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ABSTRACT
Plasmon-mediated electrocatalysis based on plasmonic gold nanoparticles (Au NPs) has emerged as a promising approach to facilitate elec-
trochemical reactions with the introduction of light to excite the plasmonic electrodes. We have investigated the electrochemical oxidation of
4-(hydroxymethyl)benzoic acid (4-HMBA) on gold (Au), nickel (Ni), and platinum (Pt) metal working electrodes in alkaline electrolytes. Au
has the lowest onset potential for catalyzing the electrooxidation of 4-HMBA among the three metals in base, whereas Pt does not catalyze
the electrooxidation of 4-HMBA under alkaline conditions, although it is conventionally a good electrocatalyst for alcohol oxidation. Both
4-carboxybenzaldehyde and terephthalic acid are detected as the products of electrochemical oxidation of 4-HMBA on the Au working elec-
trode by high-performance liquid chromatography . The electrodeposited Au NPs on indium tin oxide (ITO)-coated glass is further utilized
as the working electrode for the 4-HMBA electrooxidation. With its broad absorption in the visible and near-infrared range, we show that the
Au NPs on the ITO electrode could enhance the electrochemical oxidation of 4-HMBA under green and red LED light illuminations (505 and
625 nm). A possible reaction mechanism is proposed for the electrochemical oxidation of 4-HMBA on Au working electrodes in an alkaline
electrolyte.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106914

INTRODUCTION

The oxidation of alcohols to aldehydes, ketones, and car-
boxylic acids is a widely used chemical transformation in organic
synthesis.1 The reaction products aldehyde and ketone obtained are
broadly used as valued precursors to drugs, fragrances, and aromas.
In addition to conventional oxidative routes based on homogeneous
reactions with oxidants such as hydrogen peroxide (H2O2), a num-
ber of new heterogeneously catalyzed processes to selectively oxidize
alcohols into carbonyl or carboxyl compounds such as electrochem-
ical oxidation of alcohols have been introduced in the past decade.2,3
Motivated by electrochemistry’s ability to precisely control
the flow of electrons in a redox process and its potential to access
novel reactions with less expensive and renewable electricity,4–8 the
electrochemical oxidation reactions3–6 receive increasing attention.
It has been shown that the electronic properties of molecules
could be modified with the help of an electrode. The chemical
properties of the molecule covalently bonded to an electrode

were modulated by the applied voltage.6–8 Recently, the electro-
chemical oxidation of alcohol molecules has also been applied as
an alternative anodic reaction to replace the kinetically sluggish
water oxidation reaction/oxygen evolution reaction (OER) in the
electrolytic production of hydrogen gas (H2) or carbon dioxide
(CO2) reduction.5,9–13 Alcohol electrooxidation driven with lower
potential than OER as the anode reaction would, thus, potentially
lower the energy requirements for the reduction of water and CO2 in
electrolysis.

In electrochemical oxidation of alcohols, Au metal and Au
nanoparticles (NPs) have been proven to be effective electrocata-
lysts, especially in alkaline electrolytes.14,15 Au could oxidize a variety
of organic alcohols in the absence of harsh chemicals or reaction
conditions.14,16 This electrochemical oxidation involves interfacial
proton–electron transfer, and it depends on both pH and the
electrode potential.14,17 In addition to these two factors, it was
discovered that Au NPs, which have dual attributes of electrochemi-
cal alcohol oxidation activity and visible-light-harvesting ability due

J. Chem. Phys. 157, 081101 (2022); doi: 10.1063/5.0106914 157, 081101-1

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0106914
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0106914
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0106914&domain=pdf&date_stamp=2022-August-22
https://doi.org/10.1063/5.0106914
https://orcid.org/0000-0003-0660-203X
mailto:qiu@sfsu.edu
https://doi.org/10.1063/5.0106914


The Journal
of Chemical Physics COMMUNICATION scitation.org/journal/jcp

to their localized surface plasmon resonances could further boost
the electrochemical reactions.18–21 The surface plasmon resonance
(SPR) of Au NPs was shown to directly enhance the electrooxidation
of the hydroxyl groups of the glucose molecules.18,20 It was proposed
that the oxidative hydroxide adsorption on Au NPs and the elec-
trochemical oxidation of glucose were enhanced by the nonthermal
charge carriers generated by the plasmon resonance of Au NPs.20
Similarly, the direct plasmonic charge transfer of a nanoporous
Au electrode with broadband absorption was shown spectroscop-
ically to directly facilitate electrochemical water oxidation via the
increased adsorbed hydroxide on Au and reactive holes.21 When
coupled with the nickel hydroxide (Ni(OH)2) electrocatalyst, the
SPR of Au NPs indirectly enhanced electrochemical water oxidation
via charge transfers to the catalyst.22,23

