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ABSTRACT: Here we report that the peak oxidation potential (Ep,ox) of
electrode-attached Au nanospheres (NSs) in anodic stripping voltamme-
try (ASV) experiments depends on the electrochemically measured
surface area-to-volume ratio (SA/V). The SA/V in turn depends on the
method of NS assembly onto the electrode, which results in different Ep,ox
values for the same-sized Au NSs that are assembled in different ways
onto the same electrode material. The assembly methods tested on
indium tin oxide-coated glass electrodes (glass/ITO) include electrostatic
attachment to an amine-functionalized silane linker, electrophoretic
deposition (EPD), direct drop-cast deposition, and drop-cast deposition
after mixing with carbon black. The measured SA/V of same-sized NSs
follows the order of silane linker > EPD > drop-cast with carbon black >
direct drop-cast. The Ep,ox decreases as the SA/V increases as controlled
by the assembly method. The measured Ep,ox for the Au NSs correlated to
the measured SA/V better than the actual NS diameter. These findings reveal important information about what ultimately
controls the oxidative stability of metal NSs and can help to explain previously described electrode effects on metal NS
oxidation potentials. These results also provide guidelines for choosing an assembly method that optimizes the SA/V for
performance and stability against oxidation or ripening (size increase).

■ INTRODUCTION
Metal nanoparticles (NPs), such as nanospheres (NSs), have
interesting size-dependent optical, electronic, chemical, and
electrochemical properties which are useful for a wide variety
of applications in catalysis,1−3 optical detection,4,5 electronic/
electrochemical sensing,6−9 photovoltaics,10 nanoelectronics,11

imaging,12 therapeutics,13,14 and plasmonics.15 For these
different applications the size plays an important role in the
function. In general, smaller-sized NSs with higher surface
area-to-volume ratio (SA/V) compared to larger NSs and bulk
analogues show higher reactivity in catalytic and sensing
applications. For example, Back and co-workers theoretically
proved that the existence of more corner sites in smaller-sized
Au NSs makes them more active for CO2 reduction due to the
fact that CO2 reduction is highly favored at these corner
sites.16 Later, Mistry and co-workers also observed exper-
imentally that the CO2 reduction reactivity increased with a
decrease in the size of Au NSs from 8 to 1 nm due to an
increase in the number of corner sites.17

As the size of the NS decreases, the SA/V increases, which
leads to unique surface chemical and electrochemical proper-
ties. Despite their useful properties, the small size and large
SA/V lead to stability issues as they are prone to oxidize at
lower potentials18−20 and are relatively less stable against
ripening (size increase)21 due to the driving force to reduce
their surface free energy by reducing the SA/V. Ripening and

aggregation processes reduce SA/V and also usually remove
the desirable electrochemical and surface chemical properties
of the nanostructures. Early work by Henglein22 and Plieth23

described the decreasing oxidation potential of metal NSs with
decreasing size. Henglein calculated the negative shift in
oxidation potential of metal NSs with decreasing size based on
their sublimation energies while Plieth predicted a negative
shift relative to their bulk values based on differences in Gibbs
surface free energies, proportional to SA. Later, different
experimental approaches showed the size-dependent oxidation
of metal NSs. For example, Sieradzki and co-workers used
electrochemical scanning tunneling microscopy (ECSTM) to
show that Pt NSs <4 nm in diameter dissolved at potentials
well negative of their bulk potential value, and they oxidized
directly by forming soluble Pt2+ cations while the bulk Pt
oxidized by forming Pt oxide.24 Brus and co-workers used
scanning electron microscopy (SEM) to show the electro-
chemical Ostwald ripening of Ag NPs on glass/ITO, which
occurred due to the different standard potentials between the
small- and larger-sized Ag NPs.25 Ivanova and Zamborini
observed a size-dependent shift in peak oxidation potential
(Ep,ox) for Ag NSs26 of 8−50 nm diameter in acidic solution
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and for Au NSs19 in acidic bromide using anodic stripping
voltammetry (ASV). Brainina and co-workers also observed
experimentally (and theoretically) a shift in Ep,ox for Au and Ag
NSs using ASV.18,27 In addition, ASV has been used to
determine the composition and atomic arrangement of
bimetallic NSs.28,29

