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ABSTRACT: Nanomaterials have been widely used in
energy and sensing applications because of their unique
chemical and physical properties, especially their surface
reactions. Measuring the local reactions of individual
nanomaterials, however, has been an experimental
challenge. Here we report on plasmonic imaging of surface
electrochemical reactions of individual gold nanowires
(AuNWs). We coated a gold thin film (plasmonic sensing
layer) with a dielectric layer (Cytop) with refractive index
close to that of water, and then a graphene layer for
electrical contact. This design removed the interference
from the sensing layer while preserving sharp surface
plasmon resonance, which allowed us to obtain cyclic
voltammograms of surface electrochemistry of individual
AuNWs for the first time. We also investigated the
difference in the electrochemical reactions of AuNWs and
Au surfaces, and local distribution of electrochemical
activities within a single AuNW.

Various nanomaterials have been studied and explored for
chemical sensing, biomedical, and energy-related applica-

tions,1−4 because of their unique chemical and physical
properties. The traditional ensemble methods provide only
averaged properties of nanomaterials with different shapes and
size in a typical sample. Investigating the surface electro-
chemical reactions of single entities of the nanomaterials is thus
essential to determine the relationship between the catalytic
activities and the structure of the nanomaterials. Studying
electrochemistry at the single entity level has been achieved by
attaching a nanoparticle to a nanoelectrode,5−7 collision of
individual nanoparticles with a microelectrode,8−10 or scanning
probe microscopes, including scanning electrochemical micros-
copy,11,12 and scanning electrochemical cell microscopy.13

These techniques provide high sensitivity and spatial resolution
but at the expense of temporal resolution and throughput.
Alternatively, optical techniques, such as super-resolution
fluorescence microscopy,14−16 electrochemiluminescence,17

dark field microscopy18−22 have been used to study single
entity electrochemistry.
Our group has recently demonstrated the capability of

plasmonics-based electrochemical current microscopy (P-

ECM) for studying nanomaterials directly deposited on a
gold thin film (plasmonic sensing layer).23,24 The large
background signal arising from the gold film often interfere
with the electrochemical reaction signals from the nano-
particles.25,26 Here we report a P-ECM approach that can
overcome the previous limitation, and demonstrate the imaging
of surface electrochemical reactions of individual Au nanowires
(AuNWs).
We first coated the gold film with a Cytop layer to block the

background reaction of the gold film (Figure 1A). Cytop has a

refractive index of 1.34, close to that of the electrolyte, so that it
does not affect surface plasmon resonance (SPR). We further
placed a layer of graphene on the Cytop layer, and then
deposited AuNWs on the graphene layer. The graphene layer
provided electrical connection to the AuNWs for potential
control, yet its electrochemical reactions do not overlap with
those of the AuNWs (Figure 1B). The Cytop layer is thinner
than 100 nm, so that the evanescence field from the plasmonic
wave reaches the AuNWs. This is shown in the plasmonic
image (Figure 1C), which resolves the individual AuNWs with
the distinct parabolic tails. Upon electrochemical reactions on
the AuNWs, the scattering intensity changes, provide electro-
chemical information on each AuNW.23 We investigated the
surface electrochemistry of single AuNWs in alkaline solution,
compared the surface reaction between different AuNWs, and
between a single AuNW and a large Au electrode surface, and
examined local redox electrochemical activity along a single
AuNW.
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Figure 1. (A) Experimental setup. (B) Representative transmitted
image and (C) SPR image of a group of 1-μm AuNWs (red circled)
and a 6-μm AuNW (blue circled).
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Figure 1A shows a schematic of the experimental setup. A
three-electrode electrochemical cell with AuNWs (Nanopartz,
75 nm in cross-section diameter, 1 to 10 μm in length)
deposited on a graphene/Cytop/Au working electrode (a Ag/
AgCl as reference electrode and a Pt coil as the counter
electrode) is mounted on a high numerical aperture oil
immersion objective with refractive index matching oil. Light
from a superluminescence diode is directed on the gold surface
via the objective with a proper incident angle to excite surface
plasmons, and the reflected light is collected by the same
objective to form SPR images. Electrochemical reactions on the
AuNWs were controlled by directly applying a potential to the
graphene layer.
Representative SPR and transmitted optical images of 1-μm

AuNWs (in red circles) and a 6-μm AuNW (in blue circle) are
shown in Figure 1B,C. The SPR image of each nanoparticle has
a parabolic tail, which is originated from the scattering of the
plasmonic wave propagating along the metal film by the
particle.27 More specifically, p-polarized incident light is
partially reflected (Er) at the interface of objective/gold and
partially transmitted into the gold film as an evanescent wave,
which excites surface plasmons (Esp). The total reflected light
intensity detected in the plasmonic image is the sum of the
partially reflected field and scattered plasmonic field by the
object (nanowire),28−30

