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Abstract A simple method to control the size of gold nanoparticles (AuNP) using repetitive oxidation-reduction
cycles is described. First, AuNP are shown to be readily immobilized onto an indium-doped tin oxide coated glass
surface using cyclic voltammetry nanoparticle containing citrate buffer. Subsequently, the attached AuNPsize can be
reduced to a desired level by potential cyclingin the range from 0 V to +1.1 V (vs. Ag/AgCl).Gradual AuNPdiameter
decrease was attributed to the formation of gold oxide upon anodic potential sweep and the partial solubilization of
the Au(III) species during subsequent reduction of gold oxide in the absence of gold chelator (e.g.,Cl-, Br-, or CN-)
normally necessary for anodic gold dissolution.
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1. Introduction
Gold nanoparticles (AuNP) have been widely employed
as a functional building block used to modify the surface
of an electrode for electro analytical applications. [1,2]
Such electrodes demonstrate improved signal-to-noise
ratios or enhanced electron-transfer rates between the
active site of redox proteins and electrode surfaces,
making it an attractive platform to develop potential
biosensors and bioreactors. [3,4,5] It also offers a tool to
control the electrode properties by adjusting size, shape,
and protective monolayers of nanoparticles. [6] Several
methods have been developed to bind AuNP to the
electrode surfaces using the direct electrocrystallization
from the complex gold salts (chlorauric acid (HAuCl4)
[7,8] and potassium gold cyanide (KAu(CN)2) [9]).
Alternatively, connecting soluble AuNP through siloxanebased linkers affords the direct attachment of colloidal
AuNP to the electrode surfaces (e.g., indium-doped tin
oxide (ITO) coated glass) by the use of covalent
interactions. [10,11] However, the bridging organic
reagents between the electrode surface and a nanoparticle
would hamper the electron-exchange process between
them due to the extra charge transfer resistance [2] when
the standard electroanalytical methods are used to
interrogate electrochemical response of surfaceimmobilized nanoparticles [10,11].
Similar immobilization method was applied to directly
measure faradaic responses at a single AuNP using
platinum nanoelectrodes. [12] Linker usage was avoided
when AuNP are physisorbed using a drop-casting to
screen printed [13] or glassy carbon electrodes, [14] that

enabled to register particle size-dependent charge-transfer
responses. A direct charge exchange between the freely
diffusing nanoparticles and the ultramicroelectrode was
also demonstrated recently, [14,16,17,18,19,20] despite low
diffusion coefficients of nanoparticles in solution.
Additionally, a single AuNP electrochemical response was
recorded when immobilized on a Pt microelectrode just by
repetitive potential scanning in a AuNP suspension. [21]
In the present work, we demonstrate a facile method to
immobilize AuNP on the ITO coated glass electrodes
without resorting to linker molecules or gold salts, and
surface attached nanoparticle size control using recurring
gold oxidation-reduction cycles in the citrate-containing
electrolytes.

2. Materials and Methods
ITO coated (Rs = 70-100 Ω) glass slides were obtained
from Delta Technologies, Ltd. (Stillwater, MN). Gold
nanoparticles with nominal diameters of 4 nm and 20 nm
were purchased from Nanopartz, Inc. (Loveland, CO) and
British Biocell International (Cardiff, UK), respectively,
and characterized by TEM and DLS to have mean
diameters of 2.9 ± 0.5 nm and 24.3 ± 2.4 nm, respectively
(Figure S4, Supporting Information). All chemicals were
of analytical reagent grade (Sigma-Aldrich, St. Louis, MO)
and used as received. High-purity water with a resistivity
of 18.2 MΩ∙cm was used in all experiments.
Measurements of the gold nanoparticle hydrodynamic
radius were performed using a Nicomp Model 380 ZLS
DLS system (Particle Sizing Systems Inc., Santa Barbara,
CA, USA). Samples were measured in 6 × 50 mm glass
Kimble Chase disposable culture tubes. Prior to sample
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loading, the tubes were blown with N2 gas and filled with
0.3 ml of the sample. The autocorrelation function was
acquired for 3 min in triplicate and fitted to intensity
weighted
NICOMP
size
distribution
analysis.
Electrochemical measurements were performed using an
EG&G M263A potentiostat/galvanostat (Princeton Applied
Research) at room temperature. The electrochemical cell
consists of the ITO disk (with an exposed geometric area
of ca. 0.126 cm2) working electrode, a platinum wire
counter electrode, and a Ag/AgCl (0.197 V vs. NHE)
reference electrode. Prior to electrochemical experiments,
ITO substrates were cleaned by sonication in ethanol for
15 min, rinsed in acetone, and blown dry with N2. For
anodic stripping of the nanoparticles on ITO, the working
solution (i.e., 0.1 M hydrochloric acid in 13.3 mM citrate
buffer) was purged with N2 for 30 min and a blanket of N2
was kept over the solution during measurements. All
potentials are referred to the Ag/AgCl reference electrode
unless stated otherwise.