Plasmon-mediated electrocatalysis, i.e., the strategic combina-
tion of electrocatalysts and plasmonic nanostructures, is emerging as
a novel paradigm for improving the overall performance of electro-
catalytic processes and has attracted significant interest in the past
few years due to its promise for enhancing the efficiency and/or
selectivity of electrochemical reactions.19,24 However, the methodol-
ogy is still in its infancy and is an underexplored field presenting new
opportunities for sustainable production of fuels and value-added
chemicals.18,20,25,26 Despite its great promise, the mechanism of the
plasmonic enhancement of electrocatalytic systems, especially the
energy transfer across the interface of the plasmonic nanostructures
and the reactant molecules, remains poorly understood.27,28

Here, we will employ the electrochemical oxidation of
4-(hydroxymethyl)benzoic acid (4-HMBA) as the model reaction
on Au and Au NP electrodes. Au NPs electrodeposited on the
ITO-coated glass (referred to as Au NP electrode in the paper)
will be used as the plasmonic electrode to drive the 4-HMBA elec-
trooxidation. The surfactant-free Au NP electrodes are expected to
have dual functions of catalyzing the electrochemical oxidation of
the benzyl alcohol derivative 4-HMBA and absorbing visible light
due to their surface plasmon resonance. For several Au-catalyzed
alcohol oxidation reactions in base, the first deprotonation step was
proposed to be catalyzed by hydroxide (OH−) anions in alkaline
solutions, which react with the alcohol to form a reactive alkoxide
species (R-O−) that promotes the overall reaction rate.14,17 In addi-
tion to the hydroxide anions in the basic electrolyte, first-principles
calculations predict that the activity and selectivity of alcohol elec-
trooxidation are controlled by the presence of Au surface-adsorbed
hydroxyl groups (Au-OHads) using glycerol as the model system.29
Both Au-OHads and Au can be active sites and are critical in cooper-
atively facilitating the electrochemical oxidation of alcohols.29 It was

recently demonstrated by in situ surface-enhanced Raman scattering
(SERS) that the illumination of plasmonic nanoporous Au electrode
causes an increased equilibrium coverage of Au-OHads, which was
shown to directly enhance the electrocatalytic water oxidation.21
We, thus, hypothesize that the Au NP electrodes could catalyze the
electrochemical oxidation of the alcohol molecule 4-HMBA in
alkaline electrolytes, and its SPR property would further enhance
the reaction under resonant light illuminations. We will investi-
gate the electrochemical oxidation of 4-HMBA on a standard Au
metal working electrode and then study the SPR effects of an Au
NP electrode on this reaction.

RESULTS AND DISCUSSION

The electrochemical oxidation of 4-HMBA can be achieved
through conventional electrocatalysis by applying a sufficiently pos-
itive bias to the working electrode in an aqueous alkaline electrolyte
containing 4-HMBA molecules. The electrochemical oxidation of
4-HMBAwas first conducted with standardmetal disk working elec-
trodes in a three-electrode cell. The electrolyte was 10 mM 4-HMBA
dissolved in 0.1M KOH. A Pt wire was used as the counter elec-
trode and an Hg/HgO electrode as the reference. Cyclic voltammo-
grams (CVs) in the alkaline electrolyte (0.1M KOH and 0.1M KOH+10 mM 4-HMBA) were collected on the Au, Ni, and Pt disk
(diameter 1.6 mm) working electrodes, respectively.