β= | + |I E ESPR r sp
2

(1)

where β describes the scattering strength that depends on the
optical property (e.g., refractive index) of the nanowire.31 Note
that the first term in eq 1 produces a uniform plasmonic image,
but the second term leads to a distinct parabolic pattern in the
SPR image, as shown in Figure 1C. A surface electrochemical
reaction at the AuNW changes the surface refractive index of
the nanowire, and thus the scattering strength β, which leads to
a change in the SPR image contrast of the AuNW.32 Equation 1
can be expanded and derived to relate the change in scattering
strength to the change in SPR image intensity,
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where α is the phase difference between the two waves. We
expect that the change in β induced by a surface electro-
chemical reaction is proportional to the amount of the
electrochemical reaction per unit time (reaction rate). Because
the current density, J, is linearly dependent on the amount of
electrochemical reaction per unit time, we conclude that J is
related to SPR signal by
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where A is a constant, which was calibrated to be 2.5 × 10−4 C/
m2 by measuring the oxidation/reduction of a Au electrode in
0.2 M NaOH. Equation 3 shows that one obtains local
electrochemical reaction current vs potential from the time
derivative of the SPR images, or local cyclic voltammograms
(CVs), from which one can study detailed reaction processes
on the surface. Here we focus on imaging the local surface
oxidation and reduction of single AuNWs.
Figure 2A−C show several snapshots of the P-ECM images

of multiple AuNWs at different potentials, where the image
contrast represents current densities (derivative of original
images). The P-ECM videos of the entire oxidation and

reduction processes are attached in the Supporting Information
(SI) as Videos 1 and 2, respectively). At 0.06 V, which is far
away from the oxidation potential of Au, there is little image
contrast because no electrochemical reaction takes place
(Figure 2A). As the potential increases toward the oxidation
potential, contrast (current density) in the P-ECM image
begins to develop (yellow) as the oxidation of Au takes place
(SI video 1). The positive contrast (positive current density)
reaches a maximum at 0.48 V (Figure 2B). As the potential
continues to increase, the P-ECM contrast decreases and finally
disappears at 0.6 V, corresponding to complete oxidation of Au
atoms on the surface of the AuNWs (SI video 1). When the
potential cycles back, the contrast is inverted (black), which
reflects the reduction of gold oxides, and, consequently, a
negative electrochemical current. The maximum negative
current occurs at about −0.02 V (Figure 2C) and the P-
ECM contrast disappears again when the potential cycles back
to −0.2 V (SI video 2). Overlaying the optical transmission
image with the P-ECM image in Figure 2D shows good
correspondence between the location of the AuNWs and the
vertices of the parabolic tails. Note that not all the visible
AuNWs in the optical transmission image generated detectable
signals in the P-ECM recordings. The absence of the
electrochemical current at the AuNWs is probably due to
incomplete removal of insulation layers on the surfaces of the
AuNWs or graphene layer. The insets in Figure 2A−C are fast
Fourier transform (FFT) in k-space, where the bright
semicircles are from the scattering of the plasmonic waves by
all the AuNWs in the real space P-ECM images.33 The intensity
of the semicircles increases significantly in Figures 2B,C, which
further confirms that the increase in the P-ECM image contrast
is from the surface reaction of AuNWs. Another interesting
observation from the P-ECM video is that the maximum
contrast of different AuNWs did not occur at the exactly same
potential, which reveals heterogeneity in the electrochemical

Figure 2. (A−C) P-ECM images of multiple AuNWs at different
potentials. Insets are the spatial fast Fourier transfer (FFT) of the P-
ECM images, which reveal a pair of semicircles. (D) Overlaying the
image in panel C with the corresponding transmitted image. (E)
Plasmonic (red) and conventional (black) CVs of a Au electrode. (F)
Plasmonic CVs of a AuNW (red), background graphene (blue) and
conventional CV (black) from the whole electrode. Inset is the CV
extracted from the semicircles in the spatial FFT. (G,H) Plasmonic
CVs from multiple AuNWs as labeled in panel D. The electrolyte is 0.2
M NaOH, and the potential cycling rate is 0.2 V/s.
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activity. This level of information cannot be obtained with the
ensemble measurements.
Local plasmonic CVs can be extracted from P-ECM images

and compared with the conventional CVs recorded with the
potentiostat. Figure 2E shows the plasmonic and conventional
CVs of a Au electrode, which the plasmonic CV (red curve) is
from a 1 μm × 1 μm area of the Au electrode, and the
conventional CV (black curve) is from the whole electrode
surface. While both the plasmonic and conventional CVs reveal
major oxidation and reduction peaks around 0.5 and 0.1 V,
respectively, there are differences between the two. The
conventional CV reveals a large rise in the anodic current
above 0.7 V, which is due to water oxidation.34 This water
oxidation does not show up in the plasmonic CV, because it
does not change the optical refractive index of the surface.
Likewise, the conventional CV also reveals a large cathodic
current associated with oxygen reduction (<−0.1 V) that is not
detected in the plasmonic CV because of the reduction product
is water.35

