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Abstract: Plasmon-enhanced electrocatalysis (PEEC),
based on a combination of localized surface plasmon
resonance excitation and an electrochemical bias applied
to a plasmonic material, can result in improved elec-
trical-to-chemical energy conversion compared to con-
ventional electrocatalysis. Here, we demonstrate the
advantages of nano-impact single-entity electrochemis-
try (SEE) for investigating the intrinsic activity of
plasmonic catalysts at the single-particle level using
glucose electrooxidation and oxygen reduction on gold
nanoparticles as model reactions. We show that in
conventional ensemble measurements, plasmonic effects
have minimal impact on photocurrents. We suggest that
this is due to the continuous equilibration of the Fermi
level (EF) of the deposited gold nanoparticles with the
EF of the working electrode, leading to fast neutraliza-
tion of hot carriers by the measuring circuit. The
photocurrents detected in the ensemble measurements
are primarily caused by photo-induced heating of the
supporting electrode material. In SEE, the EF of
suspended gold nanoparticles is unaffected by the work-
ing electrode potential. As a result, plasmonic effects are
the dominant source of photocurrents under SEE
experimental conditions.

Introduction

In recent years, there has been a lot of interest in
incorporating plasmonic nanomaterials into electrocatalytic
systems to improve their electrocatalytic performance by
selective utilization of UV and visible-light irradiation

through localized surface plasmon resonance (LSPR)
effects. Combining LSPR excitation with an electrochemical
bias applied to the plasmonic material, known as plasmon-
enhanced electrochemistry or plasmon-enhanced electro-
catalysis (PEEC), has the potential to result in more
efficient conversion of electrical energy to chemical energy
and vice versa compared to conventional electrocatalysis.[1,2]

Following LSPR excitation, several processes can contribute
to increased electrocatalytic rates. First, LSPR excitation
strongly enhances the electric field on the surface of the
electrocatalyst.[3] Plasmonic field-enhanced photocatalytic
water splitting and methylene blue transformation on silver
nanoparticles in contact with TiO2 have been
demonstrated.[4,5] Further non-radiative decay of LSPR
through Landau damping leads to the generation of non-
thermally distributed highly energetic electrons and holes,
with energies well above and below the Fermi level,
respectively, on the surface of a plasmonic nanoparticle.[6]

Electron-electron scattering prompts thermalization of these
energetic charge carriers, forming a “warm” Fermi-Dirac
distribution.[7] Non-thermal and thermalized carriers have
been shown to facilitate various electrocatalytic reactions
such as glucose,[8,9] methanol,[10–12] and glycerol[13] oxidation,
ammonia,[14] proton[12,15] and oxygen reduction.[16] Finally,
the internal decay of hot carriers inside a plasmonic nano-
particle can significantly heat the nanostructure and sur-
rounding environment. Elevated temperatures near the
plasmonic electrocatalyst facilitate phonon-driven chemical
reactions.[17,18]

In electrocatalytic systems, plasmonic nanomaterials can
act as both light-adsorbing and electrocatalytic sites or be
combined with other electrocatalytic materials and/or semi-
conductors to form hybrid systems. Pure plasmon metal-
driven electrocatalysis combined with effective charge sepa-
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ration strategies is proposed to be more efficient than
electrocatalysis on metal/semiconductor interfaces, as the
Schottky barrier limits the collection efficiency of hot
carriers.[19] In the Schottky-junction-free systems, the plas-
monic nanostructures on a conductive support or themselves
act as a working electrode that drives the electrocatalytic
reaction. A suitable potential bias is applied to this electrode
to extract either hot electrons in the case of oxidation
reactions or holes for reduction reactions to the external
circuit. It is suggested that in this way, the potential bias
prevents charge recombination and leads to the accumu-
lation of specific hot charge carriers, the injection of which
accelerates the electrocatalytic reaction.[2] Enhancement of
several electrocatalytic reactions in the direct Schottky-
junction-free systems due to participation of hot carriers has
been reported.[8,14,20,21]

Understanding the intrinsic mechanism of PEEC using
conventional ensemble measurements is challenging due to
averaging of the recorded catalytic currents over the
heterogeneous distribution of many plasmonic nanostruc-
tures and active sites. To separate the contributions of
various LSPR effects to the mechanism of rate enhancement
in PEEC, well-defined confined geometries are required,
which are easier to achieve using single-particle methods.[22]

However, most PEEC studies have been done using macro-
electrodes with randomly immobilized plasmonic particles.
There are only a few reports where PEEC on single
nanoparticles was investigated.[23,24] For example, Willets
group used scanning electrochemical microscopy (SECM) to
monitor hot carrier generation on single gold nanoparticles
(AuNPs) attached to an indium tin oxide electrode directly
or with an intermediate layer of semiconducting TiO2.