As shown in Fig. S1(a), the CV of an Au metal disk working
electrode in 0.1M KOH (pH 13) exhibited a broad oxidation peak
from 0.4 V vs Hg/HgO [1.3 V vs reversible hydrogen electrode
(RHE)] in the anodic scan (i.e., the forward scan). Electrochemical
oxidation of the Au metal surface has been well studied, and the
broad oxidative peak is attributed to the hydrous oxide formation.30
The hydroxide anions (OH−) in the electrolyte could first chemisorb
on Au and form Au-OHads as shown in Eq. (1). Au-OHads will be
further oxidized at more positive potentials to produce gold oxide
AuOx [Eq. (2)]. The reduction peak of the oxidized Au was observed
at 0.25 V vs Hg/HgO (1.15 V vs RHE) in the cathodic scan (i.e., the
reverse scan). When 4-HMBA molecules were added to the alkaline
electrolyte [Fig. 1(a) blue curve], two broad oxidation peaks centered
at ∼0.2 and 0.38 V vs Hg/HgO were observed in the anodic scan.
The onset potential of the oxidation peaks was located at −0.2 V
vs Hg/HgO (0.7 V vs RHE). In the cathodic scan, an oxidation
peak was observed with a peak maximum at 0.18 V vs Hg/HgO
(1.1 V vs RHE). The oxidation peak in the cathodic scan is narrower
and higher compared with the one in the anodic scan. The CVs of

FIG. 1. CVs of Au and Ni working elec-
trodes in alkaline solutions. (a) CVs of
an Au disk working electrode in 0.1M
KOH (red) and 0.1M KOH with 10 mM
4-HMBA (blue). (b) CVs of a Ni disk
working electrode in 0.1M KOH (red) and
0.1M KOH with 10 mM 4-HMBA (blue).
The scan rate is 10 mV/s.
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alcohol molecules catalyzed by noble metals usually show oxidation
peaks in both the anodic scans and the cathodic scans. It was pro-
posed that in the anodic scan the Au-OHads catalyzes the oxidation
of the alcohol molecules but the more oxidized Au surface (AuOx)
could deactivate the alcohol oxidation reaction and, thus, the oxida-
tion current decreases to zero at very high potentials.31 Fig. 1(a) (blue
curve) shows that the oxidation current decreases to virtually zero
beyond 0.4 V vs Hg/HgO in the anodic scan, which is attributed to
the loss of activity induced by the oxidation of the Au surface. Once
AuOx is reduced according to Eq. (3) in the cathodic scan starting
from ∼0.28 V vs Hg/HgO, the oxidation peak of 4-HMBA emerges
[Fig. 1(a), blue curve]. The onset of the oxidation peak of 4-HMBA
in the cathodic scan matches the onset of the Au reduction peak at∼0.28 V vs Hg/HgO [Fig. 1(a), blue curve]. From this observation,
we attribute the initiation of the oxidation of 4-HMBA in the
cathodic scan to the reactivation of the electrode surface triggered
by the reduction of AuOx to Au. The positive current in the cathodic
scan thus has the contributions from both the positive current of the
4-HMBA oxidation and the negative current of the AuOx reduction.
Although there is still debate on the origin of the relative magnitude
of the two oxidation peaks of alcohols in the CV, it was proposed that
the oxidation peak in the cathodic scan could serve as an indicator
of the reactivation of the Au surface via reduction,31

Au +OH− → Au −OHads + e−, (1)

Au −OHads +OH− → AuOx +H2O + e−, (2)

AuOx +H2O + 2e− → Au + 2OH−. (3)

Compared with Au, the surface of Ni could be oxidized to
Ni(OH)2 and nickel oxyhydroxide (NiOOH) in the alkaline elec-
trolyte under oxidizing potentials.32 The oxidation peak of Ni into
Ni(OH)2 and NiOOH was observed at around 0.58 V vs Hg/HgO
and the reduction peak occurred at 0.52 V vs Hg/HgO [Fig. 1(b),
red curve]. These redox waves are typical of the electrochemical
transformation between Ni(OH)2 and NiOOH on Ni surface.32,33
Ni(OH)2/NiOOH is known as an active electrocatalyst toward the
OER in alkaline electrolytes, and an OER current was indeed
observed at potentials higher than 0.7 V vs Hg/HgO in Fig. 1(b) (red
curve) with an overpotential of ∼340mV.When 4-HMBAmolecules
were added to the KOH electrolyte, an additional oxidation peak was
observed in the anodic scan at 0.63 V vs Hg/HgO (1.53 V vs RHE)
following the oxidation of Ni [Fig. 1(b), blue curve]. This peak is,
thus, assigned to the electrooxidation of 4-HMBA, which is similar
to the electrochemical oxidation of benzyl alcohol catalyzed by
Ni(OH)2/NiOOH.34 In the cathodic scan, an oxidation peak at the
same potential was observed with a higher intensity. It is worth
mentioning that the redox waves of Ni grew with scans in the CV,
indicative of the electrochemical activation and transformation of
more Ni cations into the Ni(OH)2/NiOOH form [Fig. S1(b)]. The
current of electrochemical oxidation of 4-HMBA also increased as
a result of this electrochemical transformation of Ni [Fig. S1(b)].
When comparing the CVs in Figs. 1(a) and 1(b), the onset potential
of the electrooxidation of 4-HMBA is 0.8 V more cathodic on an
Au working electrode than on a Ni working electrode. While the
oxidation potentials of 4-HMBA are different in the anodic and

