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ABSTRACT: Direct loading of plasmonic nanostructures onto catalytically
inert conductive support materials leads to the Schottky barrier-free
architecture of the photocatalytic system. Such systems have recently attracted
the attention of the research community as they permit collection of hot
carriers independent of their energy when additional charge separation
strategies are used. However, a systematic mechanistic investigation and
description of the contribution of an inert conductive support to plasmonic
electrocatalysis is missing. Herein, we systematically investigated the effect of
the supporting electrode material on the observed photoinduced enhancement
by comparing the photoelectrocatalytic properties of AuNPs supported on
highly oriented pyrolytic graphite (HOPG) and indium tin oxide (ITO)
electrodes using electrocatalytic benzyl alcohol (BnOH) oxidation as a model
system. Upon illumination, only ∼(3 ± 1)% enhancement in catalytic current
was recorded on the AuNP/ITO electrodes in contrast to ∼(42 ± 6)%
enhancement on AuNP/HOPG electrodes. Our results showed that the local heating due to light absorption by the electrode
material itself independent of localized surface plasmon effects is the primary source of the observed significant photoinduced
enhancement on the HOPG electrodes in comparison to the ITO electrodes. Moreover, we demonstrated that an increased
interfacial charge transfer at elevated temperatures and not faster reactant diffusion as suggested previously is the main source of the
thermal enhancement. This work highlights the importance of the systematic evaluation of contributions of all parts, even if they are
catalytically inert, to the light-induced facilitation of catalytic reactions in plasmonic systems.
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■ INTRODUCTION

Plasmonic nanostructures (Au, Ag, and Cu) are being
increasingly researched as attractive materials for facilitating
light-driven heterogeneous catalysis.1,2 Interaction of the noble
metal nanostructures with an incident electromagnetic wave of
resonant frequency results in collective oscillation of the
confined electrons known as localized surface plasmons
(LSPs).3,4 Nonradiative rapid decay of LSPs through Landau
damping leads, first, to the generation of hot charge carriers
(electrons and holes) inside the nanostructures within 100 fs.
These hot carriers further thermalize inducing a local
temperature increase.5,6 Both these effects, as well as enhanced
electric fields near the surface of nanostructures due to LSPs,
can contribute to the enhancement of chemical transformation
rates in photocatalytic systems based on plasmonic nanostruc-
tures.7−9 Moreover, facilitation of several electrocatalytic
reactions, such as alcohol oxidation, water splitting, and
carbon dioxide reduction, by LSP effects has been
reported.10,11

In electrocatalytic systems, plasmonic nanostructures are
commonly loaded on support materials to form plasmonic
photoelectrodes. The frequently used support materials can be
broadly classified into two types: (i) semiconductors, which
form a Schottky barrier at the contact with the metallic

nanostructures, and (ii) conductive supports that form the
continuous energy level. While the Schottky barrier prevents
the recombination of charges, its height dictates the limit on
energy of charge carriers that can be collected. Photoelectrodes
free of the Schottky barrier have recently attracted attention of
the research community as they permit to collect hot carriers
independent of their energy when additional charge separation
strategies are used.12,13 Among conductive supports, carbon-
based materials [glassy carbon (GC), graphene, and graphite]
and indium tin oxide (ITO) are the most frequently used in
Schottky barrier-free plasmonic systems due to their catalytic
inertness. Despite the great interest in designing the Schottky
barrier-free systems with maximized hot carrier utilization, the
role of the catalytically inert electrode support in photocurrent
enhancement is discussed only in a few reports. For example,
Shi et al. reported that the photothermal contribution to the
photocurrent of oxygen reduction reaction on Ag nanostruc-
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tures could be minimized by using graphene as a support.14