[25,26]

They were able to quantify the relative contribution of
thermal effects and hot carriers in plasmon-enhanced
electrooxidation[25] and assess the thermalized hot carrier
energy distribution after the electron injection to the semi-
conductor layer.[26] Zhou et al. applied single-entity electro-
chemistry (SEE) of collision (also called nano-impact SEE)
to investigate proton electroreduction on a cobalt metal-
organic framework (Co-MOF) nanosheet layer deposited on
a carbon ultramicroelectrode. The Co-MOF acts as an
intermediate layer between the carbon ultramicroelectrode
and plasmonic Ag/Au nanoparticles. Upon collision of single
Ag/Au nanoparticles under irradiation, increased catalytic
currents were observed that have been attributed to hot
carrier injection from the nanoparticle to Co-MOF, leading
to lowering of the reaction activation energy.[27]

Here, we use nano-impact SEE to investigate glucose
electrooxidation on AuNPs at the single-particle level in a
pure plasmon metal system. We first measure hot carrier
dynamics in AuNPs under experimental conditions using
transient absorption spectroscopy (TAS). We then compare
the intrinsic photoelectrocatalytic activity of single AuNPs
to photocurrents recorded in ensemble measurements on
nanoparticles attached to conductive supports. Our results
demonstrate how immobilizing AuNPs on a potentially
biased conductive support can alter the cause of current
enhancement in PEEC, suppressing the contribution of
plasmonic effects. This holds true when switching the

electrocatalytic reaction from oxidation to reduction, as
demonstrated by oxygen reduction on AuNPs. This work
highlights the limitation of widely used conventional
ensemble electrochemical setups in PEEC measurements in
pure plasmon metal systems and puts forward the nano-
impact electrochemistry method as a promising alternative.

Results and Discussion

This study used reactant-free AuNPs with an average size of
18�4 nm as measured by transmission electron microscopy
(TEM) (Figure 1A) as a plasmonic electrocatalytic material.
AuNPs in 10 mM NaOH, 50 mM glucose solution (exper-
imental conditions in SEE for glucose oxidation on AuNPs)
show an absorption maximum at 515 nm, which is slightly
shifted from that of the as-received stabilized solution of
AuNPs at 518 nm. (Figure 1B). The absorption maximum is
consistent with the LSPR band of free electrons in spherical
AuNPs.[28]

To explore hot carrier dynamics in the AuNPs/glucose
system, we performed transient absorption spectroscopy
(TAS) measurements. The excitation wavelength (pump)
was set to λ=550 nm, close to the LSPR peak of AuNPs and
the laser wavelength used further in the electrocatalytic
studies. As the excitation pump is set to a higher wavelength
relative to the LSPR peak, it eliminates any contribution
from Au interband transitions.[29,30] Figure 1C shows the
temporal evolution of the difference in absorption (ΔAbs=
Abspump� Absunpump), where the ΔAbs is ascribed to free
pump-laser-induced heating of the electron distribution,[31,32]

i.e., generation of hot carriers. The excitation of the plasmon
broadens the plasmon absorption peak. The pump-probe
results in a signal consisting of bleach around the central
absorption peak and two winglets on each side. Figure 1D
shows temporal changes of the ΔAbs at the peak of the
LSPR bleach (518 nm) in 10 mM NaOH solution with and
without glucose. Both traces can be fitted by a biexponential
decay function with the decay constants of 3.54�0.07 ps for
the solution without glucose and 3.71�0.07 ps for the
solution with glucose for the fast decaying component and
293�5 ps for both solutions for the slow decaying
component. The faster decaying component is assigned to
the thermal equilibration process between the electron and
lattice systems (electron-phonon scattering), while the
longer decaying component relates to phonon-phonon
scattering.[32] Comparison of the ΔAbs traces in the presence
and absence of glucose in the solution indicates that glucose
does not alter the hot carrier generation and decay processes
and does not shift LSPR peak.

