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Real-time optical monitoring of the electron-transfer process was
achieved and modulated on individual gold nanoparticles functionalized with graphene. We found that charge accumulation on single
gold nanorods (GNRs) depends on the rate of Faradaic reaction,
which is synchronized with double-layer charging.

Plasmonic-resonant gold nanoparticles (AuNPs) have great
potential for diverse applications involving diﬀerent areas of
expertise. Among them is their use as nanoscopic electrodes1
and capacitors,2–4 as redox5,6 and optical catalysts,7 as building
materials in fabricating energy conversion devices,8 and in the
construction of biochemical and chemical sensors.9–12 In many
cases, the plasmoelectronic effects of single nanoparticle coupling of electron flow with plasmonic excitation is crucial to
understanding device performance in energy conversion and
photoactive material design.13–15
Recently, direct measurement of faradic response at individual nanoparticles has attracted great attention as they enable
a more thorough understanding of their structure–function
relationship.1,5,6,16 Once we begin studying the catalytic effects
and charge transfer events at the nanometer size scale, the
currents generated are extremely small, typically in the pico
ampere region, making measurements with good signal-tonoise levels challenging.16 Microscopic approaches, such as
scanning tunnelling microscopy or scanning electrochemical
microscopy, can be used to rapidly screen the electrocatalytic
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activity of nanoparticles, but rely on critical environmental
conditions or excellent tips, which can introduce significant
errors into the measurements made.17 Consequently, there
is a pressing need for the development of new microscopic
techniques to study such events, avoiding these problems,
which will promote the study of single biologically relevant
redox reactions.
In this current work, we aimed to develop a technology
based on plasmonic spectroscopy, using plasmonic-resonant
gold nanoparticles coupled with graphene that can measure a
biological redox event and shed new light on bioelectrocatalysis.
The developed technique will allow for a deeper understanding of
the factors that control biomolecular redox processes with
enhanced sensitivity at the nanoscale. Herein, we present a
spectroelectrochemical platform to monitor the electrochemical
oxidation process of nicotinamide adenine dinucleotide hydrogen
(NADH), an important coenzyme in electron transfer reactions
and pathways in biological systems.18 NADH undergoes irreversible oxidation electrocatalyzed by graphene film; moreover, the
nanoplasmonic properties of single gold nanorods covered by
graphene films were regulated (Fig. 1). Subtracting the background of charge distribution, the plasmon resonance Rayleigh
scattering spectra of GNRs display a substantial and reversible
blueshift during the potential scans in cyclic voltammetry.
In order to implement real-time electrochemical nanoplasmonic scattering spectroscopy, we applied a transparent
cell in contact with three electrodes (Fig. S1, ESI†). We immobilized GNRs with an average length of 68 nm and average
width of 40 nm on (3-aminopropyl)triethoxysilane (APTES)
silanized indium-tin oxide (ITO) slide as the plasmonic probe,
using dark field microscopy with a true colour imaging chargecoupled device camera and a spectrometer to follow the electrochemical process.19
Next, considering the unique electronic, catalytic, thermal
and mechanical properties of graphene materials, we fabricated a graphene oxide (GO) film on the GNRs-modified ITO
electrode. The process was verified by electrochemical impedance spectroscopy (EIS), plasmon resonance Rayleigh scattering
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Fig. 1 (A) The scattering spectra for individual gold nanorods charged by
synchronized faradaic reaction and non-faradaic double layer anodic
charging current. The black and blue solid lines show the scattering
spectra of gold nanorods at open circuit and an applied positive potential,
while blue and red dashed lines indicate the contribution of faradaic
reaction and non-faradaic charging, respectively. (B) The charged gold
nanorods in the presence (left) and absence (right) of faradaic reaction in
the electrochemical system.