cathodic scans on Au, they are the same on Ni. In contrast to the
results observed with Au and Ni, a Pt disk working electrode showed
negligible activity of electrochemical oxidation of 4-HMBA under
alkaline conditions (Fig. S2) although Pt is conventionally a good
catalyst for alcohol oxidation.35

Among all three working electrodes mentioned above, Au
shows the lowest onset potential for the electrochemical oxidation
of 4-HMBA. This anodic reaction of 4-HMBA electrooxidation was
then coupled with a cathodic hydrogen evolution reaction (HER) in
an electrolytic cell using an ElectroSyn 2.0 system. The anode was
set to be Au and the cathode was Pt. In the non-separated elec-
trolytic cell, the electrolyte was 10 mM 4-HMBA in 0.1M KOH and
the potential applied was 2.0 V. The steady-state current for the elec-
trolytic reactions under a fixed potential is summarized in Table S1.
After a 3 h reaction in which Au was used as the anode, the
solution was analyzed with high-performance liquid chromatogra-
phy (HPLC). The reactant 4-HMBA and possible oxidized prod-
ucts 4-carboxybenzaldehyde and terephthalic acid were analyzed by
HPLC. The retention times of 4-HMBA, 4-carboxybenzaldehyde,
and terephthalic acid were determined to be 2.8, 3.7, and 3.1 min,
respectively (Fig. S3). Based on these retention times, the molecules
in the solution after the 3 h electrolysis with the Au anode were
determined to be 52% 4-HMBA, 19% 4-carboxybenzaldehyde and
29% terephthalic acid [Fig. S3(d)]. As a control experiment, the elec-
trolysis was conducted with Ni as the anode and Pt as the cathode
with the same electrolyte, the electrolytic current was ∼3.5 times
lower than that with an Au anode (Table S1).

To further explore the SPR effects of Au NPs on the elec-
trochemical oxidation of 4-HMBA with light, a working electrode
was fabricated by electrodepositing Au NPs onto an ITO-coated-
glass electrode. Au NPs were cathodically electrodeposited using
tetrachloroauric(III) acid (HAuCl4) as the precursor in sulfuric acid
(H2SO4) following a reported protocol36 to avoid the presence of
surfactant molecules. The surface of the transparent ITO electrode
became darker upon the electrodeposition of Au NPs. The surface
morphology of the Au NP electrode was characterized by a scanning
electron microscope (SEM). As shown in Fig. S4(b), the electrode-
posited Au NPs on the ITO surface exhibit long-range uniformity.
These electrodeposited nanostructures on the surface of ITO are
flower-shaped nanostructures [Figs. 2(a) and S4(c)], and these Au
nanoflowers will be referred to as Au NPs in this work regardless
of their shapes. The absorbance of the electrode was analyzed by
measuring its diffuse reflectance and is shown in Fig. 2(b). It can
be seen that the electrode has a broad and continuous absorbance in
the visible and NIR range from 500 to 800 nm.

The electrochemical property of the Au NP electrode was then
analyzed in the alkaline electrolyte (0.1M KOH). The CV of an Au
NP electrode in Fig. 3(a) (blue curve) shows redox waves centered
at 0.4 V vs Hg/HgO for the redox events between Au and AuOx,
similar to the ones of an Au disk working electrode [Fig. S1(a)].
With a geometric surface area of the electrode being ∼1 cm2, the
electrocatalytic surface area (ECSA) of a typical Au NP electrode
was estimated based on a previous report (details shown in the
supplementary material) to be about 0.2 cm2, and the ECSA was
used to calculate the current density.19 Similar to an Au disk working
electrode, the Au NP electrode catalyzes the electrochemical oxida-
tion of 4-HMBA but with a higher efficiency reflected by the higher
current density, especially in the cathodic scan [Fig. 3(b)]. Since Au
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FIG. 2. Surface morphology and opti-
cal property of the Au NPs on the
ITO electrode. (a) SEM image of the
electrodeposited Au nanostructures on
the ITO electrode and (b) the diffuse
reflectance spectrum of the electrode-
posited Au nanostructures on the ITO
electrode.