The electrocatalytic activity of AuNPs towards glucose
oxidation was first examined by conventional ensemble
electrochemistry in a three-electrode setup.[18] A highly
oriented pyrolytic graphite electrode (HOPG) with immobi-
lized AuNPs (AuNP/HOPG) was used as a working
electrode. HOPG was chosen as an electrode support
because of its similar properties with a carbon microfibre,
which was used as the working electrode for SEE measure-
ments (see below). Figure 2A displays representative linear
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sweep voltammograms (LSVs) recorded on the AuNP/
HOPG electrodes in a deoxygenated aqueous solution of
100 mM NaOH and 30 mM glucose in the dark (black curve)
and under irradiation with a 532 nm laser (green curve).
Two well-defined peaks are observed at �� 0.4 and 0.2 V vs.
Ag/AgCl on the LSVs, which are not present on bare
HOPG electrodes in the absence of AuNPs (Figure S1).
Based on a combination of electrochemical measurements,
surface-enhanced resonance Raman (SERS) and DFT
calculations, it has been previously shown that glucose
electrooxidation starts at a potential region, where the gold
surface is not yet fully oxidized and is dominated by the
dehydrogenating adsorption of glucose followed by its
oxidation into gluconate.[33,34] Thus, the first peak can be
ascribed to the electrooxidation of electrochemically ad-
sorbed glucose molecules into gluconate, and the latter
represents a competitive or parallel oxidation of glucose and
gluconate into glucaric acid.[35,36]

Upon illumination of the electrode by the 532 nm laser,
an increase of the Faradaic anodic current by 39�7% for
the current peak at 0.2 V vs. Ag/AgCl is evident. The
photocurrent (the difference between the catalytic current in
the dark and under illumination) was previously attributed
to the hot-hole-assisted electrooxidation of glucose, where
the fast decay of hot carriers (of �2.7×1011 s� 1 based on our
TAS measurements) is inhibited by the suitable potential
bias driving hot electrons into the external circuit.[8,9]

Chronoamperometry measurements under alternating illu-
mination can be used to distinguish hot carriers and temper-
ature contributions in PEEC when the response time of the
cell is known, and it is fast.[18,37] Figure 2B shows the
photocurrent response of the AuNP/HOPG electrode under
alternating illumination in the deoxygenated 100 mM NaOH
and 30 mM glucose solution. The relative anodic current
enhancement in chronoamperometry differs from the values
obtained from the LSV peak current as both glucose and
gluconate can be oxidized at the applied potential. Their
relative concentrations on the experimental timescale differ
depending on the employed experimental technique.[36]

However, the rise and fall of the photocurrent corre-
spond to the turning on (green areas in Figure 2B) and off
(grey areas in Figure 2B) of the light source. The decay of
the photocurrent after turning off the illumination is gradual
and much slower than the cell time constant (τRC=30 ms;
Figure S2, Note S1) and the lifetime of hot carriers quanti-
fied by the TAS measurements, implying that the contribu-
tion of hot carriers to glucose electrocatalysis is minimal and
that thermal effects are the primary source of electro-
oxidation rate enhancement.[18] LSVs on AuNP/HOPG
electrodes illuminated by a 650 nm laser at which hot
carriers can not be generated also show an increase of the
peak current at 0.2 V by 37�6% (Figure 2C). This matches
within the error to the increase observed under 532 nm
illumination (Figure 2C vs. Figure 2A).[38] Similarly, the

