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ABSTRACT: Gold nanoparticles (AuNPs) have been widely used in catalytic electrochemistry. Heterogeneity in size, 
shape, and surface sites leads to variable, particle-specific catalytic activities. Conventional electrochemical methods can 
only obtain the collective responses from all the catalytic nanoparticles on the electrode surface; the heterogeneity of  
particle performance will be averaged. Alternatively, plasmonic electrochemical imaging (PECi) is capable of  imaging the 
electrochemical activities at individual nanoparticles. In this work, PECi was used to image the oxidation and reduction 
of  the gold surface at individual AuNPs, and their associated structural alterations were successfully measured. We have 
studied the electrochemical responses from gold nanocubes, gold nanorods, and gold nanowires with PECi and observed 
different surface redox activities. We have also demonstrated the capability of  monitoring the surface dynamics at indi-
vidual AuNPs utilizing characteristic PECi derived cyclic voltammograms (CVs).  
KEYWORDS: Gold nanoparticles, plasmonic electrochemical imaging, surface facets, single nanoparticle electrochemistry, nanocubes, nan-
owires, nanorods.

Since Faraday reported the first observation of  gold na-
noparticles (AuNPs) in 1857, they have been extensively 
used in catalytic electrochemistry and energy research.1–3 
The catalytic properties of  AuNPs are primarily depend-
ent on their surface structure since different facets provide 
different active sites, which has been demonstrated by sin-
gle-crystal electrodes.4–6 Determining the surface struc-
ture of  AuNPs and monitoring the structural alteration 
during the reactions is thus essential to understand their 
relationship with the catalytic efficiency and help with de-
signing new catalysts. Electrochemical (EC) methods, 
such as cyclic voltammetry (CV), could provide important 
surface structure information. For example, the surface of  
the gold film and AuNPs will be oxidized and reduced 
when the potential is applied through the potentiostat 
(Scheme 1). The variations in energy states due to differ-
ent surface structure will generate characteristic cyclic 
voltammograms (CVs). Previous studies using single-crys-
tal Au electrodes with different facets (i.e. (100), (110), 
(111)) have shown that each facet has its “fingerprints” in 
the form of  unique minor peaks in the CVs.4,7 A similar 
approach can be applied to AuNPs by depositing them 
onto an inert electrode surface (e.g., glassy carbon 

electrode) and carrying out the EC test. As a result, aver-
aged information of  all AuNPs in the sample can be pro-
vided.8–11 However, heterogeneity is a general feature for 
AuNPs, which can only be revealed by investigating indi-
vidual AuNPs.  Plasmonic electrochemical imaging 
(PECi), a surface plasmon resonance (SPR) based imaging 
technique, has been used to study surface electrochemis-
try at individual NPs.12–14 A typical experimental setup of  
using PECi for quantifying the oxidation and reduction of  
the oxidation/reduction of  the surface of  a AuNP is 
shown in Scheme 1. 

 
Scheme 1. Schematic of the PECi experimental setup and 
the oxidation/reduction of the surface of a AuNP. 
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Figure 1. Representative PECi images and CVs from AuNWs. (A-C) PECi images of  a AuNWs-coated Au film at different 
voltages as labeled in the figures. (D) Transmitted optical image of  the same area with A-C. Pixel size is approximately 82 nm. 
(E) PECi CVs (plotting of  averaged signals within selected areas from PECi images versus scanning voltage) of  two AuNWs 
(red and blue solid lines, extracted from the two tail areas in A-C marked by red and blue dashed circles, corresponding to the 
two AuNWs marked by arrows in D) and background Au area (black solid line, extracted from the black dashed circled area in 
A-C). (F, G) The zoom-in of  (F) oxidation peaks and (G) reduction peaks and overlapping with the potentiostat CV from H 
(grey dashed line); (H) Potentiostat CVs of  the whole electrode before (black dashed line) and after depositing AuNWs (grey 
dashed line). Scale bar: 5 µm. Scanning rate: 0.2 V/s. Black arrows in E and H represent the direction of  forward scan. 