3. Results and Discussion
First, we have recorded cyclic voltammograms (CV) for
a bare ITO electrode immersed in 13.3 mmol/L citrate
buffer (pH 6.0) solution containing AuNP with 4 nm
nominal diameter. The stability of AuNP in working
solution was confirmed prior to running experiments
(Figure S1, Supporting Information). Figure 1 compares
the CV of the bare ITO electrode priorto (dotted line) and
following the introduction of the AuNP at 2.71 x 1013 parts
per milliliter to the working solution. The voltammetric
response shows an anodic current peak at around +0.85 V
and a cathodic counterpart at around +0.54 V, which
reflect the oxidation of AuNP and the subsequent
reduction of the gold oxide species back to metallic gold,
respectively. The peak potentials (Ep) for both anodic and
cathodic peaks displays a linear dependence with the
natural logarithm of scan rate (see inset of Figure 1),
demonstrating the charge exchange with the surface
immobilized redox entities. Similar scan rate dependencies
were observed in previous studies with AuNP [21] or
silver nanoparticles [22,23] immobilized on electrode

surfaces. We infer that AuNP are being attached on the
ITO electrodes used in this study either during the
successive scans or potentially via physisorptionas part of
seed-mediated growth. [15,24,25] To test the surface
attachment, the surface of an electrode was washed with
copious amount of deionized water, followed by the cyclic
voltammetry scan in the nanoparticle-free citrate buffer
solution. As shown in the inset of Figure 2, the CV profile,
comparable to the one before washing was recorded.
However, the anodic peak at around +0.85 V has shifted
to a more positive potential. The presence of the surface
attached AuNP was also confirmed with scanning electron
microscopy (SEM) images and UV-Vis absorbance
(Figure S1 and Figure S2, Supporting Information).
Repeated potential scans in citrate-containing electrolytes
result in both anodic and cathodic current peak decline
and their complete disappearance after about 50 scans (see
dotted curve in the inset of Figure 2), indicating a gradual
loss of the total active gold surface area. Such outcome
could be caused by AuNP dissolution (size reduction)
during the potential cycling [14,26] or immobilized particle
number decrease due desorption from the ITO surface. To
verify a second possibility, we have subjected the immobilized
AuNPto cyclic voltammetry treatment in the extended
potential range from -0.5V to +1.1V, thus considerably
varying the electrostatic interaction between the
negatively charged (capped with citrate or carboxylic acid
moieties) AuNP and the ITO electrode. First, the potential
cycling was performed from +0.6V to -0.5V at 60 mV/s,
i.e. outside the range of Au oxidation (red trace in Figure 3).
Next, 10 roundtrip potential cycles were performed from
+0.7V to +1.1V (blue trace on Figure 2), thus excluding
the potential range of the previously recorded gold oxide
reduction peak (centered at E=0.54V, see insert of Figure 2).
Following this treatment, we have repeated the scan in the
range from 0V to +1.1V (black trace in Figure 2). Notably,
the recovered voltammogram was almost identical to the
one, recorded prior to the wide range potential cycling.
Such result clearly invalidates our second hypothesis, and
shows that the electrostatic desorption of AuNP is not
responsible for the decrease in the current peak charge
repeated cycling as shown in the insert of Figure 2.