Liao and co-workers attributed the enhancement of glucose
electro-oxidation under irradiation on a reduced graphene
oxide (rGO)−AuNP GC composite electrode to the excellent
electron transfer capability of rGO facilitating hot charge
carrier separation.15 Kim’s group proposed that rGO
contributes to the significant enhancement of photocatalytic
activity of AuNPs/Pd/rGO toward oxygen evolution and
hydrogen evolution reactions by mediating hot-electron
transfer to catalytic sites on Pd.16 All these reports suggest a
positive effect of carbon-based materials, particularly with a sp2

carbon structural motif, on the charge separation process
leading to increased photocurrents in electrocatalytic systems.
However, the systematic mechanistic investigation and
description of the inert electrode support contribution to
plasmonic electrocatalysis is missing.
Here, we systematically investigate the effect of the

supporting electrode material on the observed photocatalytic
enhancement and its role in facilitating charge separation at
illuminated electrodes. We compare photoelectrocatalysis by
AuNPs supported on highly oriented pyrolytic graphite
(HOPG), a sp2 carbon-based material with a multilayer
graphene structure with minimum defects,17 and on ITO using
electrocatalytic benzyl alcohol (BnOH) oxidation as a model
system. Employing voltammetry [linear sweep (LSV) and
cyclic (CV)], photocurrent measurements at various wave-
lengths, temperature variation studies, and hydrodynamic
voltammetry, we show that the local heating due to light
absorption by the electrode material itself independent of LSP
effects is the primary source of the observed significant
photoinduced enhancement on the carbon-based electrodes in
comparison to ITO. Moreover, we demonstrate that faster
charge transfer from the electrode to the reactant molecule at
elevated temperatures, and not faster reactant diffusion is the
main source of the enhancement. This work highlights the
importance of systematic evaluation of contributions of all
parts, even if they are catalytically inert, to the light-induced
facilitation of catalytic reactions in plasmonic systems.

■ EXPERIMENTAL SECTION

Materials. AuNPs (20 nm diameter; OD 1, stabilized
suspension in 0.1 mM PBS, reactant free), [Ru(NH3)6]Cl2,
and BnOH were purchased from Sigma-Aldrich. Sodium
carbonate (Na2CO3) and sodium bicarbonate (NaHCO3)
were procured from Merck. HOPG rod (diameter: 0.2 cm)
was purchased from Goodfellow and embedded in a Teflon
sheath keeping only the top surface exposed. Both counter (Pt
ring) and reference [Ag/AgCl; 1 (M) KCl] electrodes were
purchased from CH Instruments. An ITO-covered glass (8−12
Ω/cm2) was procured from Redoxme AB. The green (325
mW/cm2, 532 nm), blue (206 mW/cm2, 405 nm), and red
(266 mW/cm2, 650 nm) lasers were purchased from Lucinda.
The carbon-coated copper TEM grid was procured from Agar
Scientific.
Transmission Electron Microscopy Measurements.

Transmission electron microscopy (TEM) measurements
were carried out using a FEI Tecnai F30 ST 300 kV field
emission gun TEM/STEM instrument equipped with a Gatan
imaging filter, energy-dispersive detector, high-angle annular
dark-field detector, Lorentz lens, and bi-prism for electron
holography. The TEM samples were prepared by depositing a
drop of the as-received AuNP suspension on a carbon-coated

copper TEM grid and dried at room temperature for several
hours before examination in TEM.

UV−Vis Absorption Spectroscopy Measurements.
First, the as-received AuNP suspension was diluted 100
times with deionized water. The resulting suspension was then
transferred to a cuvette with a path length of 1 cm and
spectroscopic measurements were carried out in the medium-
scan mode of Varian Cary 50 Bio UV−visible spectropho-
tometer. The wavelength range and slit-width were 800−400
and 3 nm, respectively. For solid-state measurements, 5 μL of
as-received AuNP solution was drop-cast on the HOPG
substrate and an ITO-covered glass, followed by drying under
ambient conditions. The AuNP-coated ITO-covered glass and
the bare ITO-covered glass were placed in the light path of the
spectrometer using a holder, and measurements were
performed with the same parameters. For the HOPG and
the AuNP-coated HOPG, we performed diffuse reflectance
spectroscopy (DRS) in the medium-scan mode of the Varian
Cary 4000 UV−visible spectrophotometer using Internal DRA
900 accessory. The obtained % reflectance (% R) data were
converted into absorbance (A10) using the following
equation18

