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The Electrochemical Characterization of Single Core–Shell
Nanoparticles
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Abstract: We report the direct solution-phase characterization
of individual gold-core silver-shell nanoparticles through an
electrochemical means, with selectivity achieved between the
core and shell components based on their different redox
activities. The electrochemically determined core–shell sizes
are in excellent agreement with electron microscopy-based
results, successfully demonstrating the electrochemical charac-
terization of individual core–shell nanoparticles.

As interest in the behavior of nanoparticles has continued to
increase, many research efforts have been devoted to novel
ways to fabricate, characterize and explore their fascinating
properties.[1] This includes studies directed towards the size,
shape, composition, and functionalization of the particles,
leading to sophisticated nanomaterials specifically designed
for their intended applications. One such exciting develop-
ment is the fabrication of core–shell nanoparticles, which
have been found to possess novel optical, catalytic, magnetic,
and sensing properties, to name a few.[2] However a remaining
challenge in this area lies in the difficulty of obtaining rapid,
quantitative characterization of the core–shell nanomaterials.
Techniques such as transmission electron microscopy (TEM),
dynamic light scattering (DLS), and optical spectroscopy are
well suited for the routine characterization of single-compo-
nent nanoparticles. These studies have also been extended to
individual nanoparticles, as illustrated by in situ TEM imag-
ing of lithium battery materials[3] and by optical-electro-
chemical 3D microscopy of single silver nanoparticles.[4]

However determining the dimensions of core–shell nano-
particles through such methods can entail a number of
limitations. For example DLS and optical spectroscopy
generally provide indirect evidence of the core–shell dimen-

sions and may require materials with a suitable surface
plasmon resonance, and while TEM imaging may provide
in situ characterization[3a, 5] it is routinely used to provide
ex situ data which may be susceptible to poor elemental
contrast, low sample throughput or contamination from other
species present in the nanoparticle suspension.[2a, 6] Herein we
therefore explore for the first time the electrochemical
characterization of individual core–shell nanoparticles. This
approach is through the use of nanoimpact experiments,
where the Brownian motion driven collision of a nanoparticle
with an electrode enables its in situ characterization by
monitoring the charge transfer between this single nano-
particle and the electrode surface.[7] This powerful strategy
has been successfully demonstrated for a wide range of
metallic, organic, and inorganic nanostructures, shedding light
on their size, shape, and reactivity,[8] however it has not yet
been exploited for bimetallic nanoparticles. For this purpose
the gold-core silver-shell system is chosen, given that it is one
of the most widely studied bimetallic core–shell systems[9]

because of its favorable properties for a number of state-of-
the-art technologies such as surface-enhanced Raman spec-
troscopy (SERS), surface plasmon resonance (SPR) sensing
and antibacterial applications.[10] This system therefore pro-
vides an attractive framework to explore a direct electro-
chemical probe for the characterization of individual core–
shell nanoparticles.

In order to quantitatively analyze the gold-core silver-
shell nanoparticles the electrochemical behavior of cetyl
trimethylammonium bromide (CTAB) capped gold nano-
particles was first established. This was necessitated as the
electrochemical dissolution of gold can take place by two
processes [Eqs. (1),(2)],[11] so by determining the effective
number of electrons transferred during the dissolution of gold
the results from the core–shell nanoparticles can be ration-
alized.

Auþ 2 Cl¢ Ð AuCl2
¢ þ e¢ ð1Þ

Auþ 4 Cl¢ Ð AuCl4
¢ þ 3 e¢ ð2Þ

As can be seen from the TEM image in Figure 1a, the
CTAB-capped gold nanoparticles are quasi-spherical in
shape, with a mean diameter of 25.2� 0.4 nm. The electro-
chemical behavior of the gold nanoparticles was first inves-
tigated by cyclic voltammetry (CV) using a drop cast modified
glassy carbon electrode (Figure 1b). Note that the voltam-
metry was performed in 20 mm HCl in order to provide a low
ionic strength for nanoimpact experiments, with the presence
of Cl¢ aiding the dissolution of gold[11–12] and inhibiting the
O2-driven dissolution of silver in the case of the core–shell
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nanoparticles.[13] As can be seen in Figure 1b, a broad
oxidative peak is apparent at 0.97 V which is attributed to
both the dissolution of gold [Eqs. (1),(2)][11] and the oxidation
of Br¢ which may then react to form tribromide [Eqs. (3),
(4)].[14] On the reverse scan the reduction of Br2 to Br¢ is seen
(0.88 V) as well as the reduction of the AuClx