Herein we demonstrate the use of  PECi to monitor the 
oxidation and reduction of  the surface of  individual Au 
NPs and to reveal information of  the surface structure 
dynamics. Commercially available AuNPs, either 
nanocubes (NCs), nanorods (NRs), or nanowires (NWs), 
were directly deposited on a gold film, which works as 
both the SPR sensing chip and the working electrode for 
the three-electrode EC cell. The reference electrode and 
counter electrode were a chloridized Ag wire quasi-ref-
erence electrode and a Pt coil, respectively. The EC cell 
was mounted on a high numerical aperture oil immer-
sion objective with refractive index matching oil. P-po-
larized light was directed onto the gold film through the 
objective for plasmonic excitation, and the reflected light 
was collected with the same objective and captured by a 
CCD camera for imaging.13 Electrochemical reactions 
on the AuNPs were controlled by directly applying a po-
tential onto the gold film. Each NP's SPR image has a 
parabolic tail originating from the scattering of  the plas-
monic wave by the NP.15 The observed signal of  each 
NP is the summation of  the partially reflected light and 
scattered plasmonic wave associated with the optical 
properties (e.g., permittivity) of  the NP.12,13 Electro-
chemical reaction will oxidize the AuNPs and induce the 
corresponded changes in the optical properties of  the 
NPs. The optical responses are proportional to the 
amount of  the electrochemical reaction on the particle 
surface per unit time (reaction rate). Thus, by extracting 
the time-dependent SPR intensity changes within the 

parabolic tail area, a PECi CV can be plotted for each 
NP. To directly compare the AuNPs and Au substrate 
activities, we chose not to block the gold film with cy-
top13 and deposited AuNPs directly. The locations of  the 
AuNPs can be identified by their distinct parabolic tails 
and their characteristic EC activities associated with the 
surface facets. The Au substrate is a thin film deposited 
by electron beam evaporation, which is reported to be 
dominated with (111) facet.16 On the other hand, the 
AuNCs, AuNRs, and AuNWs are dominated with (100) 
and/or (110) facets8,10,17,18.  The EC “fingerprints” for 
these different facets include a couple of  anodic peaks 
originating from the first electron transfer during gold 
surface oxidation. Different facets will generate different 
numbers of  peaks: three for (100) facet, two for (110) 
facet, and one for (111) facet, due to the different energy 
states of  the surface.4,7 Moreover, both (100) and (110) 
facets generate an additional cathodic peak during the 
reduction process, with the peak from (100) being more 
negative than that from (110).4,7 In contrast, (111) facet 
has only one oxidation peak and no additional cathodic 
peaks.4,7    
   Figure 1 shows several snapshots of  the PECi images 
of  multiple AuNWs (75 nm in diameter, 1 µm in length) 
at different potentials. The image contrast represents the 
intensity of  the derivative of  original SPR signals over 
time at all pixels. At 0.24 V, no contrast of  the AuNWs 
was observed because of  oxidation at both bare Au and 
AuNWs areas (Fig. 1A). The signal is not uniformly 
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distributed due to the air bubble present in the immers-
ing oil. The PECi image at 0.34 V shows the distinct re-
sponse from a single AuNW (Fig. 1B, circled by red 
dashed line).  After the Au reduction (for example, at -
0.02V), the gold oxide layer on both AuNWs and gold 
film were reduced simultaneously, which lead to the di-
minished contrast on the PECi image (Fig.S1A). When 
the potential was scanned to -0.15 V, a significant cati-
onic signal was produced by the two AuNWs (red dashed 
circled area and blue dashed circled area in Figs.1A-C) 
while no reaction occurred in the background. This ad-
ditional anodic peak's potential agrees with the result 
produced by (100) single crystal electrode.4    
   The plasmonic signal of  the AuNW tail area was plot-
ted versus the applied potential to form the voltammetry 
of  the AuNW. It was compared with the signal from ad-
jacent bare Au film area (black dashed circled area in 
Fig.1A-C). We can see the obvious differences between 
the two areas. Note that although the signal within the 
AuNW tail area is a combination of  the signals from 
both the AuNW and the underlying Au film, the contri-
bution from AuNW dominates. Both the AuNW and Au 
film areas produce a similar oxidation peak at around 
0.23 V and a broad oxidation peak ranging from 0.3 V 
to 0.6 V (marked by black dash dotted circles in Fig.1E). 
These peaks come from the (111) facet of  the gold film. 
Interestingly, the AuNW tail area produced two addi-
tional peaks at potential starting from 0.28 V to 0.36 V 
(marked by red dash dotted circle in Fig.1F). These peaks 
correspond to the oxidation peaks from (100) facet re-
ported from the single crystal planar electrodes.4,7 This 

