and G bands) that are not visible in our
inelastic scattering spectra.63

It is well known that nanoscale metal clusters are highly
active catalysts in a variety of chemical reactions.”*”*® Their
enhanced activity compared to bulk metals is due to the
presence of corners and step sites with undercoordinated
surface atoms and high surface energies. Furthermore, very
small metal clusters possess molecular-like HOMO and
LUMO electronic levels and could therefore efficiently mediate
charge transfer reactions to and from adsorbed species.”*

To examine the photocatalytic activity of the in situ formed
Ag, clusters, we perform correlated DF and SERS measure-
ments on Ag NDs under a 60:40 volume ratio of CO,/H,. The
particles are initially allowed to equilibrate under irradiation in
pure N, atmosphere for 1 h, during which their plasmon
resonance blue-shifts (Figure Sa). For the particle shown in
Figure Sa, upon switching the gas environment from N, to the
CO,RR mixture, no LSPR shift is observed during the first 45
min, implying the absence of any further structural change in
the selected Ag ND. In addition, no SERS signal is detected
during this initial period (Figure Sb, left). Such long induction
periods have been ascribed to catalyst restructuring processes
and are strongly dependent on the coverage density of reacting
molecules on the catalyst surface.””*® Driver et al. have also
shown that surface reconstruction is a cooperative process
requiring a critical number of adsorbates.®” In our studies, after
4S min of illumination in a photocatalytic gas environment, we
observe a marked redshift in the LSPR (Figure Sb), indicating
strong surface restructuring. The LSPR shift is accompanied by
an increase in the Stokes background (photoluminescence)
between 0 and 500 cm™. Concomitantly, we also start
observing SERS signal of molecules formed on the Ag ND
surface during CO,RR between 800 and 1800 cm™.

The simultaneous occurrence of luminescence and SERS
strongly suggests a correlation between the cluster formation
and the photocatalytic activity of the Ag ND. Such correlation
is indicative of a single source for the two processes of
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Figure S. Correlated SERS and LSPR redshifts during photocatalytic
CO,RR. (a) LSPR peak shift measured with DF spectroscopy of a
single Ag ND during pretreatment in N, and during photocatalytic
CO,RR in a 60:40 CO,/H, mixture under 532 nm laser irradiation at
1 mW/um?% (b) SERS signal measured during the laser irradiation
(left) before the onset of surface restructuring and (right) during
surface restructuring showing strong intermittent Stokes emission.

luminescence and catalysis, implying that the in situ formed
cluster Ag, is the active site for photocatalytic CO,RR. It is
noteworthy that despite identical experimental conditions, the
magnitude of the LSPR redshifts observed during CO,RR
varies from particle to particle (Supporting Information Figure
S9). We attribute this heterogeneity to particle-to-particle
structural differences and to a varying degree of surface
roughness induced in individual Ag NDs during photocatalysis.
Surface restructuring is crucial to the formation of cavities
with electromagnetic hot spots,”” which are ideal for SERS
detection and can significantly alter the photochemical activity
of our catalysts toward CO, hydrogenation reactions.
Supporting Information Figure S10 shows a waterfall plot of
the SERS signal observed during CO,RR on a different single
Ag ND under identical photocatalytic reaction conditions,
where blinking SERS signal is also observed. Dynamic
restructuring of the Ag surface leads to the continuous
formation and dissolution of active catalytic clusters. The
diffusion of the reactants, intermediates, and products in and
out of these active sites contributes to the stochasticity of the
SERS signal. Our observation is consistent with a recent report
attributing blinking SERS signature to in situ formed hot spots
and cavities.”’ Furthermore, compared to previous single-
particle studies under 100% CO, atmosphere, our use of a
60:40 CO,/H, mixture leads to significant restructuring of the
NDs surface and longer retention of their catalytic activity.’
Upon analyzing the spectral frames of CO,RR on individual
Ag NDs, we identify some of the frequently observed CO,
reduction products (Figure 6).°”'~7* One of the most
common products of reduction of CO, on silver is formic
acid, whose SERS signature was also observed in our
measurement (Figure 6a). Owing to the high hydrogen
concentration in the reaction mixture, we also observe the
four-electron reduction product formaldehyde (Figure 6b).
Figure 6¢ shows an intense signal from a molecule consisting of
C—H stretching vibrations of methylene and methyl moiety as
well as ring vibrations of aromatic hydrocarbon.”" Finally, we
also observe the formation of amorphous carbon on silver
surface (Figure 6d). In this study, we rarely observe any SERS
signals from carbon monoxide, which can be attributed to high
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Figure 6. Photocatalytic CO, reduction products. Spectral snapshots
showing the SERS signature of (a) formic acid, (b) formaldehyde, (c)
saturated and unsaturated hydrocarbons, and (d) amorphous carbon,
observed on a single Ag ND under 532 nm excitation at 1 mW/, /un2
in a 60:40 CO,/H, reaction mixture. The SERS spectral acquisition
time is 1 s. The Greek symbols represent symmetric stretch (v;),
antisymmetric stretch (v,,), rocking (p), scissoring (o), wagging (w),
twisting (), out-of-plane deformation (7), and deformation (§). vy,
Vg, and vg, are the ring vibrations of benzene-like molecules.