= − i
k
jjj

y
{
zzzA

R
log

%
10010 10 (1)

Electrode Preparation. 5 μL of AuNPs suspension was
carefully drop-cast on a polished HOPG (diameter: 0.2 cm;
embedded in Teflon) electrode. It was then left overnight for
drying to obtain the AuNP-coated HOPG (AuNP/HOPG)
electrode. A similar protocol was followed to develop a AuNP-
coated ITO electrode (AuNP/ITO), where 40 μL of AuNP
suspension was drop-cast on 0.5 cm2 of an ITO-covered glass.
Thereafter, a nonconductive resin was applied on AuNP/ITO
electrodes, leaving exposed an area corresponding to the laser
diameter (0.2 cm). This ensured that the obtained electro-
chemical data are not convoluted by any background current
and that illuminated areas for both HOPG and ITO electrodes
are the same.

Electrochemical Measurements. A three-electrode cell
setup using AuNP/HOPG or AuNP/ITO as a working, Pt as a
counter, and Ag/AgCl [1 (M) KCl] as a reference electrode
was employed to perform electrochemical measurements. 50
mL of 0.1 (M) carbonate-bicarbonate buffer (pH ∼ 10.6) was
used as the electrolyte. The electrochemical experiments were
performed using Gamry Reference 600 and Ivium Compact-
Stat.h electrochemical workstations. Prior to performing
electrocatalytic BnOH oxidation measurements, the AuNP/
HOPG electrode was subjected to 15 cycles of CV at 50 mV/s
between 0.45 and 1.5 V versus RHE to obtain a kinetically
stable state. Thereafter, 100 μL of BnOH was added to the
electrolyte and stirred till its complete dissolution to make 20
mM BnOH solution. In this solution, the electrode was again
subjected to 15 cycles of CV in the same potential range at 50
mV/s before conducting measurements for data interpretation.
LSV/CV were performed in the same potential window at 50
mV/s inside a Faraday cage under dark and light to evaluate
the electrocatalytic performance. For excitation power-depend-
ent studies the lasers of different wavelengths were used. The
maximum intensities of the lasers were 206 mW/cm2, 325
mW/cm2, and 266 mW/cm2 for 405 nm, 532 nm, and 650 nm,
respectively. The excitation power of the lasers was tuned using
a Thorlabs step variable neutral density optical filter.
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■ RESULTS AND DISCUSSION
Characterization of AuNPs. Reactant-free AuNPs with an

average size of (18 ± 4) nm as characterized by TEM
measurements (Figure 1A) have been used throughout this
study. The AuNP suspension showed a single, sharp
absorption band with an absorption maximum at 518 nm
(Figure S1). This is consistent with the dipole LSP resonance
band of free electrons in spherical AuNPs.19 The additional
absorption features at lower (<470 nm) wavelengths can be

attributed to interband transitions in AuNPs.20 For AuNPs
supported on HOPG and ITO electrodes, the highest intensity
peaks were observed at 532 nm, characteristic of the dipole
LSPR band of free electrons in a spherical AuNP (Figure 1B).
This suggests that the majority of the AuNPs are in a
nonagglomerated state. Additional broad bands of lower
intensity observed at higher wavelengths for both electrodes
can be attributed to the near-field interaction between
neighboring AuNPs.21,22 This generally arises when AuNPs

Figure 1. (A) TEM image of as-received reactant-free AuNPs with an average particle size of (18 ± 4) nm. (B) UV−vis absorption spectroscopy
measurements of dried AuNPs drop-cast on an ITO-covered glass (orange trace) and HOPG substrate (black trace). The dashed lines indicate the
wavelengths of the lasers used in plasmonic electrocatalysis measurements (vide infra).