Surfaces with high curvature show an oxidation potential
more negative with respect to a surface having low curvature.30

Likewise, with regard to NSs and their surface features, those
with a smaller radius of curvature are energetically unfavorable
and more easily prone to oxidative dissolution.31 With regard
to nanostructure shape, Hwang and co-workers observed that
Ag nanostructures exhibited oxidation potentials in the order
of Ag nanocubes (43 nm edge, 346 mV) > nanospheres (53
nm diameter, 337 mV) > pentatwin decahedrons (86 nm in
edge length, 315 mV) > triangular nanoplates (127 nm in edge
length and 11 nm in thickness, 293 mV).32 They attributed the
change in Ep,ox for the different shapes partially to differences in
SA/V but also to differences in the surface energy of atoms on
the different crystalline facets, since the calculated SA/V of the
cubes (0.140) was larger than the SA/V of the nanospheres
(0.113), but the Ep,ox(cube) was more positive.
In addition to size and shape, the oxidation potential of

metal NSs is also related to other factors, such as the type of
ligand used as a stabilizer during synthesis,33 electrode
material,34 and electrolyte.20 These factors will also play a
significant role in the reactivity relevant to catalysis and
sensing. In terms of electrode materials, Brainina and co-
workers observed a positive shift in Ep,ox arising from
interactions of NSs with an electrode surface having a work
function more positive of that of the NS.35 This acts as a
stabilizing factor that can counteract the destabilizing effect of
the small NS size (high curvature and high SA/V).
Accordingly, they demonstrated a positive shift in Ep,ox for
10 nm diameter Au NSs on a Pt disk electrode compared to
that on a glassy carbon disk electrode but no significant shift
for 150 nm diameter Au NSs on the two substrates. The larger
influence of the electrode material on the smaller Au NSs was
attributed to more points of interaction between the NSs and
the electrode. Masitas et al. later also studied the effect of
electrode material on the size-dependent oxidation of Au and
Ag NSs.34 They observed that the Ep,ox of 9 nm diameter
citrate-capped Ag NSs decreased appreciably as the electrode
material was changed from an Au or Pt disc electrode to glassy
carbon and glass/ITO. Au NSs greater than 10 nm in diameter
showed different Ep,ox values when directly attached to glass/
ITO as compared to when attached to glass/ITO through an
amine-terminated silane linker, which they attributed to the
interfacial potential created by the positively charged,
protonated amine groups. These studies demonstrate the
differences in electrochemical reactivity of metal NSs attached
to different electrode materials in different ways, but the
reasons are not very well understood.
Masitas and Allen recently reported the size-dependent

electrophoretic deposition (EPD) of citrate-stabilized Au
NSs.36 EPD is a commonly used method for NS assembly
on electrode surfaces for different applications.37,38 During the
course of those studies, they noticed higher Ep,ox values for NSs
assembled by EPD versus chemical methods of assembly
(amine-functionalized silane linker) for the same size Au NSs.
Allen et al. showed an even more dramatic positive shift in Ep,ox
for the same-sized NSs that were aggregated relative to those
that were not aggregated, which was attributed to a decrease in

SA/V upon aggregation.40 The electrochemical method used
for measuring SA/V also provided a direct measure of the
average diameter for surface-attached NSs.39 Our previous SA/
V studies along with the observation of different Ep,ox values for
Au NSs assembled in different ways motivated this work,
leading to the current hypothesis that different assembly
methods lead to different SA/V for the same size Au NSs,
which results in a different Ep,ox. In this work we directly
measure the Ep,ox and SA/V for different-sized Au NSs
assembled by different assembly methods to test this
hypothesis.

