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Size-Dependent Ripening of Gold Nanoparticles through Repetitive
Electrochemical Surface Oxidation-Reduction Cycling
Badri P. Mainali,= Dhruba K. Pattadar,= and Francis P. Zamboriniz

Department of Chemistry, University of Louisville, Louisville, Kentucky 40292, United States of America

Here we describe the electrochemical size stability of 1.6, 4.1, and 15.1 nm diameter Au nanoparticles (NPs) supported on indium
tin oxide-coated glass electrodes (glass/ITO). Anodic stripping voltammetry (ASV) and the electrochemically-measured total
surface area-to-volume ratio (SA/V) provide the NP size following surface oxidation-reduction cycling from −0.2 to 1.6 V (vs Ag
wire) in 0.1 M HClO4. After 1000 oxidation-reduction cyclic voltammetry (CV) scans, the relative size increases by a factor of 12,
7, and 2 for the 1.6, 4.1, and 15.1 nm diameter Au NPs, respectively. The relative size increase is largest for the smallest NPs, also
confirmed by electron microscopy, indicating their lower size stability towards surface oxidation-reduction cycling. The size
increase is fastest within the first 200 cycles, which decreases with a further increase in the number of cycles until the Au NP
diameter stabilizes. The size transformation is more dramatic at higher Au NP electrode coverage and 30%–100% of the Au
dissolves during cycling, depending on the coverage and NP size. Various potential cycling and holding profiles show that the Au
NP size increases during reduction of the oxide layer, consistent with an electrochemical Ostwald ripening mechanism.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abbd72]
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Small sized metal nanoparticles (NPs) are extensively used for
catalysis1–4 and sensing5–8 due to their high surface area-to-volume
ratio (SA/V) and large number of surface active sites. The stability
of the NPs, which is critical for their widespread applications, is
mainly determined by the surface free energy, which is proportional
to the exposed interfacial area.9 Thermodynamically, NPs tend to
achieve stabilization by the reduction of interfacial area, which leads
to the transformation in size and morphology of the NPs. It has been
reported in the literature that metal NPs undergo a size increase
when used in various catalytic applications, such as CO2 reduction,

10

CO oxidation11,and the hydrogen evolution reaction.12 This increase,
also known as ripening, significantly alters the optical,13 catalytic,14

and electronic15 behavior of the metal NPs. The ripening processes
have been broadly explained in terms of Ostwald ripening and
Smoluchowski ripening.11,16–18 In Ostwald ripening, smaller-sized
NPs in a size disperse sample oxidize and dissolve into solution and
redeposit onto larger-sized NPs. The process is driven by a
difference in the chemical potential, controlled by the surface free
energy of the different-sized NPs.19,20 In Smoluchowski ripening,
two or more particles combine via particle movement and coales-
cence, producing bigger-sized particles.17

The changes in electrochemical behavior of Au when subjected to
oxidation-reduction cycling by cyclic voltammetry (CV) in various
electrolyte solutions has long been studied by several researchers.21–23

For example, Nicol and coworkers observed the formation of
reversible Au-AuOx on the surface as evidenced by fast scan CV of
polycrystalline Au performed in HClO4.

22 During the electrochemical
redox process, an unstable Au(OH) is first formed on the Au surface.
By chemical disproportionation of Au(OH), a variety of Au species,
such as AuOx, HAuO3

2− and Au(OH)3 are formed under different
potential, pH, and polarization conditions.22,24 The most common
form is AuOx, which is reduced back to Au or converted to soluble Au
(III) species during the redox process. The dissolution of Au was
followed by redeposition onto the electrode surface in the reverse
cycle as observed by Nicol22 and Cherevko et al.23 The most common
chemical and electrochemical changes taking place are shown in
Eqs. 1–3.22,25

Au H O Au OH 1x2 ads( ) [ ]( )+ 

Au 3H O Au OH 3H 3e 22 3( ) [ ]+ + ++

2Au OH Au O 3H O 33 2 3 2( ) [ ]+

Au O 6H 6e Au H O 42 3 2 [ ]+ + ++ 

Subsequent reduction of the Au oxide occurs on the reverse scan
(Eq. 4). The existence of the above mentioned and several other
intermediate species and their stability depends on the potential and
pH. This electrochemistry was extensively studied by electroche-
mical scanning tunneling microscopy (ECSTM) on bulk Au(100)
and Au(111) surfaces in acidic solution,26,27 revealing the presence
of surface roughening, corrosion (for Au-Ag alloys in HClO4),

28 and
surface reconstruction, for example.29 Based on these observations,
we were interested in what would occur for confined three-dimen-
sional (3D) NP structures, which are quite different than long-range
bulk single-crystal two-dimensional (2D) surfaces. 3D NP structures
also have potential electrochemical applications in various fields as
discussed earlier.

The change in the surface morphology of continuous Au films
during electrochemical oxidation-reduction cycling in acidic solu-
tion was studied by ECSTM by several researchers.28–31 Trevor
et al. first carried out studies of Au(111) during electrochemical
oxidation-reduction in HClO4 solution.

30 They observed roughening
and surface mobility of Au(111) terraces accompanied by formation
of mono or multilayer Au oxide pits on the surface, which increased
with the number of oxidation-reduction cycles. Based on the larger
morphological changes occurring on the various low index faces of
2D extended films of Au, we were interested to determine what
would occur on 3D Au nanocrystals under similar conditions as a
function of the nanocrystal (or NP) size.