Figure 2. LSV scans on (A) AuNP/HOPG and (D) AuNP/ITO electrodes in 20 mM BnOH solution in the dark (black trace) and under
illumination (green trace). 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 a shaded region. The population mean value and the
corresponding standard deviation are indicated. Chronoamperometry measurements on (B,C) AuNP/HOPG and (E,F) AuNP/ITO electrodes in
20 mM BnOH solution under alternating illumination at a fixed applied potential of 1.16 V vs RHE. Illumination source: 532 nm laser (325 mW/
cm2).
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are in close proximity due to the formation of small clusters
under solid-state conditions. Thus, while there is a minor
agglomeration and cluster formation for immobilized AuNPs,
the majority of AuNPs drop-cast on the electrodes remain in a
nonagglomerated state.
Photoelectrocatalytic Benzyl Alcohol Oxidation on

AuNPs. The electrocatalytic activity of AuNPs supported on
HOPG and ITO electrodes toward BnOH oxidation in the
dark and under continuous-wave illumination using a selected
laser excitation source light was investigated. The AuNP-
modified electrodes served as the working electrode in a three-
electrode setup. The surface area of the AuNP catalytic layer
exposed to solution was the same for both AuNP/HOPG and
AuNP/ITO electrodes. The entire exposed catalyst layer was
illuminated by a light source placed at the bottom or at the
front of the transparent cell for the AuNP/HOPG (Figure S2)
and AuNP/ITO electrodes (Figure S3), respectively. Figure
2A,D show LSVs recorded on the AuNP/HOPG and AuNP/
ITO electrodes, respectively, in 20 mM BnOH solution in the
dark (black curves) and under irradiation with a 532 nm laser
with the intensity of 325 mW/cm2 (green curves). A distinct
oxidation peak was observed on both electrodes in the dark (at
1.24 V vs RHE for AuNP/HOPG and at 1.15 V vs RHE for
AuNP/ITO). Bare HOPG and ITO electrodes did not
demonstrate significant catalytic activity toward BnOH
oxidation compared to the AuNP-modified electrodes (Figures
S4 and S5, respectively). Thus, the observed anodic peaks were
ascribed to BnOH oxidation on the AuNPs serving as catalytic
centers.23

Upon illumination, a striking difference in the photocurrent
responses was observed for the AuNPs supported on the
HOPG and the ITO electrodes. Only ∼(3 ± 1)% peak current
enhancement upon irradiation with the 532 nm laser (325
mW/cm2) was recorded on the AuNP/ITO electrodes in 20
mM BnOH solution in contrast to ∼(42 ± 6)% enhancement
on the AuNP/HOPG electrodes (Figure 2A,D). To under-
stand the primary reason for the observed difference in the
photocurrent responses and the source of the significant
enhancement on the HOPG electrodes, we performed
chronoamperometry measurements under alternating illumi-
nation [532 nm laser (325 mW/cm2)] at a fixed applied
potential of 1.16 V versus RHE. Prior to switching on
illumination, the electrodes were kept at the fixed potential to
establish a stable dark current. Figure 2B,C shows the
photocurrent response of the AuNP/HOPG electrode in 20
mM BnOH solution. Upon switching on illumination (green
areas in Figure 2B,C), an increase of the anodic current is
observed. Subsequent switching of the light source (gray areas
in Figure 2B,C) results in a decrease of the current back to the
dark value. Both an increase of the photocurrent upon
irradiation and a subsequent decrease when the light was off
were gradual lasting over 20 s before reaching a steady-state
value.
The photocatalytic enhancement of alcohol oxidation on

plasmonic nanostructures supported on carbon-based materials
has been previously attributed to the participation of hot
charge carriers generated during plasmon decay.24−26 The
lifetime of hot carriers generated due to Landau damping of
the plasmons in AuNPs does not exceed 1 ps.5,27,28 Thus, for
the photocurrent resulting from the participation of hot
carriers in the catalytic reaction, one would expect a sharp
decrease of the signal upon switching off illumination. Indeed,
it has been demonstrated previously that a fast-decaying

component of the photocurrent upon switching off illumina-
tion can be attributed to hot carriers, while a slow-decaying
component to thermal effects.29−31 We would like to note here
that the time constant (τ) of the cell should be measured to
perform such an analysis. The time constant of the cell, defined
as a product of the cell resistance (Rs) and the double-layer
capacitance (Cdl), represents the minimum time the cell
requires to establish a reliable current signal after perturbations
in the double-layer. Any conclusions on values of the
photocurrent can be drawn only from current measured at
time scales larger than τ. This value can be readily measured.32