observation has demonstrated the unique capability of  
PECi to image the structural dynamics of  single nano-
particles. A significant cathodic current around -0.17 V 
(red dash dotted circle in Fig. 1G and blue particles in 
Fig. S2A) further supported our observation. The second 
AuNW, located in the blue dashed circle in Figs. 1A-C, 
also showed a reduction current at the characteristic po-
tential around -0.17 V (blue dash dotted circle in Fig. 
1G)., although the (100) oxidation “fingerprints” is rela-
tively weak. This is due to the relatively strong back-
ground oxidation. The observation of  (100) facets at 
AuNWs is in accordance with the fact that twinned pen-
tagonal nanowires (confirmed by the manufacturer) 
consist of  elongated (100) facets.17,19,20 CVs from the 
electrochemical recording were shown in Fig. 1H to 
compare the overall electrode performance before and 
after adding AuNWs. It is very obvious that more minor 
peaks appeared after the addition of  the nanoparticles 
(marked by grey dash dotted circle in Fig.1H).  
   Note that there is oxygen evolution reaction (OER) re-
lated current at ~0.7V in the potentiostat CVs (Fig. 1H). 
Plasmonic image is capable to measure and image the 
OER reaction. However, in this paper we are focusing 
on imaging the oxidation and reduction of  the Au na-
noparticles, and we have modified the optical signal pro-
cess algorithm to amplify the Au oxidation responses 
and minimize the OER reaction responses. Instead of  
using the de-convolution formula,21 the derivative of  in-
tensity was used to minimize the signal from the oxygen 
evolution reaction and accurately extract the localized 
oxidation and re-duction current.    

 

 

Figure 2. Representative PECi images and CVs from AuNCs. (A-D) PECi images of  a AuNCs-coated Au film at different 
voltages as labeled in the figures. Pixel size is approximately 123 nm. (E) Potentiostat CVs before (black) and after (red) depos-
iting AuNCs. (F) PECi CVs of  the whole sensing area before (black) and after (red) depositing AuNCs. (G) Multiple cycles from 
a PECi CV extracted from the AuNC area from B and (H) zoom-ins of  the oxidation and reduction peaks as labeled in G. 
Scale bar: 5 µm. Scanning rate: 0.2 V/s. PECi images were extracted from the second cycle. Black arrows in E-G represent the 
direction of  forward scan.  
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Figure 3. Representative TEM and PECi images and CVs 
from AuNRs. (A, B) TEM images of  a group of  AuNRs 
from the same batch. (C, D) PECi CVs of  a AuNR (C) and 
its adjacent Au area (D). (E, F) Histograms of  the distribu-
tion of  minor oxidation (E) and reduction peaks (F) from 
individual scanning cycles indicated by different colors. 
Scanning rate: 0.2 V/s. The black arrow in C represents 
the direction of  forward scan.    