In-situ imaging studies of metal NPs under potential control
provide valuable information about NP stability and potential-
controlled size transformation.32–34 For example, Sugawara et al.
found a rapid loss in electrochemically active surface area (EASA)
of Pt NPs in parallel with NP agglomeration when subjected to
electrochemical oxidation-reduction cycling from 0.0 to 1.4 V in
acidic solution.32 Yu et al. studied the electrochemical size-
dependent degradation mechanism of Pt NPs when employed in
proton exchange membrane fuel cells.12 During the process, smaller-
sized Pt NPs with an average diameter of 2.2 and 3.5 nm exhibited
significant size transformation while those above 5 nm remained
mostly stable. Plowman et al. performed repetitive potential cycling
of carboxylic acid-stabilized Au nanospheres in acidic solution and
observed a high level of surface defects due to AuO formation alongzE-mail: f.zamborini@louisville.edu
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with electrodissolution of Au.35 Steven et al. studied the electro-
chemical stability during the first 100 oxidation-reduction cycles in
acid of Au NPs from 0.8 nm to 4.5 nm in diameter deposited with
Vulcan carbon.36 They observed a size increase for all Au NPs but
only a significant loss of EASA for the Au NPs below 4.5 nm. The
size increase and loss of EASA required scanning to potentials into
the Au oxide formation region and they suggested Ostwald ripening
was the likely mechanism for the size increase. Rhieu et al.
described a decrease in size for 4 nm and 20 nm Au NPs on glass/
ITO by oxidation-reduction cycling in citrate buffer (pH 6) due to
Au dissolution upon each cycle, but did not consider ripening as a
possibility.37 Pattadar et al. studied the effect of size, coverage, and
size dispersity on the potential-controlled ripening behavior of Au
NPs in halide containing electrolyte.18 Taken together, most of the
literature show a size transformation and decrease in EASA followed
by performance degradation of metal NPs following electrochemical
potential cycling.12,32,36,38

Our group previously determined the size of citrate- and phos-
phine-stabilized Au39–42 and Ag43 NPs by ASV, where the oxidation
peak potential (Ep) in KBr electrolyte was directly correlated to the
size of the NPs as predicted theoretically by Plieth.44 The dependence
of Ep on the size of small metal NPs provides a way to monitor
size transformations that may occur during oxidation-reduction
cycling.41,42 For example, we found the average Ep of 1.6 nm Au
nanoclusters to be 0.46 V vs Ag/AgCl in Br− containing electrolyte
while it showed an Ep of 0.72 V after one complete oxidation-
reduction cycle in acid-containing electrolyte.41 We alternatively
reported the size determination of metal NPs by measuring their
SA/V by a combination of CV and ASV, which showed excellent
agreement with the size measured by scanning electron microscopy
(SEM).18,45,46 The Ep in ASV and the SA/V is also sensitive to the
aggregation state of Au NPs47 and the composition and atomic
arrangement of bimetallic Au-Cu NPs.48 This shows the significance
of ASV and electrochemical SA/V measurements to analyze elec-
trode-attached metal NPs. Electrochemical techniques are low cost,
simple, fast, and high throughput, allowing many variables to be
quickly studied with meaningful statistics.49,50 In comparison, mon-
itoring the NP size by electron microscopy is much more expensive
and tedious, with throughput that is often too low to be practical from
a time and cost standpoint when the study involves many different
samples and experimental conditions.

Here we describe the use of ASV and electrochemical SA/V
measurements to measure size transformations of Au NPs ranging
from 1.6 to 15.1 nm in diameter attached to glass/ITO electrodes as
the result of surface oxidation-reduction cycling in acid. There are
several important differences between our work and the previous
studies mentioned. First, our Au NPs are not mixed with a Vulcan
carbon support material. Carbon supports have been shown to alter
the stability and EASA of Au NPs previously.46 Second, we
performed our studies with a Ag quasireference electrode, which
avoids potential contamination from Cl− from a Ag/AgCl reference
electrode. This can dramatically affect the results due to potential
Cl− induced dissolution. Third, we examine the role of Au NP
electrode coverage on the size transformation. Fourth, our size
characterization is performed electrochemically for Au NPs attached
directly to the electrode. This avoids potential issues with measuring
particle size and performing other types of analyses following
removal of the Au NPs from the electrode. Finally, we determined
the potentials that lead to the size transformation and measured the
fraction of the Au dissolved from the surface during cycling. This
study of weakly-stabilized Au NPs is important, as they are useful
for electrocatalysis, electrochemical sensing, and energy applica-
tions, but prone to undergo oxidation and size transformations
during fairly mild electrochemical treatments.41,42 This type of
study is also important because various ligand-stabilized NPs are
often subjected to electrochemical oxidation-reduction cycling as a
means to clean the metal surface from ligand stabilizers or chemical

impurities before their application.51,52 It is important to know if the
treatment leads to size instability as that would negatively affect
their electrochemical properties.