■ EXPERIMENTAL SECTION

Chemicals and Reagents. HAuCl4·3H2O was synthesized
from metallic Au (99.99%) in our lab. Sodium borohydride,
hydrogen peroxide (30 wt %), (3-aminopropyl)triethoxysilane
(≥98.0%), and 2-propanol (ACS reagent) were purchased
from Sigma-Aldrich. Ethyl alcohol and acetone (ACS/USP
grade) were purchased from Pharmco-AAPER. Trisodium
citrate salt, potassium perchlorate (99.0−100.5%), potassium
bromide (GR ACS), and perchloric acid (60%) were
purchased from Bio-Rad Laboratories, Beantown Chemical,
EMD, and Merck, respectively. Tetrakis(hydroxymethyl)-
phosphonium chloride (80% solution in water) was purchased
from ACROS ORGANICS. Sodium hydroxide was purchased
from Fisher Scientific. Indium tin oxide (ITO)-coated glass
slides (CG-50IN-CUV, Rs = 8−12 Ω) were purchased from
Delta Technologies Limited (Stillwater, MN). Carbon Vulcan
(>99%) and hydroquinone (99%) were purchased from Alfa
Aesar, and acetonitrile was purchased from Honeywell Burdick
& Jackson (HPLC grade). NANO pure ultrapure water
(Barnstead, resistivity of 18.2 MΩ·cm) was used to prepare all
aqueous solutions.

Synthesis of 1.6 nm Average Diameter THPC-
Stabilized Au Nanospheres (NSs). We synthesized 1.6
nm diameter THPC-stabilized Au NSs using the procedure
described by Duff and co-workers.41 Briefly, 500 μL of 0.2 M
NaOH solution was added to glass vials containing 15.16 mL
of nanopure water followed by the addition of 400 μL of the
reducing agent THPC (200 μL of 80% THPC diluted to 16.66
mL of nanopure water). Finally, 660 μL of 25 mM HAuCl4·
3H2O was added to the vials with constant stirring. After the
addition of HAuCl4·3H2O, immediately an orange-brown color
formed in solution, indicative of small Au NSs.

Synthesis of 4 nm Average Diameter Citrate-
Stabilized Au Nanospheres (NSs). We synthesized 4 nm
average diameter Au NSs as described by Murphy and co-
workers.42 The method involved the addition of 0.5 mL of 10
mM HAuCl4·3H2O and 0.5 mL of 10 mM trisodium citrate to
20 mL of water followed by the addition of 0.6 mL of ice-cold
10 mM NaBH4 at once with rapid stirring for 2 h. After the
addition of NaBH4, the solution turned red immediately,
indicating the formation of NSs.

Synthesis of 15 nm Average Diameter Citrate-
Stabilized Au NSs. The 15 nm average diameter Au NSs
were synthesized by a modified Turkevich method.43 Briefly,
500 μL of 0.01 M HAuCl4·3H2O was added to 17.0 mL of
nanopure water and heated to boiling. Immediately after
boiling, 2.5 mL of 0.01 M citric acid, trisodium salt solution
was added, and the solution was stirred for 10 min. Finally, the
resulting solution was stirred for another 15 min at room
temperature and allowed to cool. At this point, the solution
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turned to a bright red color, indicating the formation of Au
NSs.
Synthesis of 32, 50, and 70 nm Average Diameter