To measure τ, first, a potential in the non-Faradaic region
(0.65 V vs RHE) was held for 20 s to reach a steady-state
current, followed by applying a small potential step (10, 20,
and 30 mV, respectively) (Figure S6). This potential step (E)
led to a sharp increase in the current corresponding to the
charging of the double layer. This charging current thereafter
decays according to eq 2

= · −i
E
R

e t R C

s

/ s dl

(2)

where i and t are current and time, respectively. The time
required for the current to reach ∼37% of its initial value
represents the τ of the electrochemical system.32 The obtained
value of the τ for the AuNP/HOPG electrodes is ∼30 ms
(Figure S6A−C). The slow decay of the BnOH oxidation
photocurrent on the AuNP/HOPG electrodes (Figure 2B,C)
over a time greater than the five cell time constants (5τ)
undermines the direct participation of hot carriers in the
catalytic reaction. This is in agreement with the recently
reported finding by Nocera et al. that ps-range lifetimes of
excited states are orders of magnitude shorter than that
required for productive photochemistry.33 Thus, the observed
slow decay of the photocurrent suggests that heating is the
primary source of the photocurrent on the AuNP/HOPG
electrodes.
Figure 2E,F displays the photocurrent response of the

AuNP/ITO electrode under alternating illumination [532 nm
laser (325 mW/cm2)] in 20 mM BnOH solution. Similar to
AuNP/HOPG electrodes, the increase and the decay of the
anodic photocurrent coincide with switching on (green areas
in Figure 2E,F) and off (gray areas in Figure 2E,F) the light
source. Interestingly, the nature of the current change is starkly
different from the AuNP/HOPG electrodes as light on/off led
to ∼1.5% instantaneous (∼200 ms) rise/drop in the current,
followed by a slower change (Figure 2E,F) for up to ∼2.2% of
the total current increase. As the τ for the AuNP/ITO system
was determined to be 870 ms (Figure S6D), the observed
instantaneous photocurrent response can not be fully
attributed to the direct participation of hot carriers in the
reaction because part of the charge goes to charging of the
double layer changed due to illumination. This suggests that
any contribution of hot carriers for the AuNP/ITO system is
lower than 1.5%. The remaining 0.7% current increase
occurring over seconds (at timescales much higher than the
cell constant) can be ascribed to local heating due to
thermalization of hot carriers within AuNPs.

Temperature Effects on AuNP/HOPG versus AuNP/
ITO Electrodes. The significantly higher value of the
photocurrent on the AuNP/HOPG in comparison to the
AuNP/ITO electrodes attributed to temperature effects (42%
on the HOPG electrodes compared to 0.7% on the ITO
electrodes as discussed above) invokes the question of whether
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the local heating due to the decay of hot carriers within AuNPs
or HOPG itself, plays the key role in the photo-assisted
enhancement. Because the temperature rise is proportional to
the total amount of absorbed optical energy,34 the photo-
current response should reproduce the absorption spectrum of
the material responsible for the heating. We performed
excitation power and wavelength-dependent chronoamperom-
etry measurements under alternating illumination (30 s light
on/off) on the AuNP/HOPG electrodes in 20 mM BnOH
solution. Figure 3A−C shows the dependence of the
photocurrent on the excitation power for illumination with
blue (405 nm, A), green (532 nm, B), and red (650 nm, C)
lasers. The AuNP/HOPG electrodes displayed identical in
shape photoresponses under illumination with the light sources
of different wavelengths. To determine the values of the
photocurrent at different wavelengths and intensities, the
current recorded at the end of each dark period was used to
create a baseline. After subtracting the baseline from the entire
chronoamperometry data, the current recorded at 30 s of
irradiation was considered as the photocurrent at a particular
wavelength and intensity. The dependence of the photocurrent
on the illumination intensity for different wavelengths is shown
in Figure 3D. Photocurrent values at different intensities for
different wavelengths can be fitted to a single line with an
acceptable goodness-of-fit value (R2 = 0.93), suggesting that
there is no strong dependence of the photocurrent on the