Figure 1. Voltammetric responses of a bare ITO electrode in a 13.3 mmol/l citrate buffer solution containing either 4 nm AuNP (solid) or no particles
(dotted). Scan rate: 60 mV s-1. Inset: Peak potentials (Ep) for both anodic and cathodic peak versus the natural logarithm of scan rate
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Figure 2. Voltammetric responses of aAuNP-modified ITO electrode at different potential windows: -0.5 V to +0.6 V (red line), 0 V to +1.1 V (black
line), +0.7 V to +1.1 V (blue line). Scan rate: 60 mV s-1. Inset: voltammetric responses aAuNP-modified ITO electrode in a 13.3 mM citrate buffer
solution: 1st scan (solid line) and 50thscan (dotted line)

dissolution reaction to progress. Working solution used in
this study, however, did not contain such ligands and,
moreover, the observed CV profiles were typical for gold
oxide formation and reduction of gold oxide during the
reverse scans (Figure 2). Gold oxide reduction in weak
non-complexingacidic solutions proceeds according to:
[27]
Au ( OH )3 + 3H + + 3e− → Au + 3H 2 O

Figure 3. Successive cyclic voltamograms (first 10 cycles) obtained with
(A) 4 nm and (b) 20 nm AuNP-modified ITO electrodes in 13.3 mM
citrate buffer solution. Scan rate: 60 mV s-1

It indicates that the gradual charge loss during potential
cycling is consistent with the ITO surface attached AuNP
dissolution. On the other hand, a gold chelator (e.g. Cl-,
Br-, or CN-) normally is needed for anodic gold

(1)

The gold oxide reduction reaction in Eq.(1) is perceived
to be a solid-solid reaction and does not contain soluble
intermediates. However, several previous studies found
evidence that soluble Au(III) species can actually form
upon gold oxide reduction in electrolytes with no gold
complexinganions. Cadle et al. have detected up to 3% of
soluble gold species after a single oxidation-reduction
cycle of the gold disk in sulfuric acid solutions using a
rotating Pt ring. [26] A later quartz microbalance study by
Shackleford et al. reported gold electrode mass loss and
surface roughening while following a series of slow
potential cycles in nitric acid based electrolytes. [28]
To further explore particle size decrease upon
consecutive oxidation-reduction in citrate-containing
electrolytes, we compared the coulometric data from
AuNP(nominal diameters of 4 nm and 20 nm) attached on
the ITO surface. First, AuNP were immobilized on the
ITO surface by successive scans from 0V to +1.1V using
colloidal solutions at concentrations C4nm = 2.71 x 1013
part/mL and C20nm = 1.26 x 1012 parts per milliliter.
Following washing with deionized water, the electrodes
were immersed in citrate buffer solutions for further
analysis. Figure 3A shows CV of ten consecutive scans of
ITO/AuNP with a nominal diameter of 4 nm, showing
steady decay in both anodic and cathodic peak amplitudes.
The active gold area gets smaller with each potential cycle,
indicating that gold oxide monolayer is formed during
potential scan to +1.1 V and a small fraction of gold is
solubilized when gold oxide is reduced (current peak at Ep
= +0.54 V, Figure 3). The same holds true for AuNP with
a nominal diameter of 20 nm, although the rate of charge
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decay with respect to the scan number was considerably
slower than for 4 nm AuNP (Figure 3B). Also, the
cathodic and anodic peak potentials measured for both 4
nm and 20 nm AuNP were shifted relative to the bulk gold
oxidation (Figure S4, Supporting Information).Such sizedependent AuNP oxidation potential shifts were observed
in previous studies [11,12] using surface attached particles
and suggested a theoretical model based on free energy
changes with the metal surface area.
The immobilized AuNP particle size could be directly
determined from the coulometry data, following the
approach as described. [29] First, the total Au particle
surface area was estimated by integrating the charge under
the gold oxide reduction peak following the first potential
cycle in the citrate-containing electrolytes (black traces in
Figure 4), using a value of 386 µC/cm2 required to reduce
the monolayer of gold oxide. [30]Next, a total gold atom
number of the surface-attached AuNP’s was determined
by stripping voltammetry ina 0.1 mol/LHCl solution. Here,
several potential cycles between +0.7 V and +1.3 V (vs
Ag/AgCl) were applied (red traces in Figure 4) until
complete gold dissolution and the required charge was
integrated. As evident from the current traces in Figure 4,
immobilized AuNP’s are completely solubilized following
the first two potential cycles.