Citrate-Stabilized Au NSs. We used the seed-mediated
growth method described by Wang and co-workers44 to
prepare fairly monodisperse citrate-stabilized Au NSs that were
32, 50, and 70 nm in average diameter. For 32 nm diameter
NSs, 5 mL of 30 wt % H2O2 was added to an aqueous solution
containing 4.90 mL of nanopure water, 20 μL of 25 mM
HAuCl4·3H2O, and 25 μL of 38.8 mM trisodium citrate under
stirring immediately followed by injection of 100 μL of 15 nm
diameter Au NSs with continued strirring. After the addition of
15 nm diamter Au seed NSs, the color of the solution changed
within 1 min to a pink red color, suggesting the formation of
larger Au NSs. We synthesized 50 nm diameter Au NSs by the
same procedure, but by adding 33 μL of 25 mM HAuCl4·
3H2O and 50 μL of 15 nm diameter Au NSs. We synthesized
70 nm diameter Au NSs by adding 50 μL of 25 mM HAuCl4·
3H2O and 25 μL of 15 nm diameter Au NSs.
Electrophoretic Deposition (EPD) of Au NSs Directly

on Glass/ITO. Indium tin oxide-coated glass (glass/ITO)
electrodes were cleaned by sonication for 20 min each in
acetone, ethyl alcohol, and 2-propanol before drying under N2.
Au NSs were then electrophoretically deposited onto the clean
glass/ITO working electrode by using a CH Instruments
(Austin, TX) 660A electrochemical workstation in chrono-
coulometry mode with an Au foil connected with both counter
and reference electrode leads. The composition of the solution
consisted of 5 mL of Au NSs + 5 mL of 0.1 M hydroquinone
(HQ) + 10 mL of H2O. A fixed positive potential of 0.8, 1.2,
2.0, 2.2, and 2.5 V, corresponding to EPD of 4, 15, 32, 50, and
70 nm Au NSs, was applied to the glass/ITO immersed in this
solution relative to the Au foil, which drives the negatively
charged Au NSs to the positive glass/ITO electrode by
electrophoresis. The deposition mechanism involves catalytic
oxidation of HQ. The detailed mechanism of EPD is available
in previous work by our group.36 The 1.6 nm Au NSs were
attached to glass/ITO electrodes by direct soaking of the
glass/ITO in the NSs solution rather than EPD, since those
NSs are positively charged. The mechanism of the 1.6 nm Au
NSs attachment is not clear at this point. EPD times and direct
soaking times were chosen to keep the total amount of Au
similar for different sized Au NSs.
Drop-Cast Deposition of 1.6, 4, and 15 nm Au NSs

Unmixed and Mixed with Different Concentrations of
Carbon Black (CB) Directly on Glass/ITO. We prepared
carbon black (CB) mixed with Au NSs of three different sizes
(1.6, 4, and 15 nm) based on the work by Crooks and co-
workers33 and drop-cast deposited them on glass/ITO. For
this, glass/ITO electrodes were cleaned by sonication for 20
min each in acetone, ethyl alcohol, and 2-propanol before
drying under N2. Au NSs of 1.6, 4, and 15 nm sizes were mixed
with different amounts of CB and drop-cast deposited onto
glass/ITO. The mixtures of Au NSs and CB were prepared by
mixing 1 mL of Au NS solutions with 4, 1 , or 0.5 mg of Vulcan
CB suspended in 400 μL of 2-propanol to prepare the 0.28%,
0.071%, and 0.036% weight (in g)/volume (in mL) solutions,
respectively. A 5 μL aliquot of the mixture was drop-cast
deposited onto glass/ITO in the case of 4 and 15 nm Au NSs,
while 2 μL of the mixture was used for 1.6 nm Au NSs. Similar
conditions were used for drop-cast deposition without CB. The
amount of total Au was controlled by the volume and
concentration of Au in the solution.