wavelength of the incident light. If the plasmonic effects on
AuNPs were the primary source of the photocurrent, one
would expect the photoresponse to be highly wavelength-
dependent with the enhancements coinciding with the LSP
resonance features of the surface-adsorbed AuNPs (Figure 1B,
black trace). We performed DRS measurements of the HOPG
substrate to understand its absorption behavior. The %
reflectances at 405, 532, and 650 nm were found to be
12.96, 11.80, and 11.05, respectively (Figure S7). Such close %
reflectance values confirm that HOPG absorbs across the
visible spectrum with a near-equal extinction coefficient.35,36

Thus, the wavelength independence of the photocurrent
suggests that the heating of the HOPG electrode itself due
to absorption of the incident light is the primary source of the
BnOH oxidation photo-enhancement on the AuNP/HOPG
electrodes.
To further confirm that the light absorption by the HOPG

electrode results in the temperature increase, we compared the
CV of the bare HOPG electrodes in buffer recorded under
light illumination with the 532 nm (325 mW/cm2) laser
(Figure S8A) to the CV curves recorded in the dark at different
temperatures of buffer solution varied externally using a
thermostat (Figure S8B). As can be seen from a comparison of
Figure S8A,B, increasing temperature leads to the similar
changes in CV curves as the illumination. Specifically, an
increase of cathodic current at ∼0.4 V versus RHE due to

Figure 3. Chronoamperometry measurements on the AuNP/HOPG electrodes in 20 mM BnOH solution at a fixed applied potential of 1.16 V vs
RHE under alternating illumination of different intensities with (A) 405, (B) 532, and (C) 650 nm lasers. (D) Dependence of the photocurrent
response on intensity at different wavelengths.
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oxygen reduction reaction on the HOPG electrode and a
decrease of the anodic current at ∼1.4 V versus RHE are
observed upon illumination and with the increase in the
temperature of buffer solution. A similar observation for an
illuminated AuNP/HOPG electrode and its temperature-
dependent response also confirm that the light absorption by
HOPG is the primary source of the temperature increase
(Supporting Note 1; Figure S9).
In contrast to HOPG, ITO-covered glass has a high

transmittance across the visible range (Figure S10).37 There-
fore, the tepid (2.2%) photoresponse on the AuNP/ITO
electrodes originated only from light absorption by AuNPs.
To quantify the effective change in temperature due to

irradiation, we performed BnOH electrooxidation on the
AuNP/HOPG electrodes in the dark at various temperatures
of solution controlled externally by a thermostat (Figure 4A).
The measurements were repeated thrice at each temperature
and statistical analysis was performed to obtain the average
current and error values. The anodic peak current on the
forward scan was found to increase linearly with the
temperature (Figure 4B). Using the peak current dependence
on the temperature as a calibration curve, the effective
temperature increase upon irradiation with the 532 nm (325
mW/cm2) laser was found to be 5.3 ± 0.8 °C. This further
explains the apparent linear dependence of the photocurrent
on laser intensity instead of the exponential dependence
expected for temperature effects. The narrow range of
temperature changes is not sufficient to distinguish between
linear and exponential functions.38 We further considered how
the temperature increase affects the kinetics of BnOH
electrooxidation.
Mechanistic Investigation of Temperature Effects on

Benzyl Alcohol Electrooxidation. In the plasmonic electro-
catalysis literature, enhanced photocurrent at increased
temperatures has generally been associated with higher
diffusion of reactants and products at the catalyst/electrolyte
interface due to significant local heating.24,39 The diffusion-
controlled peak current (ip) for an irreversible electrochemical
process, such as BnOH electrooxidation, can be described by
the Delahay equation (eq 3)40,41