 
   We have also studied the oxidation and reduction pro-
cess of  AuNCs (60 nm in size) on Au substrate with 
PECi. Figs. 2A-D show several snapshots of  the PECi 
images of  the sample at different potentials. The signif-
icant response contrast in Fig.2B is caused by the oxida-
tion of  the AuNCs, which is at a different potential com-
pared to the underlying gold film. This is also demon-
strated by both potentiostat (Fig.2E), and PECi CVs 
(Fig.2F) averaged from the whole sensing area, in which 
a new anodic peak appeared around 0.26 V after depos-
iting AuNCs (marked by the red dash dotted circles in 

Fig.2E and F).  Figs.2C and D show the oxide reduction 
process on the gold substrate and the AuNCs, respec-
tively. We have also shown in Fig.S2B that the AuNCs 
tail area generated anodic minor peaks around similar 
potential range. PECi CVs extracted from the AuNC 
area allow us to study the particle structure dynamics 
during multiple CV scans. As shown in Fig. 2G, three 
cycles were recorded, and the corresponding PECi re-
sponses from the AuNCs area were plotted. Interest-
ingly, the peak distribution varies among the three scans. 
Specifically, the number of  minor anodic peaks between 
0.2 and 0.4 V (Fig. 2H) decreases from three (red arrows, 
cycle 1) to two (orange arrows, cycle 2), and to one (blue 
arrow, cycle 3) eventually. This could be caused by the 
structural transformation from the cubic structure ((100) 
dominated) to the spherical structure (polycrystalline).  
   The facets of  gold nanorods can be dominated by 
(100) and/or (110) dependent on the growth condition. 
An idealized pentagonally twinned rod is expected to 
have five (100) side faces, while in reality, the side faces 
of  the nanorods could be not well-developed and are 
therefore rounded and consist both (100) and (110).19 To 
demonstrate the PECi’s capability, we have studied the 
redox reactions of  gold nanorods (AuNRs) (40 nm in di-
ameter, 180 nm in length). A TEM survey of  the AuNRs 
used in the studies indeed demonstrates the variety of  
AuNRs from the same batch, as shown in Figs. 3A and 
3B. The AuNRs in Fig. 3A are smaller and rounded on 
the side, while the one large AuNR in Fig. 3B shows de-
fined side faces. These AuNRs consist of  different com-
binations of  facets, which can be analyzed using the 
PECi approach. Two representative sets of  PECi CVs 
of  AuNRs are shown Fig. 3C and Fig.S2C. Characteris-
tic minor redox peaks appeared in both reduction and 
oxidation regions from the AuNR (Fig. 3C), while the 
adjacent bare gold area shows typical (111) properties 
(Fig. 3D). Moreover, the minor peaks shift during the 
multiple scans at the AuNR area, while the signal re-
mains consistent for all cycles at the bare gold area. We 
further analyzed the distribution of  the minor redox 
peak potentials from 16 AuNRs, as shown in Figs. 3E 
and 3F. The PECi CVs for the other 15 AuNRs are 
shown in Fig. S3. The total occurrence from each cycle 
is higher than 16 due to the existence of  multiple minor 
peaks within one cycle. During the first cycle, there was 
a high occurrence of  cathodic peaks (Fig.3F) between -
0.24 V to -0.20 V, which is about 0.2 V more negative 
than the major cathodic peak. This minor cathodic peak 
position is the “fingerprint” of  (100) facets 4,7. There are 
also plenty of  minor peaks closer to the major cathodic 
peak (-0.08 V to -0.16 V, which fit the “fingerprint” of  
(110) facets4,7. This demonstrates the co-existence of  
(100) dominated and (110) dominated facets on AuNRs, 
as suggested by the literature19 and TEM results. Analy-
sis from both reduction and oxidation peaks indicates an 
overall positive shift of  the minor peak potentials. Statis-
tically, taking the anodic peaks for an example (Fig.3E), 
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higher occurrence of  peaks around 0.22V to 0.26 V was 
observed at cycles 1 and 2, compared to cycles 3 and 4, 
which is likely due to more presences of  (100) facets on 
the original AuNRs during the early scans. The occur-
rence decreased during the oxidation and reduction 
scans, which suggests a gradual surface structural recon-
struction that involves conversion of  (100) facets to (110) 
and/or (111) facets happens. Cathodic peak distribution 
also agrees with the observation given that the highest 
abundant peaks moved to less negative positions from 
cycle 1 to later cycles.  
   In conclusion, we have successfully used PECi to im-
age the surface redox reaction at single AuNPs and com-
pared their activities and the associated surface structure 
with gold film. We were able to identify (100) and (110) 
facets from different AuNPs utilizing their distinct minor 
peaks as reported for single crystal electrodes. Slight dif-
ferences exist among NPs as they varied in size and 
shape. Surface structure alteration was also observed. 
Future aims will be combining PECi with high-resolu-
tion structural imaging tools, such as scanning tunneling 
microscopy, to fully understand the origins of  each mi-
nor peak from crystal facets and the detailed transfor-
mation process of  surface structures. On the other hand, 
only a small fraction of  nanoparticles showed responses 
in reported PECi images, although most of  them were 
visible in the raw SPR images, as shown in Fig.S1. This 
is likely due to the lack of  the electrical contact between 
the nanoparticles and the Au substrate with the exist-
ence of  the capping layers. Effectively removing the cap-
ping layers will therefore be another future aim for ad-
vancing single nanoparticle electrochemistry.  
Materials and methods          
   Chemicals. NaOH pellets (Fisher) were dissolved in 
deionized water (Milli-Q, Millipore Corp.).  
   Sample preparation. The gold films were prepared by 
coating 47 nm gold on glass microscope coverslips, as 
described before,22 and treated with H2 flame before de-
positing AuNPs. All AuNPs samples, AuNWs (75 nm in 
diameter, 1 µm in length, 6.02 ´108 particles/mL), 
AuNRs (40 nm in diameter, 180 nm in length, 
1.24 ´1010 particles/mL), and AuNCs (60 nm in size, 
1.20 ´1010 particles/mL) were purchased from Nano-
partz and used without future treatment. Deposition of  
the NPs was done by adding a few tens of  µLs of  the 
stock solution to the cell filled with 500 µL electrolytic 
solution and using the SPR microscope to real-time 
monitor the binding of  the AuNPs to the gold film. In 
some cases, multiple attempts of  deposition were needed 
to achieve a reasonable coverage of  NPs.  
   Electrochemical cell. A three-electrode system (a chlo-
ridized Ag wire quasi-reference electrode, Pt coil coun-
ter electrode, and the Au chip as the working electrode) 
was used to induce a redox reaction on the NPs. A sili-
con well (cut from a flexiPERM® slide, Sarstedt) was 
mounted on the gold film and filled with 0.20 M NaOH 