concentrations of hydrogen in our gas mixture, which prevents
the formation of carbon monoxide, a commonly observed
CO,RR product on silver.’

B CONCLUSIONS

In conclusion, using single-particle spectroscopy, we demon-
strate that plasmon excitation of metal nanoparticles can lead
to significant thermal reshaping and photocatalytic restructur-
ing of their surface, both in inert and reactive gas environ-
ments. Intermittent Stokes emission from Ag nanoparticles
suggests a dynamic surface structure of silver photocatalysts
under reducing gas environments, leading to the formation of
nanoscopic and highly active silver clusters. Such photo-
induced Ag—Ag, nanoparticle-cluster formation and the
presence of a high density of undercoordinated atoms/sites
can be vital to the photocatalytic activity of silver nanoparticles.
Our single-particle approach, while overcoming typical
limitations of ensemble measurements, provides a clear
understanding of the light-driven catalyst restructuring and
its role in activating chemical reactions on their surface. Our
results suggest that light, in conjunction with the selective
reactive environment, offers a unique way to engineer highly
active nanoparticle catalysts. Such photocatalytic surface
modification and cluster formation are likely to influence the
behavior of plasmonic nanoparticles used in a wide range of
applications, from heterogeneous catalysis to single-molecule
detection, and plasmonic sensing,

B EXPERIMENTAL SECTION

EBL Sample Preparation. Square arrays of Ag ND with a
diameter of 95 nm, a height of 40 nm, and a pitch of 10 ym in
both x and y directions are fabricated by conventional electron-
beam lithography (Raith EBPG 5250), followed by metal
deposition and lift-off. A 22 X 40 mm? glass substrate (Menzel-
Glaser coverslip) or a superpolished silicon wafer was coated
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with 450 nm thick electron-beam resist (ZEP520A). Further,
the glass substrate is coated with a conductive polymer (Electra
92). After electron-beam exposure and development, ~2 nm of
Ge and ~40 nm of silver (Kurt J. Lesker, 99.999%) are
deposited at a rate of 10 A s™" at a base pressure of ~5 X 107
mbar. The deposition is followed by lift-off in acetone.

Synthesis of Colloidal Ag Nanoparticles. Citrate-
capped silver nanoparticles are synthesized using the Lee
Meisel method.”” Briefly, 18 mg of silver nitrate is dissolved in
100 mL of water and the solution is heated to boiling. Once
the solution starts boiling, 2 mL of a 1 wt % aqueous solution
of sodium citrate is added and the resulting mixture is kept
under stirring for 1 h. The solution is then allowed to cool to
room temperature and centrifuged at 8000 rpm (13 000g) for
10 min and redispersed in Milli-Q water.