Figure 1. A) STEM image and EDS mapping (inset) of the AuNPs. B) UV/Vis electronic absorbance spectra of the as-received stabilized solution of
AuNPs (blue) and solution of AuNPs in 10 mM NaOH, 50 mM glucose (orange). C) Two-dimensional color maps of the temporal evolution of the
surface plasmon resonance of AuNPs in 10 mM NaOH, and in 10 mM NaOH, 50 mM glucose. The black box denotes the spectral region obscured
by the pump pulse. D) Kinetic trace extracted at 518 nm, corresponding to the bleach of the plasmon peak due to surface-plasmon optical
excitation.
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photocurrent response in chronoamperometry under 650 nm
illumination is almost identical to the photocurrent under
532 nm illumination (Figure 2D vs. Figure 2B). These data
demonstrate that the observed enhancement of electro-
catalytic glucose oxidation on AuNP/HOPG electrodes is
not due to AuNP LSPR. The controlled experiment
performed with an ITO working electrode modified with
AuNPs (AuNP/ITO) showed an increase of the photo-
current by only 4% and 1.7% at 532 nm and 650 nm,
respectively (Figure S3). Comparison between the absorp-
tion spectra of AuNP/HOPG and AuNP/ITO electrodes
reveals that the absorption of AuNP/HOPG is significantly
higher compared to AuNP/ITO, and the absorption spec-
trum of the AuNP/HOPG electrode is dominated by HOPG
rather than AuNPs absorption (Figure S4, Note S2). These
differences in electrocatalytic performance and absorption
spectra between AuNP/HOPG and AuNP/ITO indicate that
photo-induced heating of HOPG rather than the decay of
plasmons is the primary source of the electrocatalytic rate
enhancement on AuNP/HOPG electrodes, in agreement
with our previous findings.[18]

Heterogeneities in nanoparticle size, shape, and inter-
action with the support contribute to the observed electro-
catalytic properties of plasmonic photoelectrodes in
PEEC.[39] To accurately measure intrinsic nanoparticle
reactivity and minimize collective heating effects,[40] we
further studied PEEC of glucose electrooxidation on indi-
vidual AuNPs using nano-impact SEE. In nano-impact SEE

experiments, individual AuNPs freely diffusing in solution
time to time approach and collide with the surface of a
potentially-biased ultramicroelectrode (UME), provoking
glucose electrooxidation on the surface of the NP. This
causes current spikes on the i–t curve, with each spike
corresponding to electrocatalytic glucose oxidation on an
individual AuNP impacting the electrode (Scheme 1).

Prior SEE experiments, the stability of AuNPs suspen-
sion in alkaline glucose solution was investigated by dynamic
light scattering (DLS) and zeta potential measurements
(Figures S5, S6, Note S3), which showed that AuNPs
agglomeration was negligible on the timescale of measure-
ments only in 10 mM NaOH solution. At the same time,
higher concentrations of NaOH resulted in fast agglomer-
ation of nanoparticles. The SEE measurements were there-
fore performed in 10 mM NaOH solution. A carbon fiber
UME (CF-UME) was inserted as the working electrode in a
deoxygenated 10 mM NaOH, 50 mM glucose aqueous sol-
ution containing 5 pM of AuNPs. As the AuNP surface
oxidizes and loses its electrocatalytic activity at high
potentials (Figure S7, Note S4), 0.2 V vs. Ag/AgCl, corre-
sponding to the peak potential in the LSV curves (Fig-
ure 2A, C), was chosen for chronoamperometry measure-
ments (measurements at lower potentials, i.e. 0.1 V vs. Ag/
AgCl generated current signals that were on the level of the
background noise, Figure S8). Figure 3 shows representative
signals registered in the dark (Figure 3A, D), and under
illumination with 532 nm (Figure 3B, E) and 650 nm lasers

Figure 2. A), C) LSV scans on AuNP/HOPG electrodes in the dark (black trace) and under illumination A) with 532 nm laser (green trace), and C)
with 650 nm laser (red trace) of the same intensities (see Experimental Section). The current under illumination is normalized to the peak current
of respective dark values. The voltammograms were recorded thrice to compute the mean values and the standard deviations. The standard
deviations for currents recorded under illumination at different applied potentials are shown as shaded regions. B), D) Chronoamperometry
measurements on AuNP/HOPG under alternating illumination at a fixed applied potential of 0.2 V vs. Ag/AgCl (1 M KCl). Illumination source:
B) 532 nm laser and D) 650 nm laser of the same intensities. All measurements were performed in the deoxygenated 30 mM glucose, 100 mM
NaOH solution.
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(Figure 3C, F). Oxidative current transients were observed
in all cases.

To verify that the spikes originate from the electro-
oxidation of glucose on AuNPs in contact with the CF-
UME, we performed several control experiments. No
current spikes were observed in NaOH/glucose solution
without AuNPs (Figure S9A). It has been suggested earlier
that OH� acts as a hole scavenger in plasmon-driven
catalysis, which then, in the form of *OH radicals, diffuses
through the solution to oxidize glucose.[8] However, we did
not observe any current transients when only OH� and
AuNPs were present in the solution (Figure S9B). Thus,
both AuNPs and glucose are required to observe catalytic
currents in the dark (in agreement with earlier reported
collision electrochemistry of AuNPs[41]) and under illumina-
tion. The collision frequency scales linearly with the particle
concentration (Figure S10), indicating that detected signals
correspond to nano-impacts of single particles.