(PRRS) spectroscopy and scanning electron microscopy (SEM).
The observed impedance changes in EIS demonstrate that the
heterogeneous charge-transfer resistance on the working electrode significantly increases upon the deposition of low conductive GO (Fig. S2, ESI†). Simultaneously, the plasmonic
scattering spectra of single GNRs display a considerable redshift
(i.e. 623 nm to 635 nm), due to the variation of the local dielectric
environment (Fig. S3A and S4, ESI†).20 The SEM results further
indicate that the surface of GO film is homogeneous on ITO slide
(Fig. S5, ESI†).
The as-prepared working electrode, denoted as GO/GNRs/
APTES/ITO, was then applied to investigate the irreversible
oxidation process of NADH in phosphate buﬀer. Cyclic voltammograms (CVs) were performed in the presence and absence of 3 mM
NADH. CVs were scanned from a starting potential of 0 V to a
switching potential of 0.7 V, ending at 0 V. An oxidation peak was
observed at ca. +0.55 V (Fig. 2A). We were interested in ascertaining the component that yielded this behaviour. Consequently, a
control CV was performed in which an uncovered single GNRs
modified ITO electrode (GNRs/APTES/ITO) was used, and no
faradaic electrochemistry was observed for NADH (Fig. S6, ESI†),
thus confirming that the origins of the catalysis could be attributed to graphene material. Simultaneously, the scattering spectra
were recorded during the potential cycling. In the absence of
NADH, the scattering spectra of single GNRs displayed a weak and
reversible red-shift (data not shown), due to the anodic charging
induced electron injection from single GNRs (Fig. 1A).21–23 Interestingly, upon the addition of NADH, the PRRS peak position
displayed a blueshift as compared to that without NADH at the
same applied potential, indicating the existence of a competing
effect (Fig. 2).
To evaluate the eﬀect of the faradaic reaction and other
potential factors, the capacitive current and scattering spectral
peak shifts observed in the absence of NADH were set as
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Fig. 2 (A) Cyclic voltammograms recorded on graphene oxide covered
ITO electrode at 10 mV s 1, in the absence (black line) and presence
(red line) of 3.0 mM NADH. (B) Faradaic current (black line) and spectral
shift (red triangle) as a function of applied potential and time. (C) The
faradaic charge (black square) and spectral shift (red triangle) of a single
GNR as a function of time. The Faradaic charge was calculated by
integrating the area under the peaks obtained in the cyclic voltammogram
every 10 seconds. (D) The numbers of electrons transferred through a
cross-section of a gold nanorod (black square) and accumulated on the
gold nanorod (red triangle), depending on time in voltammetry.

background and subtracted from that obtained with the addition of NADH, as outlined in Fig. 2B. Then, the PRRS peak
position displayed a significant blueshift at positive potentials,
and then shifted back to the original peak wavelength. The
refractive index of the surrounding medium, temperature and
dissolved gases were assumed constant along with a fixed size
and shape of gold nanoparticles. Herein, we consider that the
observed blueshift exclusively resulted from the faradaic reaction induced electron injection into single GNRs by solvated
reductant (Fig. 1B). In this case, the bulk scattering wavelength
for the nanoparticles solely depends on the electron density
and the eﬀective mass of electrons.24
Fig. 2C and D show the real-time charge injection on single
GNRs as a function of scanning time for the in situ spectroelectrochemical experiments. According to the linear relationship between the surface plasmon resonance shift and electron
density,21,24 the electron injection amount was calculated as
8.43  104 for the GO covered single GNR with the blueshift of
6.5 nm in the surface plasmon resonance maximum (eqn (S1)–(S4),
ESI†). If one assumes a uniform current density flow through the
bulk region of the ITO electrode, the largest quantity of electrons to
have passed through a cross-section of 0.0272 mm2 in 10 seconds
was counted to be 4.56  103 on GO/GNRs/APTES/ITO. Interestingly,
this number is one order of magnitude smaller than the largest
accumulation number. At all potentials, the accumulation number
is 10 times greater than that transferred through a cross-section
similar to single GNRs. This indicates that the signal amplification
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effect of nanoparticles results from the available increased electroactive area.25 We define accumulation efficiency as the ratio of
electron accumulation number to transfer number, with a value
of 18.01 on GO/GNRs/APTES/ITO.
To further confirm the applicability for optical-scattering
spectroscopy towards the real-time monitoring of faradaic
reactions, we decided to tune the faradaic reaction kinetics by
modulating the redox states of the electrocatalysis substrate.
First, we performed cyclic voltammograms on the ITO electrode
with an applied potential between 0 and 0.8 V in order to
gradually reduce the graphene oxide.26 The reduction process
was verified by electrochemical scattering and EIS characterization. The PRRS spectra of single GNRs exhibit a progressive
blueshift in response to scan cycles, with the greatest resonance
response of 10 nm after 80 cycles were completed (Fig. S3B, C
and S7, ESI†). Graphene oxide films with varied thickness
showed similar behaviour, and the scattering spectral shift
becomes more significant as the thickness of graphene oxide
film increases (Fig. S3A, ESI†).27 These results indicate that
the optical modulation property of single nanoparticles could
be tuned by the charge carrier density injected into the electrochemically reduced graphene oxide (erGO) membrane.27,28 It is
important to note that the oxidation currents and resonance
blueshifts obtained at erGO covered GNR modified ITO (erGO/
GNRs/APTES/ITO) surfaces were more evident as the anodic
potential was increased; moreover, as the anodic peak potential
negatively shifted by 250 mV, there was also a 10-fold increase
in the peak current obtained in the presence of NADH, and a
further blueshift of 4.7 nm (Fig. 3A and B), as compared to GO/
GNRs/APTES/ITO. The spectral shift maximum (Dlmax) was
recorded as 11.2 nm with 1.453  105 electrons injected.
As expected, the gold nanorods showed a signal amplification
eﬀect (Fig. 3C and D). The lower oxidation over-potential and
higher anodic current indicate that erGO shows a better catalytic performance than GO. Amazingly, the accumulation eﬃciency on a single GNR covered by erGO is considerably smaller,
calculated as 2.67 (shown in Fig. 3D).
We also considered that in a diﬀusion-limited redox process,
the rate of the faradaic reaction depends on the concentration
of electroreactant. Fig. 4 shows the scattering spectra of single
GNRs covered by graphene oxide in response to analyte addition. A subsequent concentration increase in NADH from
0.5 mM to 3 mM leads to a linear increase in the resonance
blueshift. Notably, the spectra of individual nanoparticles were
observed to be stable at higher NADH concentrations, indicating that the rate of the faradaic reaction is not the only
dominant factor for electron accumulation. Similar behaviour
was exhibited by single GNRs shielded by reduced graphene
oxide. Furthermore, the spectroelectrochemical results shown
in Fig. 2–4 indicate that single GNRs covered by GO displayed
different accumulation efficiencies towards faradaic reactions
from those covered by erGO. A possible explanation for these
observations is that cation and hydrated ions diffuse into the
graphene film from the bulk solution to neutralize the charge
accumulated on single GNRs.29 Moreover, the permeation rate
through closely spaced graphene sheets greatly depends on the
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Fig. 3 (A) Cyclic voltammograms recorded on an electrochemically
reduced graphene oxide covered ITO electrode at 10 mV s 1, in the absence
(black line) and presence (red line) of 3.0 mM NADH. (B) Faradaic current
(black line) and spectral shift (red triangle) as a function of applied potential
and time. (C) The Faradaic charge (black square) and spectral shift (red
triangle) of a single GNR as a function of time. The Faradaic charge was
calculated by integrating the area under the peaks obtaining in the cyclic
voltammogram every 10 seconds. (D) The number of electrons transferred
through a cross-section of a gold nanorod (black square) and accumulated
on the gold nanorod (red triangle) depending on time in voltammetry.