Flow Cell Experiments. A glass flow cell is built using the
methods described previously.’ To create a flow cell, two 1.6
mm diameter holes are drilled into a 1 mm thick glass slide
(VWR) at a distance of 3 cm from each other. The glass slide is
cleaned by etching away the top surface in a 2 M KOH
solution at around 80 °C for 30 min. The slides are then
thoroughly washed and sonicated for 30 min in Milli-Q water,
and the process is repeated twice. The slides are blow-dried
with a nitrogen jet. PTFE tubes (VWR) of diameter 1.6 mm
are glued to the holes using two-part epoxy glue. Thereafter,
coverslips with EBL-fabricated Ag nanodisks are attached to
the glass slide using epoxy glue. For the gas flow experiments,
H,, CO,, and N, gases are purchased from Linde. The flow
rates are digitally controlled using Brooks mass flow controllers
of GF040 series calibrated for N,, CO,, and H, gas. For all of
the experiments, the net gas flow rate is 5 mL/min. For gas
mixtures, the ratio is controlled by controlling the flow rate of
the gases to be mixed. For example, a 60:40 volume mixture of
CO, and H, is obtained by flowing the gases at rates of 3 and 2
mL/min, respectively.

Temperature-Dependent Measurements. For conven-
tional heating experiments in the dark, the flow cell is mounted
on a temperature-controlled stage (RC-30 confocal imaging
chamber, Warner Instruments). N, gas is flown at S mL/min.
The temperature of the stage is varied stepwise from room
temperature (~18 °C) to 48 °C. For each set temperature, the
sample is allowed to equilibrate for 10—15 min before
recording single-particle dark-field scattering spectra. The
drift in the stage due to temperature rise is corrected by
readjusting its position using selected Ag NDs as markers in
the dark-field imaging mode.

Single-Particle Spectroscopy. Single-particle dark-field
imaging and scattering experiments are performed on an
inverted Zeiss Axio Observer 7 microscope coupled to an
Andor Shamrock SR-500i imaging spectrometer and an Andor
Newton 970 EMCCD camera. The silver disks are illuminated
with a halogen lamp focused through an EC Epiplan 50X
objective (0.75 NA). The back-scattered light is collected with
the same objective and sent to the spectrometer connected to
the EMCCD. A slit size of 200 ym is chosen to select a single
column of particles. Scattering spectra of individual particles
are acquired with a grating of 150 lines per mm and centered at
550 nm. Only particles with resonances within 532 + 10 nm
are selected for the CO,RR experiments. Photocatalysis
experiments are carried out under 532 nm laser excitation at
a power of 3 mW distributed over a spot size of 2 ym in
diameter, corresponding to a power density of ~1 mW/um?,
unless otherwise specified. Typical acquisition times are 30 s
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for dark-field spectra and 1 s for photoluminescence and SERS
spectra.

For SERS analysis, a selection criterion based on signal
intensity with respect to the noise variation was set. If a peak
intensity was 3 times or more than the noise level, it was
identified as a Raman peak, otherwise it was ignored. A
comparison of Raman peak positions and intensity was made
to identify the molecules. Vibrational modes were assigned
based on the Raman spectrum of known molecules such as
formic acid, formaldehyde, and amorphous carbon, all of which
are well established in the literature.””"~"*

Numerical Simulations. Optical modeling of plasmonic
nanoparticles is performed using Lumerical FDTD. For the
simulations, we consider a silver nanodisk (Ag ND) of 95 nm
in diameter and 40 nm in height on a glass substrate. A total
field scattered field source (TFSF) is incident from the glass
side from a distance of 100 nm. Absorption and scattering
cross section are calculated by placing the respective monitors
in the simulation regions. Perfectly matched layer (PML)
boundaries surround the simulation region. A simulation mesh
of size 0.5 nm is used, which covers the nanoparticles and their
immediate vicinity. Yang dielectric functions for silver and in-
built dielectric function for glass is used. Dielectric function
parameters are optimized by varying the fit tolerance and
maximum coefficient in Materials Explorer, to obtain a good
material data fit before simulating the scattering and
absorption spectra.
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