The detection of oxidative spikes and quantification of
associated charges were conducted using an in-house
developed data analysis algorithm (details in Experimental
Section). Figure 4A–C show histograms of the charge
corresponding to each nanoparticle collision in the dark
(Figure 4A), and under illumination with 532 nm (Fig-
ure 4B) and 650 nm lasers (Figure 4C). The mean charge for
collisions in the dark was found to be 0.870�0.034 fC, for
collisions under 532 nm laser illumination, 1.230�0.058 fC,
and for collisions under 650 nm, 0.920�0.036 fC (the
standard error of the mean is calculated as s=

ffiffiffi
n
p
, where σ is

the standard deviation of the normal distribution, n is the
sample size). As was assessed via the Mann-Whitney U test

(Note S5), the difference between the data collected in the
dark and under 532 nm laser illumination is statistically
significant. In comparison, there is no significant difference
between the dark data and data under 650 nm illumination.
Figure 4D displays histograms of the average duration of the
spikes in the dark and under illumination with 532 nm and
650 nm lasers. Under 532 nm laser irradiation, a portion of
current spikes lasted longer than 350 ms, which was not
observed in the dark or under 650 nm laser irradiation.

Contrary to the bulk measurements (Figure 2A, C),
different rate enhancements were detected at different
wavelengths, with the charge per spike being higher for
measurements under 532 nm illumination. The absorption
spectrum of carbon fibers used as the working electrode in
SEE measurements (Figure S11) is similar to that of HOPG
electrodes (Figure S4), with no significant difference in
absorption at 650 and 532 nm. Therefore, the observed
wavelength dependence of the photocurrent suggests that
AuNPs LSPR leads to electrocatalytic rate enhancement in
SEE, unlike in ensemble measurements on HOPG electro-
des. Both highly energetic charge carriers and the local
temperature increase caused by their thermalization can
contribute to the observed rate enhancement under 532 nm
laser illumination.

For PEEC in ensemble measurements, it has been shown
earlier that plasmon-induced heating can lead to higher
photocurrents due to the increased mass transport rate of a
substrate to the electrode surface.[25] For the SEE measure-
ments, the magnitude of the current spikes can be compared
to values expected for a diffusion-limited reaction on a
spherical nanoparticle in contact with a planar electrode
according to:[42]

I ¼ 4p ln2ð ÞnFDCr (1)

where D is the diffusion coefficient of reactants (glucose) at
concertation of C, F is the Faraday’s constant, and r is the
radius of the NP. For our system, the values are n=2, D=

6.7×10� 6 cm2 s� 1,[43] and r=10 nm, giving the limiting current
of �560 pA. The detected current transients in the dark and
under illumination are significantly smaller, showing that the
reaction is not mass transfer-controlled. Thus, the contribu-
tion of increased mass transport due to local heating to the
observed photocurrents can be excluded.

We have previously shown that increased temperature
under illumination can facilitate charge transfer kinetics.[18]

Temperature increase contribution to the interfacial electron
transfer rate (k) at a fixed applied potential can be estimated
using the Arrhenius equation:

k T1ð Þ

k T2ð Þ
¼ exp �

EA

R
1
T1
�
1
T2

� �� �

(2)

where T1 and T2 are two different temperatures, EA is the
activation energy of the reaction, R is the gas constant.

To obtain EA of glucose electrooxidation on gold, we
performed LSVs under kinetic control conditions in the
dark in the deoxygenated 100 mM NaOH and 30 mM
glucose solution at different temperatures, which were

Scheme 1. Schematic illustration of the nano-impact SEE experiment
with plasmonic nanoparticles under illumination.
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varied externally using a thermostat. Measurements were
taken with a rotating disk electrode setup at various rotation
rates to ensure kinetic control of the current. At rotation
rates of 1000 rpm and higher, the peak current at 0.2 V vs.
Ag/AgCl was independent of the rotation rate (Figure S12),
as expected for a kinetically controlled reaction (the peak is
observed instead of the steady-state plateau current ex-
pected under kinetic control conditions due to the inactiva-
tion of the gold surface at higher applied potentials as
discussed previously[18]). Figure 5A shows representative
LSVs recorded on a gold RDE at a 2500 rpm rotation rate
with temperatures of the solution varied from 18.6 °C to
30.8 °C. Peak currents at 0.2 V vs Ag/AgCl increase with
increasing solution temperature and their values were used
to calculate the activation energy of glucose electrooxidation
at this potential (Figure 5B). EA was found to be
32.9 kJmol� 1.