π α ν=i nC A
F nD

RT
0.282p b (3)

where n is the number of electrons, F is Faraday’s constant
(96,485 C/mol), Cb is the bulk concentration of the reactant,
A is the surface area of the electrode, D is the diffusion
coefficient of the reactant, R is the universal gas constant, α is
the transfer coefficient, ν is the scan rate, and T is the
temperature. The equation predicts the linear dependence of
the ip on the square root of the ν and zero intercept for the ip
(corrected for capacitive current contribution) versus ν1/2 line.
Figure S11A,C shows CVs of BnOH oxidation on the AuNP/
HOPG electrodes at different ν values in the dark and under
illumination with the 532 nm (325 mW/cm2) laser,
respectively. Though the ip versus ν

1/2 relationship was linear
(Figure S11B,D), the intercepts in both cases were nonzero,
suggesting a mixed control of the peak current.
To probe the effect of mass transfer on the current, we

performed hydrodynamic voltammetry measurements on
rotating disk AuNP/HOPG electrodes (RDEs) in 20 mM
BnOH solution in the dark at varied rotation speeds (0−2500
rpm). As expected for a mass-transport controlled reaction, the
current increases with the increase in the rotation speed.
However, it does not reach a steady-state value even at high
overpotentials (Figure 5A). In contrast to stationary electrodes,
the mass transport of BnOH to the rotating electrode surface is
both time- and potential-independent and proportional to the
√(electrode rotation speed).42 Therefore, for the mass-
transfer-limited process, one would reach a plateau current in
RDE measurements once the mass transport of the analyte
limits the electrochemical reaction. The peak formation on the
AuNP/HOPG electrode in RDE experiments confirms that the
electrode process at potentials corresponding to the peak
current on the stationary CV is not entirely controlled by
diffusion.
By comparing CVs of the AuNP/HOPG electrodes in buffer

without and with 20 mM BnOH (Figure S12), we found that
the anodic peak corresponding to BnOH oxidation on the
forward scan ( f) coincides with the commencement of Au
oxidation into AuOx.

23,43 Interestingly, as AuOx is reduced

Figure 4. (A) CV scans (normalized to room temperature) on AuNP/HOPG electrodes in 20 mM BnOH solution at different temperatures in the
dark. (B) Determination of the temperature increase under irradiation (532 nm, 325 mW/cm2; green point) from a calibration curve drawn using
forward scan peak currents recorded at various temperatures. The voltammograms were recorded thrice to compute the population mean value and
the corresponding standard deviation.
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back to Au on the backward scan (b), the reemergence of the
BnOH electrooxidation current is observed. This suggests that
the oxidation of AuOx leads to the loss of the catalytically
active Au surface, resulting in the peak formation on the
forward scan.
The mixed-controlled nature of the peak current, as was

observed for BnOH electrooxidation on the AuNP/HOPG
surface, implies that the electrocatalytic activity can increase if
either diffusion or charge transfer rates or both increase. To
probe the effect of irradiation on diffusion rates, we performed
CV measurements on the AuNP/HOPG electrodes in 1 mM
solution of Ru(NH3)6Cl2 in 1 M KCl in the dark and under
illumination with the 532 nm (325 mW/cm2) laser (Figure
S13A). Ru(NH3)6Cl2 is a reversible redox probe with fast
electrode kinetics and the CV peak currents entirely controlled
by mass transport (diffusion).32,44 Therefore, the change in the
peak current can provide a quantitative estimate of diffusion
enhancement due to heating upon irradiation. As can be seen
from Figure S13A, the peak currents of Ru(NH3)6Cl2

increased by only 1.6% under irradiation. A similar response
was observed in CVs recorded in the dark at increasing
temperatures of solution (Figure S13B,C). These results
demonstrate that the increased rate of diffusion due to heating
cannot explain the ∼42% photocurrent enhancement observed
for BnOH oxidation on the AuNP/HOPG electrodes.
As the enhanced diffusion due to local heating was found

not to considerably increase the peak current, facilitated charge
transfer at higher temperatures should be responsible for
improved electrocatalysis. This conclusion is supported by the
opposite behavior of the ratio between the backward peak
current (ib) and the forward peak current (if) for BnOH
oxidation under the temperature variations versus the rotation
speed variation in the RDE measurements (Figure 5B). The ib/
if ratio decreased with the increase in the rotation speed, as the
rotation speed affects only mass transport and the effect of
mass transport limitation is higher on if compared to ib. In
contrast, ib/if increased with the increase in temperature. This
is because ib is more influenced by charge transfer kinetics than