Experimental

Chemicals and reagents.—We synthesized HAuCl4·3H2O from
metallic Au (99.99% pure) in our lab. Sodium borohydride (⩾98.5%
reagent grade), hydrogen peroxide solution (30 wt%), 2-propanol
(ACS reagent), and (3-aminopropyl)triethoxysilane (APTES,
⩾98.0%) were purchased from Sigma Aldrich. Potassium perchlo-
rate (99.0%–100.5%), trisodium citrate salt, potassium bromide (GR
ACS), and perchloric acid (60%) were purchased from Bio-Rad
laboratories, Beantown Chemical, EMD, and Merck, respectively.
Ethyl alcohol (ACS/USP grade) and acetone (ACS/USP grade) were
purchased from Pharmco-AAPER. An 80% aqueous solution of
tetrakis(hydroxymethyl)phosphonium chloride (THPC) was pur-
chased from ACROS ORGANICS. Sodium hydroxide pellets were
purchased from Fisher Scientific. All chemicals were used directly
as received. Water from a Barnstead NANOpure ultrapure water
purification system with a resistivity of 18.2 MΩ-cm was used for all
aqueous solutions.

Synthesis of Au NPs.—THPC-stabilized 1.6 nm diameter Au
NPs were synthesized based on the procedure described by Duff
et al.53 and our group previously.41 The procedure involves the
reduction of HAuCl4·3H2O (0.97 mM final) with THPC (2.34 mM
final) in basic conditions (2.93 mM NaOH final). We synthesized
4.1 nm average diameter Au NPs by the method described by
Murphy and co-workers54 and our group previously.45 It involves
the mixing of 0.25 mM HAuCl4.3H20 with 0.25 mM trisodium
citrate and reduction with 12 molar excess of NaBH4 in ice-cold
conditions. We synthesized 15.1 nm Au NPs by the reduction of
HAuCl4.3H2O in boiling trisodium citrate, adopting the method
originally developed by Turkevich55 as described recently by our
group.45 All Au NPs were used from their solutions directly with no
further purification or isolation.

Functionalization of glass/ITO electrodes with Au NPs.—
Indium-tin-oxide (ITO)-coated glass slides (CG-50IN-CUV, Rs =
8–12 Ω) were purchased from Delta Technologies, Limited
(Loveland, CO) for use as working electrodes (referred to as glass/
ITO). The glass/ITO electrodes were cleaned by sonicating for
30 min in acetone, 30 min in ethanol, and 30 min in 2-propanol
before drying under N2. The electrodes were then functionalized
with APTES, which involved immersion into a 2-propanol solution
of 0.043 M APTES with a few drops of water added and heating at
70 °C for 30 min. The glass/ITO/APTES electrodes were thoroughly
rinsed with 2-propanol and dried under N2 before soaking in the
appropriate as-prepared Au NP solution for 3–15 min, depending on
the desired coverage. The Au NP-functionalized electrodes were
finally rinsed with nanopure water thoroughly and dried with N2

before electrochemical studies immediately afterwards. The nega-
tively-charged citrate-stabilized Au NPs attach to APTES by
electrostatic attraction to the protonated amines. The interactions
between THPC-stabilized Au NPs and glass/ITO/APTES is not well
understood. The soaking times led to Au NP coverages that resulted
in Au anodic stripping charges ranging from 10 to 100
microCoulombs (mC), corresponding to 3.5 × 10−11 to 3.5 ×
10−10 moles of Au, assuming Au oxidation occurred by a 3-electron
process.

Ozone treatment.—After attachment of 4.1 and 15.1 nm Au NPs
to the glass/ITO/APTES electrodes, they were placed in a model no.
42 UVO ozone cleaner (Jelight Company, Inc.) for 30 min to remove
any excess citrate stabilizer or organic impurities from the Au NPs
or glass/ITO/APTES surface.45 The glass/ITO/APTES coated with
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1.6 nm Au NPs were not subjected to ozone treatment due to their
reported size increase within 2 min of ozone exposure.41

Characterization of Au NPs.—Ultraviolet-visible (UV–vis)
spectrometry was performed using a Varian Cary 50 Bio-spectro-
photometer. UV–vis spectra were obtained in aqueous solutions of
the different sized Au NPs from 350–850 nm at a fast scan rate of
80 nm second−1 using water as the blank. The size of the 4.1 nm and
15.1 nm Au NPs before and after electrochemical treatment was
determined directly on glass/ITO/APTES electrodes using a Carl
Zeiss SMT AG SUPRA 35 VP field emission scanning electron
microscope (FESEM) operating at an accelerating voltage of
17.00 kV using an in-lens ion annular secondary electron detector.
TEM images of THPC-coated 1.6 nm diameter Au NPs were
obtained with a FEI Tecnai F20 operating in TEM or STEM mode
using a 200 kV acceleration voltage.

Electrochemical cycling and analysis of Au NPs.—A CH
Instruments model CHI660E electrochemical workstation was used
for all electrochemical cycling and analysis experiments. Oxidation-
reduction cycling was performed by obtaining multiple consecutive
cyclic voltammograms (CVs) of a glass/ITO/APTES/Au NP
working electrode with a Pt wire counter electrode and bare Ag
wire quasi-reference electrode to avoid Cl− contamination from an
Ag/AgCl reference electrode. The CVs were scanned from −0.2 to
1.6 V at scan rates of 0.5 V s−1 or 0.1 V s−1 for 100, 200, 500 and
1000 consecutive cycles to determine the effect of cycling on the
size of the different Au NPs. For CV and anodic stripping
voltammetry (ASV) analysis, the 3-electrode electrochemical cell
consisted of glass/ITO/APTES/Au NPs as the working electrode,
Ag/AgCl (3 M KCl) as the reference electrode, and a Pt wire as the
counter electrode. CVs were performed between −0.2 to 1.6 V at a
scan rate of 0.1 V s−1 in 0.1 M HClO4 solution for the total surface
area (SA) analysis while the ASVs were obtained from 0.0 V to
1.2 V at a scan rate of 0.01 V s−1 in 0.01 M KBr plus 0.1 M KClO4

solution for the size and volume (V) analysis.