Charge/nano-impact in SEE under kinetic control con-
ditions is directly proportional to the rate of glucose electro-
catalysis on an individual AuNP. Assuming that the increase
of the current signal under 532 nm illumination is entirely

due to the thermal facilitation of the charge transfer kinetics,
a temperature increase can be estimated from Equation (2)
using EA for glucose electrooxidation on gold at 0.2 V vs.
Ag/AgCl. An average temperature increase of �8 °C will
lead to a charge/nano-impact increase consistent with the
recorded experimental data (Figure 5A, B). We would like
to point out that as catalysis occurs at the nanoparticle
surface, the calculated value reflects the effective average
temperature of the surface and not the temperature of the
hot spots or the bulk of the material.[44]

We have performed photocurrent measurements of
glucose electrooxidation on AuNPs under illumination with
a conventional ensemble electrochemistry setup (Figure 2)
and at the single-particle level using nano-impact SEE
(Figure 3). Two irradiation wavelengths, one corresponding
to LSPR of AuNPs where generation of hot carriers occurs
(532 nm) and one that can not account for any hot charge
carrier effects (650 nm), were chosen to distinguish photo-
thermal from LSPR contribution to electrocatalysis.[38] The
photocurrent response in ensemble measurements was
independent of the wavelength. In contrast, a significant

Figure 3. Representative i–t curves recorded on a CF-UME in the deoxygenated 10 mM NaOH, 50 mM glucose aqueous solution upon collisions of
5 pM AuNPs A), D) in the dark, and under illumination with (B), E) 532 nm laser and (C), F) 650 nm laser of the same intensities. D), E), and
F) are zoomed areas (denoted by the blue box) of A), B), and C), respectively. The CF-UME was biased at 0.01 V vs. ground, which corresponds to
0.2 V vs. Ag/AgCl (1 M KCl).
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dependence of the response on the illumination wavelength
was observed in SEE measurements (Table 1). This effect
was preserved when we switched the electrocatalytic reac-
tion from oxidation to reduction using oxygen reduction on
AuNPs as a model system (Figure S13, Note S6).

In ensemble measurements on HOPG electrodes with
immobilized AuNPs, the wavelength independence of the
electrocatalytic photocurrents at 532 nm and 650 nm corre-
sponding to approximately identical absorbance of the
electrode (Figure S4) suggests a minimal contribution of
LSPR to electrocatalysis. Temperature effects due to HOPG
absorption dominate the observed photocurrent. This is
further confirmed by control experiments on AuNP/ITO
electrodes (Figure S3), where only a minor current increase
of �4% was detected under 532 nm illumination and 1.7%
under 650 nm illumination for glucose electrooxidation.
Thus, electrocatalysis enhancement by plasmonic effects is
minimal for AuNPs immobilized on conductive support in
accordance with our earlier results.[18]

When AuNPs are in direct contact with the electrode
support (HOPG or ITO) connected to an external voltage

Figure 4. The charge histograms, bin size 0.5 fC for SEE data collected A) in the dark, and under illumination with the B) 532 nm laser and
C) 650 nm laser of the same intensities. D) The histogram of duration of nano-impacts, bin size 0.05 s, for single collisions in the dark (grey), and
under 532 nm laser (green) and 650 nm laser (red) illuminations. All data were recorded with a CF-UME biased at 0.01 V vs. ground, corresponding
to 0.2 V vs. Ag/AgCl (1 M KCl) in the deoxygenated 10 mM NaOH, 50 mM glucose aqueous solution containing 5 pM AuNPs.