The plasmonic CVs of the individual AuNWs were obtained
from the P-ECM images. Figure 2F shows the plasmonic CV
(red) for a single AuNW. The plasmonic CV (blue) from a
graphene area adjacent to the AuNW shows no current, which
confirms that the oxidation and reduction peaks are due to the
AuNW. As a further control, we measured the conventional CV
of the whole electrode, which shows little electrochemical
reaction on the graphene surface (Figure S1A, red). As a
positive control, we performed conventional CV of a layer of
AuNWs deposited on a glassy carbon electrode (Figure S1B,
red), and observed oxidation and reduction of the AuNWs
(Figure 2F). These control experiments show that the peaks in
the plasmonic CV of the single AuNW in Figure 2F is indeed
due to the AuNW electrochemical reactions. Compared to the
plasmonic CV of the bulk Au electrode in Figure 2E, single
AuNW CV reveals a much sharper oxidation peak at ∼0.5 V,
and a reduction peak at a more negative potential (∼0.0 V).
Xiang et al.36 reported a similar difference between the CVs of a
bulk Au electrode and AuNWs, and attributed it to the
formation of Au oxide that increases the contact resistance
between the AuNWs and the supporting substrate. However,
this model explains the increase separation between the
oxidation and reduction peaks, but the increased sharpness in
the oxidation peak of the AuNW remains an open question,
and requires further studies. We measured and analyzed the
plasmonic CVs of multiple AuNWs (Figure 2G,H, labeled in
Figure 2D). Despite the similarities in the CVs, the shapes,
positions, and amplitudes of the oxidation and reduction peaks
vary among the different AuNWs. If the structures of the
AuNWs are identical, then we could expect that the oxidation
and reduction peak amplitudes scale with the number of surface
atoms on each AuNW, which is proportional to the size of the
AuNW. However, we found that peak amplitudes do not simply
scale with the AuNW length linearly, and AuNWs shorter than
1 μm appear to be more active (Figure S2). This observation
can be attributed to different surface structures37 or incomplete
removal of the surfactants for different AuNWs. This
conclusion is consistent with the observations of large
variations in the shapes and positions of the oxidation and
reduction peaks of the single AuNW CVs.36,38

The CVs in Figure 2F−H are averaged over 19 repeated
potential cycles. The complete 19 cycles from AuNW #3 are
plotted in Figure S3, which shows changes in the oxidation and
reduction peaks with repeated cycling of the potential. This

potential cycling dependence reflects changes in the surface
structure of the AuNWs associated with repeated oxidation and
reduction.
P-ECM also provides local electrochemical reaction

information along a AuNW. As we discussed earlier, there is
a parabolic scattering tail arising from the scattering of the
plasmonic wave by the AuNW along the plasmonic wave
propagation direction. The spatial resolution in the perpendic-
ular direction is limited by optical diffraction limit, which is
∼200 nm with the optics in the present experiment. We
analyzed local electrochemical reaction current distribution
along the AuNWs. Results from a 10 μm AuNW are shown in
Figure 3, where reveal large electrochemical reaction current

near the left end of the wire. The reduction peak (maximum
reduction current) occurs at ∼−0.2 V at the right end of
AuNW (Figure 3D), but it occurs at a more negative potential
(−0.24 V) at the left end (Figure 3F). The P-ECM images also
show that the reduction peak current at the left end is much
greater than that at the right end. The spatial resolution of
localized detection is limited by the sensitivity of P-ECM to the
surface reaction, which is about 500 nm considering the
minimum surface area that can generate detectable signal.
We have demonstrated a plasmonic setup (P-ECM) for

studying local electrochemical reactions at single AuNWs. By
covering the Au thin film (SPR sensing surface) with a thin
layer of Cytop layer and then covered with a graphene layer, we
are able to remove the background current from the Au thin
film surface, which allows us to image the surface oxidation and
reduction of individual AuNWs, measure the CVs of the
AuNWs, and compare them with those of bulk electrodes. The
P-ECM images and CVs reveal differences between single
AuNWs and bulk Au electrodes, large variability of different
AuNWs, and location dependent reactions along a single
AuNW. To fully elucidate the effects of crystal facets and
microstructures on the electrochemical activities of single
nanoparticles measured by P-ECM, future studies may benefit
from combining P-ECM with high-resolution structural

Figure 3. (A−G) P-ECM images of a 10-μm AuNW at different
potentials. (H) Optical transmission image of the AuNW. (I)
Plasmonic CVs from two locations on the AuNW (blue and red
curves) and the conventional CV over a large ensemble of AuNWs
(black curve, and see also the inset). The black dashed lines in panels
A−G mark the location of the AuNW. The electrolyte is 0.2 M NaOH,
and the potential cycling rate is 0.2 V/s.
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imaging tools (e.g., transmission electron microscopy and
scanning tunneling microscopy).
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