NPs grown on the ITO substrate show a broad absorption in the
visible and NIR range, two LED light sources (505 and 625 nm)
were chosen for the illuminated electrochemical measurements. The
output power of the 505 nm LED was 520 mW but the illumina-
tion power on the Au NP electrode surface was attenuated by the
electrochemical cell and a layer of 5 mm-thick electrolyte. When the
front side of the electrode was illuminated with a 505 nm LED light,
the peaks for the Au/AuOx redox waves did not change [Fig. 3(a)].
The electrocatalytic activity of the Au NP electrode was then tested
for the electrochemical oxidation of 10 mM 4-HMBA in 0.1M KOH.
When the 505 nm LED light illuminated the front side of the Au
NP electrode immersed in the electrolyte containing 4-HMBA, the
oxidation peaks in both the anodic and the cathodic scans were
higher compared with those under room light [Fig. 3(b)]. The
photocurrent, which is defined as the difference between the current
density under LED illumination and the current density under
room light, depends on the applied potentials (Fig. S5). The high-
est photocurrent (0.45 mA cm–2) occurred at the potentials of the
oxidation of 4-HMBA and no photocurrent was observed above
0.45 V vs Hg/HgO when the alcohol electrooxidation is deactivated
due to the oxidation of Au. This enhancement in oxidation current
was confirmed in repeated cycles to exclude the potential current
change due to electrochemical cycling (Fig. S6). As a control exper-
iment, the Au disk working electrode was also illuminated with the
same 505 nm LED light but no enhancement in the currents was
observed (Fig. S7).

As shown in Fig. 2(b), the Au NP electrode has a higher
absorbance in the NIR range compared with the visible one. A
LED with a wavelength of 625 nm was then applied as the illu-
mination source with an output power of 920 mW. Although the

illumination power on the Au NP electrode surface was attenuated
by the electrochemical cell and a layer of 5 mm-thick electrolyte,
positive photocurrents of 4-HMBA electrooxidation on the elec-
trode was observed under this NIR light illumination [Fig. 4(a)].
The increases in currents with a 505 nm LED and a 625 nm LED
show a similar potential dependence, and the enhancement is, thus,
attributed to the excitation of the SPR effects of the Au NP elec-
trode by the LED lights. It is known that the SPR effects of Au NPs
could lead to several outcomes such as enhanced electromagnetic
field (i.e., local field enhancement),37 elevated surface temperature
of the nanoparticles (i.e., photothermal effect),38,39 and generation
of energetic charge carriers (i.e., “hot” electrons and holes).24–27,40 To
further determine the possible SPR effects resulting in this enhance-
ment of 4-HMBA electrooxidation observed on Au NP electrodes,
the illumination power of the 625 nm LED light source was adjusted.
As shown in Fig. 4(b), the current density of electrochemical oxida-
tion of 4-HMBA on the Au NP electrode increases with the increase
of the illumination power of the 625 nm LED. It is expected that
the strength of SPR effects depends on the illumination power.27
Figure 4(b) shows the currents of the electrochemical oxidation of
4-HMBA varies with the illumination power and it confirms the
impacts of the SPR effects on this reaction. The first possible mech-
anism of SPR-induced enhancement to consider is the enhanced
local electromagnetic field on the surface of the Au NP electrode.
Since colorless 4-HMBA electrolyte does not absorb visible or NIR
light, the local electromagnetic-field-induced enhancement could
be excluded. The possible photothermal effect owing to SPR of
the Au NP electrode was then studied by collecting the CVs of a
standard Au disk electrode in the electrolyte of 10 mM 4-HMBA
in KOH at varying temperatures, even though the temperature of