Figure 5. A) LSV scans on the gold disk electrode in the deoxygenated 30 mM glucose, 100 mM NaOH solution in the dark at different
temperatures varied externally. B) Determination of the activation energy for glucose electrooxidation at 0.2 V vs. Ag/AgCl (1 M KCl). The
voltammograms were recorded thrice to compute the population mean value and the corresponding standard deviation.

Table 1: Relative enhancements of glucose electrooxidation currents in
PEEC on AuNPs and different electrodes under irradiations with
532 nm and 650 nm lasers, and the primary absorber in each case.

Electrode 532 nm 650 nm Absorber

AuNP/HOPG 39�7% 37�6% HOPG
AuNP/ITO 4% 1.7% AuNP
CUME 41% 5% AuNP
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source, the Fermi level (EF) of the AuNPs is equilibrated
with the EF of the electrode, which is defined by the applied
potential.[45] For the system under external potential control,
upon continuous illumination, the energy of the generated
hot electrons is always higher, and the energy of the hot
holes is always lower than the EF of the working electrode.
Thus, the generated hot carriers perturb the potential of the
electrode, and this perturbation will be eliminated by filling
up hot holes by electron transfer from the electrode to
AuNPs, at the same time hot electrons with energies higher
than EF of the electrode will be removed to the external
circuit. Electron transfer between the electrode and the
AuNPs is usually faster than the redox reaction at the
particle surface.[45] As a result, the hot carriers generated in
AuNPs in direct contact with the working electrode will be
quenched before being able to participate in a chemical
reaction, e.g. glucose oxidation or oxygen reduction. This
will also minimize any heating of the lattice originating from
hot charge carrier recombination. Therefore, we propose
that the fast equilibration of the Fermi levels is the cause of
the lack of significant contribution of plasmonic effects in
ensemble PEEC when plasmonic nanomaterials are directly
immobilized on conductive electrode supports or themselves
act as a working electrode.

In nano-impact SEE experiments, a current signal is
observed when an AuNP is either in contact with the
electrode or within a short distance (<1.5 nm)[46] from the
electrode surface that enables charge transfer by tunneling
through the electrolyte layer. Far from the electrode surface,
the EF of the AuNP, and therefore the energy of hot
carriers, is not affected by the working electrode potential.
But even within the charge transfer distance from the
electrode, equilibration of EF levels between the electrode
and the AuNP does not necessarily occur in collision
experiments when the colliding particle does not stick to the
electrode.[45] This is the principal difference between ensem-
ble electrochemistry and SEE measurements for observation
of plasmonic effects in PEEC.

The EF of AuNPs depends on their size, shape, and
environment.[46] To roughly estimate the EF of Au under the
experimental conditions, we first measured the open circuit
potential (OCP) of an Au-UME in a 10 mM NaOH electro-
lyte (Figure S14). The addition of glucose shifted the OCP
to a lower potential of � 0.23 V vs. Ag/AgCl. This is �0.43 V
lower than the potential (0.2 V vs. Ag/AgCl) applied during
chronoamperometry measurements.

Considering this estimated difference in EF between the
working electrode (CF-UME) and AuNPs, two possible
explanations are proposed for the wavelength-dependent
photocurrent enhancement in SEE for glucose electrooxida-
tion (the case of oxygen reduction is analogous with holes
replaced by electrons and vice versa). The first possibility is
current enhancement due to the injection of hot carriers.
When the AuNP is not in direct contact with the electrode
to enable rapid EF equilibration but at a distance sufficient
for charge transfer, the hot electrons will be transferred to
the working electrode due to significant driving force
provided by the large difference in the energies of the
electrode and hot electrons (Scheme 2A). At the same time,