Results and Discussion

General overview of the experiment.—The goals of this study were
to (1) better understand the size-dependent ripening of metal NPs
undergoing electrochemical oxidation/reduction cycling and (2) demon-
strate that electrochemical SA/V and ASV are useful methods for
monitoring size-transformations that occur during various electroche-
mical treatments directly on electrode surfaces. Scheme 1 illustrates the
different steps of the experimental procedure carried out in this work.
We first synthesized THPC-stabilized 1.6 nm diameter Au NPs, citrate-
stabilized 4.1 nm diameter Au NPs, and citrate-stabilized 15.1 nm
diameter Au NPs and then attached them to glass/ITO/APTES
electrodes as shown in steps 1 and 2, respectively. UV–vis spectroscopy
(Fig. S1 is available online at stacks.iop.org/JES/167/146503/mmedia)
and transmission electron microscopy (TEM) analysis confirmed the
successful synthesis while electrochemistry and scanning electron
microscopy (SEM) confirmed their successful attachment to the
electrode surface and NP size. The as-synthesized 4.1 and 15.1 nm
diameter Au NPs displayed a localized surface plasmon resonance band
(LSPR) in the UV–vis spectrum at 506 nm and 519 nm, respectively,
while 1.6 nm Au NPs do not show a distinct LSPR band in this
range.41,56 In step 3, we subjected the electrode-attached Au NPs to
multiple oxidation-reduction cycles in 0.1 M HClO4 electrolyte solution
using cyclic voltammetry (CV). In step 4, we characterized the treated
Au NPs by electrochemical SA/V, ASV, and SEM measurements (SA/
V and ASV were measured after ozone treatment for the 4.1 nm and
15.1 nm Au NPs, but not 1.6 nm Au NPs).

We performed 100, 200, 500, or 1000 consecutive CVs between
−0.2 and 1.6 V at a scan rate of 0.5 V s−1 in 0.1 M HClO4 on the
various Au NP-modified electrodes. Figure 1 shows cycles 1, 10, 50,
100, 500, and 1000 of glass/ITO/APTES coated with 4.1 nm
diameter Au NPs. In cycle 1, the reduction peak appeared at 0.8 V
vs an Ag wire (blue plot) and in the 10th cycle, the peak area clearly
decreased with a small positive shift (red plot). In the subsequent
50th, 100th, 500th and 1000th cycles, the reduction peak area
decreased significantly until it was barely noticeable at cycle 1000
(pink plot). Steven et al. studied the behavior of carbon-supported
Au NPs when treated with up to 100 oxidation-reduction cycles in
acidic solution, where they first observed an increase in the
electrochemically active surface area (EASA) with the number of
cycles (based on increased area of the reduction peak), which
slightly decreased with an increasing number of cycles.36 They
didn’t observe a significant change in EASA for the carbon-
supported 4.5 nm Au NPs, while our results show a large decrease
in the Au oxide reduction current with an increase in the number of
oxidation-reduction cycles for the citrate-coated 4.1 nm Au NPs with
an average initial Au oxide reduction charge of 1.46 (± 0.31) × 10−5

Coulombs (n = 3) and charges of 7.28 (± 1.54) × 10−6, 2.94
(± 0.78) × 10−6, and 1.50 (± 0.56) × 10−6 Coulombs at 200, 500

Scheme 1. General experimental procedure followed in this work.

Figure 1. Cyclic voltammograms (CVs) of a glass/ITO/APTES electrode
coated with citrate-stabilized 4.1 nm diameter Au NPs obtained in 0.1 M
HClO4 solution at a scan rate of 0.1 V s−1. (vs Ag wire quasireference
electrode). The cycle number is indicated in the figure legend. The CVs were
run at 0.5 V s−1 in between the CVs shown.
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and 1000 CV cycles, respectively. The decrease in the Au oxide
reduction peak height and area is attributed to (1) the ripening of the
Au NPs into larger sizes, which lowers the total SA of the electrode-
attached Au NPs and (2) dissolution of Au into solution. The Au
oxide reduction peak is directly related to the total SA of all
combined Au NPs on the surface, which is related to the NP size if
we assume that V is not changing dramatically, but could also be
related to loss of Au (loss of V). We discuss these two possibilities
more later. The different behavior in our study compared to Steven
et al. could be due to the different electrolyte (HClO4 vs H2SO4),
higher potential in our work, or stability provided by Vulcan carbon
in their work.36

Effect of oxidation-reduction cycling measured by ASV.—To
further explore the decrease in the Au oxide reduction peak size with
the number of oxidation-reduction cycles, we performed ASV of the
different glass/ITO/APTES/Au NPs before and after 1000 CV
cycles. Oxidative stripping of Au was carried out in the presence
of 0.01 M KBr in 0.1 M KClO4 taking place by the following
reactions (5–6).40