FIG. 3. CVs of an Au NP on ITO work-
ing electrode in the different electrolyte.
(a) CVs of the Au NP electrode in 0.1M
KOH solution. (b) CVs of the Au NP elec-
trode in 10 mM 4-HMBA dissolved in
0.1M KOH. The blue curves are the room
light and the red curves are a 505 nm
LED illumination (520 mW). The scan
rate is 10 mV/s in all scans.
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FIG. 4. Electrochemical oxidation of 4-HMBA on an Au NP electrode under the illumination of a 625 nm LED light source. (a) CVs of the electrochemical oxidation of 4-HMBA
(10 mM in 0.1M KOH) on an Au NP electrode under room light and a 625 nm-LED light illumination. (b) CVs of the electrochemical oxidation of 4-HMBA (10 mM in 0.1M
KOH) on an Au NP electrode under a 625 nm-LED light illumination of different powers. The output power at 100% capacity is 920 mW. The scan rate in all the scans
is 10 mV/s.

the bulk electrolyte solution did not change after the LED illumina-
tions. It was shown in Fig. S8(a) that an elevated temperature shifts
the reduction peak of AuOx to less cathodic (more positive) values
and the reduction peak size becomes bigger at a higher temperature.
For the molecule 4-HMBA [Fig. S8(b)], the onset potential of the
oxidation peak on the standard Au disk electrode in the cathodic
scan shifts to more cathodic (more positive) values as well and the
oxidation peak sizes increase with increasing temperatures. Such
peak shifts in CVs caused by pure thermal effects are not observed
in the illumination-power-dependent CVs of 4-HMBA, and, thus,
the SPR photothermal effect as the sole contributor was excluded
for the observed current enhancement in 4-HMBA electrooxida-
tion. Furthermore, the onset potential of 4-HMBA oxidation in the
cathodic scan shifts in the same direction with the onset of AuOx
reduction when the solution temperature increases, implying the
importance of the role of reactivation of the Au surface in the
oxidation of 4-HMBA. Based on the analysis, we tentatively attribute
the SPR-enhanced electrochemical oxidation of 4-HMBA on the
Au NP electrode to the nonthermal effect, which could be similar to
the direct charge transfer observed on the Au nanoporous electrode
to water molecules21 and the electrochemical oxidation of glucose
molecules enhanced by the Au NPs.20

To further understand the electrochemical oxidation of
4-HMBA catalyzed by Au, the impact of the electrolyte pH was first
investigated. Figure S9 shows the CVs of an Au disk electrode and
an Au NP electrode in KOH electrolytes of different pH values. The
peaks of the redox waves of Au shift to more cathodic values with
the increase in the pH of the electrolyte but the peak sizes do not
increase dramatically. In addition to the peak shift with pH, the
electrochemical oxidation of 4-HMBA is greatly enhanced on an
Au electrode in both scans with a more basic electrolyte (Fig. S10),
indicating the importance of OH− in the 4-HMBA electrooxidation.
Following the pH-dependent experiments, the scan-rate-dependent
experiments were also conducted. Figure S11 shows that the oxi-
dation currents of the 4-HMBA molecules increase with the scan
rate and the square root of scan rate in a similar trend for both
the Au disk and Au NP electrodes. This shows that the surface
morphology (flat film vs NPs) of Au does not affect the reac-
tion mechanism. To study the impact of the –COOH group of
the 4-HMBA on the electrochemical oxidation of 4-HMBA, the

benzyl alcohol molecules were electrooxidized on a disk Au elec-
trode as a control experiment under the same condition. It was
found that the currents of benzyl alcohol electrooxidation are higher
in both the anodic and cathodic scans in the CV compared with
those of 4-HMBA electrooxidation (Fig. S12). The electrooxidation
of benzyl alcohol on Au is not only more efficient than that of
4-HMBA but also could occur within a wider potential window
(Fig. S12). To investigate the interactions between the alcohol
molecules 4-HMBA and benzyl alcohol with the Au electrode sur-
face, the surface mass change was recorded with electrochemical
quartz crystal microbalance (ECQCM) on a Ti/Au crystal. As shown
in Fig. S13, the mass changes of 4-HMBA and benzyl alcohol on the
Au electrode surface are different and the potentials of the redox
activities of the Au electrode interacting with these two molecules
are different. These differences imply that 4-HMBA and benzyl
alcohol show different adsorption and desorption behaviors on the
surface of Au. One possibility of different interactions of the two
alcohol molecules with Au could result from the competitive adsorp-
tion of the negatively charged carboxylate group on 4-HMBA. The
carboxylate groups could be favorably adsorbed onto the Au sur-
face under anodic potentials.41 It is suggested that some interaction
of the alkoxide with the (hydroxylated) Au surface is mandatory14
and the competitive adsorption of −COOH could hinder the sur-
face interaction of the alcohol group of 4-HMBA with the Au
surface, whereas this competition is absent in the case of benzyl
alcohol.