0.1 electrons transferred per gold atom. [14] Taken
together with the earlier determined total particle surface
area, this allows us tomeasure the radius of the
immobilized particle and their surface concentration. The
summary of measurement results is provided in Table 1.
The obtained particle diameter values are in good
agreement with particle diameters from transmission
electron microscopy (TEM) images and dynamic light
scattering (DLS)measurements (Figure S4, Supporting
Information).
Table 1. Size and concentration of AuNP attached on ITO electrodes
measured by coulometrya
AuNP
Particle surface
Radius
Average
nominal
concentration (parts
particle
differential ∆r
diameter
per square
diameter (nm)
(nm)
(nm)
centimeter)
4
20

(2.82 ± 0.15) x 1011
(4.79 ± 0.38) x10

9

3.53 ± 0.27

0.2 ± 0.04

20.74 ± 2.31

0.74 ± 0.14

a

Uncertainties are calculated as the estimated standard deviation from the
mean from three independent measurements.

Gold oxidation depth is determined by the anodic
potential scan limit, [31] therefore a particle of radius r
would lose the ∆r after each oxidation-reduction cycle
(cycle number n), thus the spherical particle surface area S
can be expressed as:
=
S 4π (r − n∆r )2

(2)

The total gold oxide reduction charge (C) will change
after each cycle according to:
=
C 4π Nc(r 2 − 2r ∆r + n 2 ∆r 2 )

(3)

where N is the number of particles and c is the gold oxide
monolayer reduction charge (386 µC/cm2). [30] A nonlinear regression fit of the experimentally determined gold
oxide reductioncharge (Q) vs. the number of potential
cycles (n) to this model is presented in Figure 5.

Figure 4. Voltammetric responses of (A) 4 nm and (B) 20 nm AuNPmodified ITO electrodes before (black) and after (red) carrying out
anodic stripping of the nanoparticles in 0.1 M HCl. All the solutions
were deoxygenated by purging with N2 for at least 30 min and the
experiments were carried out under N2 atmosphere. Scan rate: 60 mV s-1

The anodic stripping charge was then used to estimate
the amount of total gold immobilized on ITO using 1.9±

Figure 5. Gold oxide reduction charge (Q) as a function of cycle
number(n). Error bars represent on standard deviation from three
independent experiments

Experimental data fit to this model allows us to
estimate a value of radius differential ∆r for cyclic
voltammetry experiments with 4nm and 20 nm AuNP
(Table 1). The ∆r values for AuNP mirror the total mass
loss with each cycle, which is comparable with the earlier
data of Cadle et al. who reported a 3% material loss when
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using a rotating ring-disk gold electrode in sulfuric acid.
[26] It is noteworthy that smaller particles are more
efficiently attached to the ITO surface asillustrated by
more than twofold increase in particle surface
concentration ratio(N(4nm AuNP)/N(20nm AuNP)=58.9±4)
compared to their respective concentrations in the
electrolytes (C(4nm AuNP)/C(20nm AuNP)=21.5±3).

Ep-Peak Potential.
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Figure 1S. The stability of gold nanoparticles with nominal diameters 4 nm and 20 nm stored in citrate buffer (pH 6.0) for 12 h was monitored by
measuring the surface plasmon resonance bands centered at ca. 517 nm and 530 nm, respectively

Figure 2S. Scanning electron microscopy image of gold nanoparticles (20 nm nominal diameter) deposited onto an ITO electrode with five successive
scans in the potential range from 0 V to 1.1 V
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Figure 3S. Cyclic voltammogram of bulk gold electrode (1 mm diameter) in 13.3 mM citrate buffer (pH 6.0) at a scan rate of 60 mV s-1

Figure 4S. Transmission electron microscopy image (A) and particle-size distribution from dynamic light scattering measurements (B) for supplied
gold nanoparticles used in the experiments