¢ species formed
in the forward scan (0.51 V).

2 Br¢ Ð Br2 þ 2 e¢ ð3Þ

Br2 þ Br¢ Ð Br3
¢ ð4Þ

Because of the overlap between the gold and bromide
oxidation processes the charge relating to the broad anodic
peak at 0.97 V was not used to determine the reaction
pathway for the dissolution of the gold nanoparticles. For this
purpose nanoimpact experiments were performed using
a 1 pm gold nanoparticle suspension in 20 mm HCl with
a microcylinder electrode.[15] While current spikes were not
observed in the absence of gold nanoparticles (see Figure S1
in the Supporting Information) or at potentials where gold
dissolution is not expected (Figure S2) based on the cyclic
voltammogram in Figure 1a, well-resolved spikes were
clearly observed at more oxidizing potentials (Figure 2a).
These spikes show a distribution of sizes, reflecting the size
distribution of the nanoparticles present. Experiments were
therefore performed at potentials between 0.7 V to 1.5 V, with
the mean oxidative charges obtained (and the standard error
of the mean) from 538 impacts (at an average of 67 impacts
for each potential studied) shown in Figure 2b. As can be seen

no impacts were observed for the lower potentials studied,
however spikes were detected at a potential of 1.05 V,
indicating the onset of gold dissolution. At higher potentials
this oxidative charge is seen to increase until a plateau is
reached at approximately 0.15 pC, marking the complete
dissolution of the gold nanoparticles.

Having established the mean oxidative charge for the
dissolution of the gold nanoparticles, the average number of
electrons transferred for the oxidation of each gold atom was
then determined. This was achieved by calculating the
average number of gold atoms present in the 25.2 nm
diameter particles (as measured by TEM), which gave an
average of ca. 8.2 × 10¢19 moles of gold per nanoparticle. By
relating this number with the average oxidation charge, the
effective number of electrons involved in the dissolution of
gold is found to be 1.9, in agreement with previous work on
citrate-capped gold nanoparticles.[16] This indicates that the
dissolution of the gold nanoparticles proceeds the formation
of both AuI [Eq. (1)] and AuIII species [Eq. (2)], and
importantly this value provides a means to rationalize the
observed charge in the case of the core–shell nanoparticles.

To determine the dimensions of the core–shell nano-
particles TEM image analysis was performed, and as can be
seen from the bright field image in Figure 3a the core–shell

configuration of the nanoparticles is evident. Imaging was
also obtained using high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) mode,
owing to its improved atomic number contrast,[17] and as
shown in the inset of Figure 3a this allowed a clear distinction
to be made between the gold cores and the silver shells.
Analysis of the TEM images showed an average gold core
diameter of 29.6� 1.1 nm with a silver shell thickness of 6.1�
0.7 nm.

The electrochemical response of the core–shell nano-
particles was then determined in 20 mm HCl (Figure 3b).
Here the oxidation of silver can be observed at 0.08 V, in
agreement with previous work,[18] followed by a broad
oxidation attributed to the dissolution of gold and the
oxidation of bromide (0.97 V). On the reverse scan the
subsequent reduction of Br2 occurs at 0.88 V, after which the
reduction of gold species formed during the forward scan

Figure 1. a) Bright-field TEM image of the gold nanoparticles. b) Cyclic
voltammograms of a glassy carbon substrate in 20 mm HCl at
25 mVs¢1 before (dashed line) and after modification with 4 mL of gold
nanoparticles (solid line).