Au 4Br AuBr 3e E 0.85 V vs NHE 50
4

0( ) [ ]+  + =- - -

Au 2Br AuBr e E 0.96 V vs NHE 60
2

0( ) [ ]+  + =- - -

The peak oxidation potential (Ep) in ASV is indicative of the NP size
and the integrated charge under the peak is indicative of the total
number of Au NPs on the electrode surface. Figure 2 shows the
ASVs of glass/ITO/APTES coated with 1.6, 4.1, and 15.1 nm
average diameter Au NPs that were not cycled and were cycled
1000 times in 0.1 M HClO4 at a scan rate of 0.5 V s−1. Since ASV is
a destructive technique, the ASVs before and after cycling are from
two different, but identically-prepared samples. We observed that
the Ep of 1.6 nm Au NPs shifted from 0.46 V for non-cycled NPs to
0.72 V after 1000 cycles (Fig. 2A). Based on the Plieth equation44

and our previous work using ASV for size analysis, the diameter
increased to ∼4.4 nm after the 1000 CV cycles. Similarly, the non-
cycled 4.1 nm Au NPs displayed an Ep of 0.71 V compared to 0.82 V
after 1000 cycles (Fig. 2D), which corresponds to particle diameters
of 4.2 nm and ∼7.2 nm, respectively, from the Plieth equation. The
15.1 nm Au NPs displayed an Ep of 0.78 V for the non-cycled NPs
and 0.85 V for those cycled 1000 times (Fig. 2G), which corresponds
to particle diameters of 7.2 nm and 39.6 nm, respectively. These
results clearly indicate that all of the different-sized NPs increased
significantly during the 1000 oxidation-reduction cycles, since the Ep

is a good indicator of their size.41 The deviation of the measured
15.1 nm diameter size by the Plieth equation44 for non-cycled NPs
has been observed by our group previously and is not
well-understood.57 Regardless, there is a clear size transformation
during the oxidation-reduction cycling.

Electron microscopy images of glass/ITO/APTES/Au NP elec-
trodes with 1.6, 4.1, and 15.1 nm Au NPs after 1000 CV cycles
confirmed the NP size transformations determined by ASV (Fig. 2).
After 1000 CV cycles, the 1.6 nm diameter NPs (Fig. 2B) increased
to 19.1 ± 4.8 nm (Fig. 2C). Similarly, the size of 4.1 (Fig. 2E) and
15.1 nm (Fig. 2H) Au NPs increased to 26.6 ± 7.1 nm (Fig. 2F) and
38.1 ± 9.6 nm (Fig. 2I), respectively. The corresponding size
histograms are shown in Fig. S2. The size measured by SEM was
similar to the ASV-determined size for the 15.1 nm Au NPs but
much larger than predicted by ASV for the 1.6 nm and 4.1 nm
diameter Au NPs. This is likely because ASV is most accurate for
sizes in the 1–4 nm diameter range and 30–50 nm diameter range,
while it is less accurate in the 10–30 nm diameter range.41,57 For this
reason, we electrochemically measured the SA/V as a more accurate
measure of the size.

Effect of oxidation-reduction cycling measured by SA/V.—The
diameter of the NPs after different numbers of CV cycles was

calculated by measuring the SA/V and using the relation of SA/V =
6/D (D = NP diameter) to determine the diameter, as reported by our
group previously.45 The SA/V values for non-cycled 1.6, 4.1 and
15.1 nm Au NPs were found to be 2.32 ± 0.09, 0.75 ± 0.02 and 0.43
± 0.03, respectively, and 0.31 ± 0.04, 0.20 ± 0.02, and 0.18 ± 0.01
after 1000 cycles, respectively (Table I). Based on these SA/V ratios,
the calculated non-cycled diameter was found to be 2.6 ± 0.1, 8.0 ±
0.1 and 14.0 ± 1.8 nm, respectively, and 19.5 ± 1.2 (19.1 nm SEM),
29.8 ± 3.6 (26.6 SEM) and 33.6 ± 3.7 nm (38.1 SEM) in diameter,
respectively, after 1000 CV cycles. These calculated sizes are in
much better agreement with the SEM determined sizes, especially
for those after 1000 cycles. The SA/V is particularly accurate for Au
NPs greater than 10 nm in diameter as long as we first clean the Au
NPs with ozone. We similarly calculated the SA/V ratio of 1.6, 4.1,
and 15.1 nm diameter Au NPs after 100, 200, and 500 CV cycles,
which was found to decrease with an increase in the number of
cycles (diameter increased). Table I summarizes the SA/V ratio and
corresponding NP diameter of the different sized Au NPs after the
different CV cycles. All the integrated CV and ASV peak areas in
term of charge (in Coulombs) for cycling at 0.5 V s−1 are provided
in Table SI.

The ASV, SEM, and SA/V data all indicate a significant size
increase, or ripening, for all Au NPs after oxidation-reduction
cycling. Figure 3A shows a plot of the NP diameter as a function
of the number of CV cycles for 1.6, 4.1 and 15.1 nm Au NPs in order
to understand the effect of NP size on the extent of ripening. There is
a significant increase in NP size with an increase in the number of
CV cycles for all Au NPs. The absolute change in diameter was in
the 15–25 nm range for all sizes, but the relative diameter increase
(Dfinal/Dinitial) was largest for the smallest sized 1.6 nm Au NPs.
Figure 3B shows (Dfinal/Dinitial) as a function of the number of
cycles, which clearly increases as the initial NP size decreases. We
observed that there is a significant NP size transformation within the
first 200 cycles with a 1.44%, 0.54% ,and 0.43% diameter increase
per cycle for 1.6, 4.1 and 15.1 nm Au NPs, respectively. After 200
cycles, the size is more stable until later cycles, where there is again
a relatively larger increase in size, but still less than the first 200
cycles. The relative rate of size transformation between 200 to 1000
CV cycles was 0.11%, 0.099%, and 0.036% diameter increase per
cycle for 1.6, 4.1 ,and 15.1 nm Au NPs respectively, which is much
slower than that within the first 200 cycles. This shows that the
ripening process slows down as the Au NPs increase in size and
become more thermodynamically stable. Overall, the NP size
transformation is size-dependent and measurable directly on the
electrode surface by SA/V measurements.