We, thus, propose a reaction mechanism of the electrochem-
ical oxidation of the 4-HMBA molecule over the Au catalyst as
shown in Fig. 5 based on our results and previous studies.9,14,29,42 The
carboxyl group (−COOH) of the 4-HMBA molecule is expected to
be deprotonated at pH 13 under an open circuit condition. The
carboxylate anions (HOCH2-Ph-COO–) then weakly adsorb on the
Au surface because Au is a soft Lewis acid, and the carboxylate anion
HOCH2-Ph-COO– is a hard Lewis base (step 1 in Fig. 5). When the
applied potential on the Au surface starts to increase, the hydrox-
ide anions (OH–) will be chemisorbed on the Au and oxidized to
form Au-OHads, which is electrophilic and can catalyze the alcohol
oxidation (step 2 in Fig. 5). For 4-HMBA, the proton of the
hydroxyl group can be removed at a moderately positive potential in
the alkaline electrolyte and form the alkoxide (−OCH2-Ph-COO−)
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FIG. 5. Schematic illustration of the proposed electrochemical oxidation of 4-HMBA over the Au electrode. (1) adsorption of 4-HMBA molecules on an Au electrode under
an open circuit condition; (2) chemisorption of hydroxide anions on an Au electrode at moderately positive potentials; (3) deprotonation of the hydroxyl group of 4-HMBA at
positive potentials; and (4) electron-proton transfer of the alkoxide species to form the aldehyde product at positive potentials.

(step 3 in Fig. 5). The alkoxide will then be attacked by the elec-
trophilic Au-OHads to generate (OHC-Ph-COO−) and H2O (step
4 in Fig. 5). The deprotonated 4-carboxybenzaldehyde (OHC-Ph-
COO−) adsorbed on Au surface is not stable in alkaline electrolyte
and could be hydrated, which is further oxidized by Au-OHads
to form HOOC-Ph-COO−. The electrochemical oxidation of
4-carboxybenzaldehyde on an Au electrode is shown in Fig. S14
in which the current in the anodic scan is very low. The
HOOC-Ph-COO− would be further deprotonated in the base to
form −OOC-Ph-COO−. Once Au-OHads is oxidized to AuOx, the
electrochemical oxidation of 4-HMBA cannot proceed and no
current is observed above 0.4 V vs Hg/HgO [Fig. 1(a), blue curve].
The introduction of an Au NP electrode could probably increases
the Au-OHads on the electrode surface by the energetic holes under
resonant light illuminations, which enhances the electrochemical
oxidation of 4-HMBA.

CONCLUSION

In summary, we have demonstrated the electrochemical oxi-
dation of 4-HMBA molecules on an Au metal electrode and an
ITO electrode decorated with electrodeposited Au NPs. The surface
redox chemistry of Au plays a critical role in driving the electro-
chemical oxidation of 4-HMBA. Both Aumetal and Au NPs catalyze
the electrooxidation of 4-HMBA molecules effectively in alkaline
electrolytes, and a higher pH is beneficial for this electrooxidation
reaction. Both 4-carboxybenzaldehyde and terephthalic acid were
detected in the reaction products of 4-HMBA electrooxidation by
HPLC. It is further shown that the broad absorption of the Au
NP electrode due to its SPR could enhance the electrochemical
oxidation of 4-HMBA molecules under visible and NIR light illu-
minations. It is proposed that the nonthermal charge carriers of the
SPR lead to the enhanced electrochemical oxidation of 4-HMBA
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on the Au NP electrode by excluding the photothermal and
enhanced electromagnetic field effects. The present work endeavors
to shed light on the electrochemical oxidation of benzyl alcohol
derivatives using 4-HMBA as a model system with Au NP electrodes
and the possible reaction enhancement powered by visible and NIR
lights. The results are expected to provide insights into designing
electrochemical devices using plasmonic metal nanostructures.
Future work will focus on investigating the reaction mechanism
of the electrochemical oxidation of electronically unique aromatic
substituents and the charge transfer mechanisms of the SPR from
plasmonic Au nanostructure electrodes in assisting electrochemical
reactions.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental methods and
additional table and figures as noted in the main text, including CVs,
HPLC data, SEM images, and ECQCM data.
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