Figure 5. (A) CV scans on AuNP/HOPG electrodes in 20 mM BnOH solution at different rotation speeds in the dark. (B) Dependence of the
backward scan peak current (ib)/forward scan peak current (if) ratio determined from the CV curves on the temperature (red trace) and rotation
speeds (blue trace).

Figure 6. (A) LSV curves on AuNP/HOPG electrodes in 20 mM BnOH solution in the potential region controlled only by charge transfer kinetics
(as determined from RDE experiments) in the dark and under illumination (532 nm laser, 325 mW/cm2), and (B) the photoinduced
electrocatalytic activity enhancement determined from (A) as a ratio of current under illumination to the dark current. The voltammograms were
recorded thrice to compute the mean values and corresponding standard deviations. The standard deviations at different potentials are shown as a
shaded region. The population mean value and the corresponding standard deviation are indicated.
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if and therefore, while the increased temperature led to an
increase in both peaks, its effect on ib was higher compared to
if.
While the RDE measurements are affected by the Au surface

oxidation, they can still be used to identify the current range,
where the catalytic activity is entirely charge transfer
controlled.42 In an RDE measurement, any current enhance-
ment with the increase in the rotation speed arises only from
the increased mass transport. Thus, the current range that
remains unchanged with the increase in the rotation speed is
representative of a region entirely controlled by charge transfer
kinetics. For the system under study, this current range was
found to be 0.018−0.1 μA. We identified the potential window
corresponding to this current range under irradiation from
Figure 2A. Its comparison with the current recorded in the
dark in the same potential window reveals a (45 ± 3.3)%
increase of the charge transfer rate under illumination (Figure
6A,B). This enhancement of current is the same within an
error to the (42 ± 6)% current enhancement on the forward
peak in CV under illumination. We would like to mention that
as a rule of thumb, the Arrhenius relationship predicts the
doubling of a reaction rate with each 10 °C increase in
temperature. Therefore, our observation of (45 ± 3.3)%
increase of the charge transfer rate with a temperature increase
of ∼5.3 °C arising from illumination is consistent with this
prediction. Thus, the increased temperature resulting from
light absorption by HOPG facilitates charge transfer kinetics
from the electrode to the reactant molecule at the electrode−
solution interface.

■ CONCLUSIONS

We have carried out a systematic investigation of the role of
the inert electrode support in photoelectrocatalysis on
plasmonic AuNPs. We have noticed a striking difference in
the photocurrent responses for AuNPs supported on HOPG
and ITO electrodes. The photocurrent on the AuNP/ITO
electrodes was 14 times lower than on the AuNP/HOPG
electrodes and consisted of two components: a fast-decaying
upon switching of illumination component and a slow-
decaying component, while the photoresponse of the AuNP/
HOPG electrodes had only a slow-decaying component. We
found that hot carriers have a negligible contribution to the
increased BnOH electrooxidation on AuNPs loaded on the
HOPG surface under illumination, and the observed photo-
current resulted from the increased temperature. Moreover, we
demonstrated that light absorption by the HOPG substrate
and not the recombination of hot carriers in AuNPs is
responsible for the temperature increase. Finally, in contrast to
previous reports where the effect of increased temperature has
only been attributed to higher diffusion of the reactant in the
vicinity of the electrode, we showed that the enhancement of
catalysis can arise from the increased charge transfer kinetics at
elevated temperatures.
This work demonstrated that despite being catalytically

inert, carbon-based support materials under illumination can
significantly stimulate the electrocatalytic activity of catalytic
centers placed on its surface by virtue of their wide spectral
absorption. We would like to emphasize that being catalytically
inert may not be enough to be chosen as an electrode support
for evaluating the true photocatalytic activity of an
immobilized catalyst under illumination.
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