Effect of Au NP coverage on oxidation-reduction induced
ripening.—Au NP coverage is usually an important factor that
affects electrochemical ripening.18,58,59 As the coverage decreases,
the rate of ripening generally decreases due to less communication
between neighboring NPs, which is needed for both Ostwald and
Smoluchowski ripening. We directly monitored the effect of NP
coverage on the ripening of 4.1 nm Au NPs with a coverage of 2.0 ×
10−4 Coulombs (∼2000 NPs μm−2) and 2.0 × 10−5 Coulombs
(∼200 NPs μm−2) on glass/ITO/APTES. The surface coverage was
maintained similar to our previous electrochemical Ostwald ripening
studies in KBr solutions performed by Pattadar et al.,18 which was
also monitored by measuring the SA/V ratio.45 Figure S3A shows
the variation of NP diameter of 4.1 nm Au NPs with number of CV
cycles performed in 0.1 M HClO4 at a scan rate of 0.5 V s−1. We
observed that the ripening is more significant for the higher Au
coverage as compared to the lower coverage. Interestingly, the
coverage did not play a significant role for ripening within the first
200 cycles but became more pronounced after 200 CV cycles (Fig.
S3A). The relative diameter increase (Dfinal/Dinitial) as a function of
CV cycles for the two coverages is shown in Fig. S3B. From this
plot, the rate of NP growth from the beginning to 1000 cycles was
found to be 0.34% and 0.27% diameter increase per cycle for the
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Figure 2. Anodic stripping voltammetry (ASV) in 0.01 M KBr plus 0.1 M KClO4 of glass/ITO/APTES electrodes coated with THPC 1.6 nm (A), citrate 4.1 nm
(D) and citrate 15.1 nm (G) Au NPs before (blue) and after 1000 oxidation-reduction CV cycles (red) at 0.5 V s−1 in 0.1 M HClO4. STEM/SEM images of
1.6 nm Au NPs (B)–(C), 4.1 nm Au NPs (E)–(F), and 15.1 nm Au NPs (H)–(I) before and after 1000 CV cycles, respectively.

Table I. SA/V ratios and nanoparticle diameter calculated from SA/V for 1.6, 4.1, and 15.1 nm diameter Au NPs as a function of the number of CV
cycles at a scan rate of 0.5 V s−1.

1.6 nm 4.1 nm 15.1 nm

No. of CV cycles SA/V Diameter (nm) SA/V Diameter (nm) SA/V Diameter (nm)

0 2.32 2.6 0.75 8.0 0.43 14.0
± 0.09 ± 0.1 ± 0.02 ± 0.1 ± 0.03 ± 1.8

100 0.63 9.7 0.42 14.3 0.27 21.5
± 0.08 ± 1.2 ± 0.05 ± 1.1 ± 0.02 ± 1.2

200 0.59 10.1 0.37 16.6 0.23 26.1
± 0.04 ± 0.6 ± 0.06 ± 2.5 ± 0.01 ± 0.8

500 0.48 12.2 0.29 21.3 0.21 28.9
± 0.04 ± 0.9 ± 0.04 ± 3.2 ± 0.02 ± 2.5

1000 0.31 19.5 0.20 29.8 0.18 33.6
± 0.04 ± 1.2 ± 0.02 ± 3.6 ± 0.01 ± 3.7
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coverage of 2000 NPs μm−2 and 200 NPs μm−2, respectively.
Greater ripening at higher coverage is due to the greater number of
interacting NPs per unit area on the electrode surface. Ripening
involves mass transfer of Au from one NP to another, which is
enabled by closer NP-NP distances at higher coverage. Table SII
shows the integrated CV and ASV peak areas in term of charge
(in Coulombs) for cycling at 0.5 V s−1 at higher coverage.

Cycling scan rate dependence on the ripening process.—To
gain more insight about the ripening process during oxidation-
reduction cycling, we altered the scan rate of the CV cycles while
keeping the total scanning time constant by reducing the total
number of scans for the slower scan rates. Scanning faster allows the
NPs to undergo a greater number of oxidation-reduction cycles in a
constant amount of total time compared to scanning slow, which
provides fewer oxidation-reduction cycles, but the same total time at
each potential. We cycled glass/ITO/APTES coated with 4.1 nm
diameter Au NPs from −0.2 V to 1.6 V at a scan rate of 0.5 V s−1 for
1000 CV cycles and at a scan rate of 0.1 V s−1 for 200 cycles, which
amounts to 93.3 min total of potential cycling in both cases. The
final diameter was 29.8 ± 3.6 nm at 0.5 V s−1 for 1000 cycles as
compared to 20.6 ± 0.7 nm at 0.1 V s−1 for 200 cycles (Fig. 4A).
This indicates that ripening depends mainly on the number of full
cycles rather than the total time spent at any potential. In another
experiment, we performed 1000 CV cycles at the lower scan rate of
0.1 V s−1, which amounts to a total cycling time of 465 min while
maintaining the total number of CV cycles the same at both scan

rates. The Au NPs increased to 34.4 ± 2.5 nm, which is not
significantly larger than the 1000 CV cycles at 0.5 V s−1, confirming
that the number of cycles dictates the extent of ripening as opposed
to time spent at any potential (Fig. 4A). Table SII shows the
integrated CV and ASV peak areas in Coulombs for cycling at
0.1 V s−1.