Fig. 4 (A) PRRS of single GNR on a GO/GNRs/APTES/ITO electrode
recorded at potential of +0.6 V, as a function of NADH concentration (from
bottom to top: 0 mM, 0.5 mM, 1.0 mM, 2.0 mM, 3.0 mM). (B) PRRS of a
single GNR on an erGO/GNRs/APTES/ITO electrode recorded at potential
of +0.3 V, as a function of NADH concentration (from bottom to top: 0 mM,
0.5 mM, 1.0 mM, 2.0 mM, 3.0 mM). (C) Scattering spectral blueshift of a
single GNR on a GO covered APTES/ITO electrode as a function of NADH
concentration. (D) Scattering spectral blueshift of a single GNR on an erGO
covered APTES/ITO electrode as a function of NADH concentration.

redox status of graphene.30 Thus, electron accumulation on a
single GNR would be limited by the slower step between the
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faradaic reaction induced electron injection and mass transport of cation or hydrated ions.
In summary, this study constitutes the first example of
optical observation of a faradaic process based on a plasmonic
platform. We have revealed that electron accumulation on
individual nanoparticles could be tuned by modulating the
rate of faradaic reaction on an electrochemical tunable interface. We also suggest that the faradaic electron transfer
induced spectral shift depends on the penetrability of graphene
material. The findings of this investigation demonstrate great
potential in size- and structure-dependent reactivity of individual nanoparticles. Moreover, this study will facilitate the
development of electrochemical plasmonic sensors by oﬀering
an improved understanding of plasmoelectronic eﬀects. The
demonstration of studying the redox events at a molecular level
oﬀers great importance in future applications in understanding
the redox events that govern a cell. We envisage that this study
could be applied to a wide variety of redox active biomolecules.
This research was supported by the National Natural Science
Foundation of China (NSFC, No. 21421004, 21125522, 21327807
and 21305045) and the Fundamental Research Funds for the
Central Universities (No. WJ1313004).
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