the hot holes inside the AuNPs can not be neutralized by
electron transfer from the electrode at the same rate as hot
electrons are removed to the external circuit. This is because
the energies of the holes are either higher than that of the
electrons at the electrode or only slightly lower depending
on the exact value of EF of the AuNP and the energy
distribution of the hot holes.[26] These remaining hot holes
participate in charge transfer with glucose molecules. The
injection of hot electrons to the electrode is reflected in
significantly higher charge (extra �2×103 electrons for
glucose oxidation and �2.9×106 holes for oxygen reduction)
transferred per collision under illumination with the 532 nm
laser (Figure 4B and Figure S13C) compared to the dark
measurements (Figure 4A and Figure S13B) and measure-
ments under 650 nm laser illumination (Figure 4C and Fig-
ure S13D). It is important to note that hole transfer to
glucose from the AuNP is thermodynamically favorable in
the presence of an electron acceptor even without a
potential bias. Indeed, glucose catalysis on AuNPs in a
solution containing dioxygen as an electron acceptor has
been observed.[47] In our experimental setup, this reaction is
suppressed since glucose oxidation experiments are per-
formed in deoxygenated solutions. As the hot carrier
generation in AuNPs is a wavelength-dependent phenomen-
on (Figure 1B–D), the participation of hot charge carriers in
the catalytic reaction is possible only under 532 nm but not
under 650 nm irradiation. Upon contact with the electrode,
the Fermi levels of the AuNP and the working electrode will
equilibrate, and injection of hot carriers will cease. As the
participation of hot carriers is limited to the approach phase,
i.e. beginning at the time when charge transfer through
tunneling becomes possible and ending after the Fermi
levels equilibration, an increase in the duration of the peaks
is expected. This has indeed been observed for 532 nm
irradiation compared to the dark and 650 nm irradiation
(Figure 4D).

The second possibility is the facilitation of the catalytic
reaction by thermal contribution due to the recombination
of charge carriers. As the suspended AuNPs are exposed to
laser irradiation, the hot carriers will recombine leading to
lattice heating. When a 532 nm laser-irradiated AuNP comes
into contact with the working electrode, thereby becoming
active for the catalytic reaction, its temperature can be
already higher compared to the AuNP in the dark. The
interfacial charge transfer will become faster on the heated
AuNP leading to enhanced charge /nano-impact. The
increase in the effective average temperature at the nano-
particle surface of �8 °C estimated using Equation (2) for
glucose electrooxidation will enhance interfacial charge
transfer kinetics consistent with the observed increase in
charge/nano-impact under 532 nm illumination (Figure 4A
vs. B). In this case, one would not expect a detectable
increase in peak duration because there is no significant
increase in the driving force (as in the case of hot electrons)
sufficient to drive charge transfer at longer distances from
the electrode surface.

Above, we considered two extreme cases in which the
observed rate enhancement was either entirely attributed to
the injection of hot charge carriers or the increase in local
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temperature. In the case of plasmon-enhanced electrocatal-
ysis, which necessarily includes electron transfer, it is
challenging to distinguish between the exact contribution of
non-thermal hot electrons and thermal electrons whose
temperature exceeds the local lattice temperature. The
observed increase in peak duration under 532 nm illumina-
tion for a fraction of the peaks (Figure 4D) suggests that at
least some of the extra charge carriers transferred to the
electrode should be highly energetic. Furthermore, it is
certain that SEE measurements enable the detection of
plasmonic effects in electrocatalysis and the investigation of
the intrinsic activity of the plasmonic catalyst at the single-
particle level.

Conclusion

We have shown that the contribution of plasmonic effects to
electrocatalysis in conventional ensemble electrochemical
systems is negligible when direct contact exists between the
plasmonic material and the working electrode support.. We
propose that this is due to the continuous equilibration of EF

of AuNPs and the working electrode that leads to the
neutralization of hot carriers by the voltage source before
they can participate in the electrocatalytic reaction. In
contrast, nano-impact single-entity electrochemistry enables
observation of plasmonic effects in the electrocatalytic
system due to the decoupling of Fermi levels of AuNPs and
the working electrode. Moreover, the method allows for the

quantification of extra charges for electrocatalysis on a
single plasmonic nanoparticle due to LSPR. Overall, this
study demonstrates the limitations of commonly used
conventional ensemble electrochemical setups in PEEC
measurements with pure plasmonic metal systems and
proposes the nano-impact SEE method as a promising
alternative.

Supporting Information

Electrocatalytic glucose oxidation with HOPG and AuNP/
HOPG, Cell constant, LSV on AuNP/ITO under dark and
illumination, Absorption spectra of AuNP/HOPG, AuNP/
ITO, and carbon microfiber, Nanoparticle characterization
DLS and Zeta potential, CV of Au disk and AuNP/HOPG,
SEE at 0.1 V vs. Ag/AgCl (1 M KCl), controlled collision
electrochemistry experiments, Rotating disk measurements,
Oxygen reduction reaction; bulk response on AuNP/HOPG
vs. in SEE under dark and illumination, OCP determination
with Au UME, Supporting Notes.
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