We also held the electrode-attached 4.1 and 15.1 nm Au NPs at a
potential of 1.4 V for 93.3 min in 0.1 M HClO4 and scanned back to
−0.2 V once to compare to the 0.1 V s−1 and 0.5 V s−1 scan rates. At
this potential, NPs were in the oxidized state throughout the same
time as the cycled samples, but only reduced one time. After
completing the potential hold, one complete oxidation-reduction
cycle was performed from −0.2 to 1.6 V to analyze Au NP size by
SA/V. Interestingly, we found that the NP size remained unchanged
as revealed by CV and ASV (Figs. 4B–4C) along with the measured
SA/V ratio and Ep value (Table SIII). From the two samples, whose
CVs were first obtained without holding the potential to confirm a
similar coverage (Fig. 4B, blue and red plots), one sample was
directly subjected to ASV analysis (Fig. 4C, red) while the other was
first held at 1.4 V for 93.3 min before SA/V analysis (Figs. 4B and
4C, green plots). For 4.1 nm Au NPs, the average Ep and SA/V after
potential holding were found to be 0.728 V vs Ag/AgCl and 0.753,

Figure 3. Plot of (A) NP diameter and (B) relative increase in diameter
(Dfinal/Dinitial) vs the number of CV cycles in 0.1 M HClO4 for 1.6 (blue
plot), 4.1 (pink plot) and 15.1 (red plot) nm Au NPs.

Figure 4. (A) Bar graph indicating the size transformation of 4.1 nm
diameter Au NPs after 1000 CV cycles with different scan rate, coverage of
NPs, and when holding the potential of the working electrode for the same
time as scanning, (B) CV of 4.1 nm Au NPs without holding the potential
(blue and red) and after 93.3 min of holding the potential at 1.4 V (dark
green), (C) ASV of 4.1 nm Au NPs before (red) and after (dark green)
holding the potential, (D) CV of 4.1 nm Au NPs before (dark green) and after
(dotted dark green) 1000 CV cycles in 0.1 M HClO4 solution and red CV
represents a separate 4.1 nm Au NPs sample without CV cycles, and (E)
ASV of 4.1 nm Au NPs after 1000 CV cycles (green) and without CV cycles
(red).
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respectively, which are pretty close to the corresponding average
values for no holding, as also measured in our previous work.45 This
observation clearly indicates that electrochemical ripening of Au
NPs requires numerous oxidation and reduction cycles as opposed to
the oxidation only over a long time. This is likely due to the
formation of a complete passivating mono or multilayer of Au oxide
on the NPs surface as reported by Nicol et al.22 This would likely
prevent active ripening, which requires Au ions to be oxidized and
reduced (Ostwald ripening) or NP movement and coalescence
(Smoluchowski ripening). The reduction of the Au oxide layer and
dissolved Au ions in solution are necessary steps in the ripening
process.

Ripening vs gold dissolution.—We wanted to understand what
fraction of Au ripens and what fraction permanently dissolves during
cycling. The ASV peak area indicates the amount of Au on the
electrode, which decreased after cycling as shown in Fig. 2. Since
we measured the ASV before and after cycling on two different
samples, it was not possible to measure the amount of Au lost
because the initial Au NP coverage could have been different on the
two different samples to begin with. To get around this, we first
obtained two samples with the same initial Au NP coverage as
determined by the same Au oxide reduction peak area from a CV

obtained in 0.1 M HClO4.
18 Then we measured the ASV from one

sample without any treatment and from the second sample after
running 1000 CV cycles in 0.1 M HClO4. This allowed comparison
of the amount of Au from two samples that initially had an identical
Au coverage. This was possible to do with the 4.1 and 15.1 nm
diameter Au NPs, since they are size stable after one CV cycle in
0.1 M HClO4, but it was not possible on the 1.6 nm diameter Au NPs
due to size instability after one CV cycle.41,42 Instead, we deter-
mined the approximate amount of Au lost for the 1.6 nm Au NPs by
soaking 8 different glass/ITO/APTES electrodes into the as-prepared
solution of 1.6 nm Au NPs for 3 min each and performing ASV on 4
samples that were not cycled and comparing that to 4 samples that
were cycled 1000 times. The results show that 50.5 ± 11.6%, 39.1 ±
18.3%, and 31.4 ± 15.1% of Au were lost from the electrode surface
for the 1.6, 4.1, and 15.1 nm diameter Au NPs, respectively (Table
SIV). The dissolution behavior is similar to that observed by
Cherevko et al. for Au foils subjected to potential cycling and
anodic polarization as measured by inductively-coupled plasma
mass spectrometry (ICP-MS).23 Our results show a greater amount
of Au lost during oxidation-reduction cycling as the size of the Au
NPs decreases.