solution. The exposed gold film area is approximated 
0.9 cm2. Cyclic voltammetry was applied via a potenti-
ostat (Autolab). Unless otherwise stated, the voltammo-
grams reported are for the first cycle with each sample. 
The reduction peak potential of  the Au film was used as 
an internal standard to calibrate the potential of  our 
CVs. 
   Instrumentation. The imaging setup was built on an 
inverted microscope (Olympus IX-81) equipped with a 
high numerical aperture oil-immersion objective. P-po-
larized light from a 670 nm SLD (SLD-260-MP, Super-
lum) was directed onto the gold film mounted on the ob-
jective for plasmonic excitation, and the reflected light 
was collected with the same objective and directed to a 
CCD camera for imaging.22 The applied voltage applied 
between the gold electrode and reference electrode in-
duces a redox reaction on the Au nanostructure, i.e., ox-
idation of  the surface Au atoms, and the reduction of  
Au oxide, that is detected with plasmonic imaging setup, 
resulting in a series of  images synchronized with the ap-
plied voltage.  
   Data extraction and processing. The raw SPR images 
were first converted to PECi images with imaging pro-
cessing algorithms implemented with MATLAB 
(R2013b, MathWorks), including background subtrac-
tion (subtract first image), smoothing (on the time do-
main, to decrease noise) and derivative over time (sub-
tract the current image with the previous image and di-
vide by the time difference). The MATLAB code is pro-
vided in the supporting information. The plasmonic sig-
nal was then extracted from each frame at the tail area 
of  each nanoparticle and plotted versus the applied po-
tential respect to each frame for PECi CVs.  
   TEM images were obtained with the Philips CM200-
FEG high-resolution TEM/STEM after depositing the 
AuNRs on copper grids. 
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