Figure 2. a) Chronoamperogram recorded at a carbon fiber microcylin-
der electrode at 1.3 V in 20 mm HCl with 1 pm gold nanoparticles.
b) The potential dependency of the oxidative impacts of the gold
nanoparticles.

Figure 3. a) Bright-field TEM image of a gold-core silver-shell nano-
particle along with a HAADF-STEM image (inset). b) Cyclic voltammo-
grams recorded at 25 mVs¢1 in 20 mm HCl with a glassy carbon
electrode before (dashed line) and after modification with 20 mL of
gold-core silver-shell nanoparticles (solid line).
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takes place at 0.53 V, as confirmed by comparison with
Figure 1b as well as previous work.[16]

Nanoimpact experiments were then performed to dem-
onstrate the quantitative analysis of single bimetallic core–
shell nanoparticles. As expected, no spikes were observed in
the control experiments run at a high oxidizing potential
(1.3 V) in the absence of nanoparticles (Figure S1) or at
a potential of 0.6 V in the presence of the nanoparticles
(Figure S3). However clear spikes were obtained in the
presence of the core–shell nanoparticles when the potential
was raised to 0.9 V (Figure 4a). As no spikes had been

observed at this potential in the case of the monometallic gold
nanoparticles (Figure 2b), this is therefore attributed to the
oxidation of the silver shells. Upon increasing the applied
potential to 1.3 V (where the dissolution of the gold nano-
particles had been apparent), larger spikes were observed
than the ones recorded at 0.9 V (Figure 4b). This is due to the

combined dissolution of both the silver shells and the gold
cores.

A potential dependent study of these processes was then
conducted, with the results of 442 impacts (at an average of 63
impacts for each potential studied) presented in Figure 4c.
This shows the onset of silver oxidation at 0.7 V, with the
charge increasing with the applied potential until a value of
approximately 0.3 pC. A further step in the charge is then
apparent above 1.2 V, where the charge reaches a plateau at
approximately 0.7 pC. As this value corresponds to the
complete dissolution of the core–shell nanoparticles, the
oxidative charge associated with the gold core dissolution is
therefore approximately 0.4 pC. To confirm the quantitative
nature of this analysis the average diameter of the gold cores
was then determined by utilizing a 1.9 electron oxidation per
gold atom (as established earlier) and assuming the particles
are spherical in nature. This leads to a gold core diameter of
35.1� 0.9 nm, and by calculating the thickness of a silver shell
on a core of this size given a charge of 0.3 pC this leads to an
average shell thickness of 6.1� 0.5 nm. As can be seen
excellent agreement is obtained between the nanoimpact
experiments and the TEM analysis, as the differences may be
accounted for by errors in estimating the volume of the
nanoparticles from the 2D TEM images.

In this Communication we have successfully demon-
strated the quantitative characterization of individual core–
shell nanoparticles through electrochemical nanoimpact
experiments. This strategy provides a unique and powerful
approach to obtain accurate in situ characterization of multi-
component nanoparticles with more noble core materials, and
may be especially beneficial for cases where electron micros-
copy of the core and shell materials show limited contrast
differences. As full characterization requires analysis at
different potentials it should be noted that this analysis
cannot be performed on the same impacting nanoparticle.
Nevertheless the method provides further promise as a fast
screening method which lacks the sample preparation
requirements of other characterization techniques. While
such analysis has been established in the case of the gold-core
silver-shell system, which is recognized as one of the most
widely studied core–shell systems, this approach can readily
be extended to a host of other core–shell structures, opening
up a new method to characterize a wide range of bimetallic
nanoparticles.
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Figure 4. Chronoamperograms recorded at a carbon microcylinder
electrode at a) 0.9 V or b) 1.3 V in a solution of 20 mm HCl with
0.1 pm gold-core silver-shell nanoparticles. c) The potential depend-
ency of the oxidative impacts of the gold-core silver-shell nanoparti-
cles.
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