Since the amount of ripening depends on Au NP coverage, we
also measured the amount of dissolution at a very low coverage of
4.1 nm diameter Au NPs on the electrode surface. Figures 4D and 4E
show the CVs and ASVs, respectively, for an initial CV coverage of
1.60 × 10−6 Coulombs, which is about 10 times lower than the
earlier ripening studies. In this case, the reduction peak for Au in the
CV completely disappeared after 1000 CV cycles in 0.1 M HClO4 at
a scan rate of 0.5 V s−1 (Fig. 4D, dotted dark green plot). Consistent
with this, the oxidation peak for Au in the ASV of the same
electrode in Br− containing electrolyte disappeared (Fig. 4E, dark
green plot). To compare this finding, we performed the surface
oxidation-reduction in 0.1 M HClO4 (Fig. 4D, red plot) and ASV
stripping of another sample having a similar Au coverage of 1.45 ×
10−6 Coulombs but with no cycling (Fig. 4E, red plot). In this case,
we observed a clear stripping peak for Au. This clearly indicates that
100% of the Au was lost at low NP coverages during potential
cycling. The amount of Au lost compared to ripening during
oxidation-reduction cycling clearly depends on the size and coverage
of the Au NPs. A high or moderate coverage of smaller NPs allows
them to stabilize through ripening, whereas a very low coverage
leads to their complete dissolution.

We hypothesized that the Au NPs mainly dissolve as soluble ions
during the multiple CV cycles as opposed to being removed as in-
tact NPs, based on previous work carried out on 2D Au surfaces.23

To test this, we attached a high coverage (3.6 × 10−4 Coulombs) of
15.1 nm Au NPs on the glass/ITO/APTES surface and subjected
them to 5000 CV cycles in 0.1 M HClO4 at a scan rate of 0.5 V s−1.
Then we carried out electrochemical deposition (ECD) at −0.2 V for
1000 s on a fresh glass/ITO surface using the same electrolyte used
for the multiple CV cycles. ECD leads to the formation of Au on the
electrode surface from reduction of Au ions in the electrolyte.40 This
was confirmed by the presence of a significant reduction peak in a
CV in 0.1 M HClO4 and oxidation peak in ASV in Br− (Fig. S4).
The ECD of Au onto the electrode surface indicates the presence of
soluble Au ions in the electrolyte solution following the multiple CV
cycles. This does not completely rule out that in-tact Au NPs could
also be removed as well though.

Ripening mechanism.—Figure 5 shows the size histogram of
350 Au NPs before and after 1000 oxidation-reduction cycles in
0.1 M HClO4. The average diameter was 15.1 ± 1.7 nm before and
38.1 ± 9.6 nm after cycling. The average size and dispersity
increased, and some smaller NPs appeared in the size population
that were not present prior to cycling. This is indicative of Ostwald
ripening, as observed for Au clusters during CO oxidation in the
work of Hu et al.17 Since AuOx formation during cycling leads to the
formation of dissolved ionic Au species, it is likely that the ionic Au
comes from the smaller Au NPs and reduction causes those ions to

Figure 5. SEM size histogram for 15.1 nm Au NPs before (A) and after (B)
1000 CV cycles in 0.1 M HClO4 at scan rate of 0.5 V s−1. The corresponding
average size with standard deviation is given alongside for a total of
350 NPs.
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deposit onto the larger, more stable Au NPs. Our data is most
consistent with an Ostwald ripening mechanism during the multiple
electrochemical oxidation-reduction cycles, where some ionic Au
species diffuse away from the surface completely and do not
redeposit. We cannot completely rule out that Smoluchowski
ripening also occurs, but there is no direct evidence for it.

Conclusions

In summary, we measured the electrochemical ripening behavior
of 1.6–15.1 nm diameter, weakly-stabilized Au NPs attached to
glass/ITO/APTES electrodes during oxidation-reduction cycling in
0.1 M HClO4 by our recently developed size-sensitive electroche-
mical ASV and SA/V measurements. We have drawn several
conclusions and new insights from these studies. First, the relative
ripening rate of the Au NPs is size-dependent, with smaller-sized
NPs ripening faster relative to their initial size compared to larger
NPs under identical conditions. Second, the ripening rate increases
as the coverage of the Au NPs increases on the electrode surface.
Third, ripening results from the full oxidation-reduction cycle as
opposed to just the oxidation step. The more cycles performed, the
more ripening occurs, with the total time being less important than
the number of cycles. Fourth, a significant amount of Au removal
from the electrode surface occurs during oxidation-reduction cy-
cling, ranging from 30%–50% for relatively high NP coverages and
up to 100% for low coverages. The amount of removal increases as
the NP size decreases and the presence of soluble Au ionic species in
the electrolyte solution suggests that removal is due to Au oxidative
dissolution during cycling. Our results on scan rate, Au dissolution,
and SEM-based size distribution measurements for the 15.1 nm Au
NPs after cycling are most consistent with size transformation by
electrochemical Ostwald ripening. This does not necessarily rule out
Smoluchowski ripening form also occurring and it is not clear what
the dissolution products are during the oxidation process. Overall,
this work provides new insight into the fundamental understanding
of the size-dependent ripening of Au NPs during electrochemical
surface oxidation-reduction cycling in acid. This work demonstrates
the usefulness of ASV and electrochemical SA/V measurements to
monitor metal NP size transformations directly on surfaces in a fast,
straight forward manner and the results will be of general interest to
those exploring electrochemical applications for metal NPs, espe-
cially in electrocatalysis, sensors, and energy-related devices, where
NP size stability at various potentials and in different electrolyte is
crucial.

Supporting Informations

Optical characterization of all Au NPs, size histograms before
and after cycling, effect of coverage on the size increase during
cycling of 4.1 nm Au NPs and electrochemical confirmation of
soluble Au ionic species following cycling are provided in Figs. S1
to S4. The integrated charge under the CV and ASV peaks for all
samples are available in Tables SI to SIV.
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