Attachment of Au NSs to Glass/ITO Electrodes
Functionalized with 3-Aminopropyltriethoxysilane
(APTES). Glass/ITO electrodes were cleaned by sonication
in acetone, ethyl alcohol, and 2-propanol for 30 min in each
solvent before drying under N2. The glass/ITO electrode was
then functionalized with APTES by immersing into a solution
containing 100 μL of APTES, 10 mL of 2-propanol, and 2−3
drops of nanopure water and heating at 65−70 °C for 30 min.
After 30 min, the electrode was thoroughly rinsed with 2-
propanol and dried under N2. The glass/ITO/APTES
electrodes were immediately placed in the Au NS solution of
interest, which leads to electrostatic attraction between the
negatively charged Au NS and the positively charged
aminosilane-functionalized electrode.45 Samples were soaked
for variable times to keep the total amount of Au similar
between electrodes with different Au NS sizes and different
deposition methods. After soaking, the electrodes were rinsed
with water, dried under N2, and electrochemically analyzed.

Electrochemical Characterization. A CH Instrument
(Austin, TX) model CHI 660E electrochemical cell consisting
of a three-electrode setup with the glass/ITO/Au NSs or glass/
ITO/APTES/Au NSs as the working electrode, a Pt wire as
the counter electrode, and an Ag/AgCl (3 M KCl) as the
reference electrode were used to perform cyclic voltammetry
(CV) and anodic stripping voltammetry (ASV). The CVs were
scanned from −0.2 to 1.6 V in 0.1 M HClO4 at a scan rate of
0.1 V/s. The ASVs were scanned from −0.2 to 1.2 V at a scan
rate of 0.005 V/s in 0.1 M KClO4 plus 0.01 M KBr solution.

Microscopic Characterization. Scanning electron micros-
copy (SEM) images of different-sized Au NSs were obtained at
different magnifications by using a Carl Zeiss SMT AG SUPRA
35VP field emission scanning electron microscope (FESEM)
operating at an accelerating voltage of 15.00 kV using an in-
lens ion annular secondary electron detector. Transmission
Electron Microscopy (TEM) images were obtained with a 200
kV FEI Tecnai F20 operated in STEM mode. NSs/NPs were
attached to silicon oxide coated 400 mesh Au grids (SPI
Supplies, West Chester, PA) functionalized with APTES using
the same procedure as that for functionalizing glass/ITO
electrodes.

Ultraviolet−Visible (UV−vis) Characterization. UV−
vis spectrophotometry was performed by using a Varian
Instruments Cary 50 biospectrophotometer. UV−vis spectra
were obtained on aqueous solutions of different-sized Au NSs
at wavelengths of 400−750 nm and normalized to an
absorbance value of 1 for comparison of the wavelength of
maximum absorbance corresponding to the localized surface
plasmon resonance (LSPR) band of the Au NSs.

Ozone Treatment of Au NS Samples. Ozone treatment
of samples was performed with a Jelight Company Inc. UVO
CLEANER model no. 42 for 15 min for the samples indicated
in Table S1 of the Supporting Information. Ozone treatment
was always performed after assembly of the Au NSs onto the
electrodes right before electrochemical characterization.

Oxygen Reduction Reaction (ORR) Experiments. O2
reduction experiments were performed in a closed glass cell
containing three electrodes (glass/ITO/APTES/Au NSs
working electrode, Pt wire counter electrode, and Ag/AgCl
reference electrode) in an O2-saturated 0.1 M HClO4 solution.
The CV was scanned from 0.2 to −0.6 V at a scan rate of 0.01
V/s versus an Ag/AgCl reference electrode. The same
experiments were performed in a N2-saturated 0.1 M HClO4
solution.
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■ RESULTS AND DISCUSSION

We synthesized Au NSs ranging from 1.6 to 70 nm in diameter
for this study using citrate stabilizer in all cases except for the
1.6 nm diameter Au NSs, where we used tetrakis-
(hydroxymethyl)phosphonium chloride (THPC) stabilizer.
We analyzed the sizes of the as-synthesized Au NSs by UV−
vis spectroscopy, transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) as shown in Figure
S1. We normalized the UV−vis spectra of the different Au NSs
to an absorbance of 1.0 at the localized surface plasmon
resonance (LSPR) peak, except for the 1.6 nm diameter NSs,
where we normalized it at λ = 400 nm (Figure S1). The LSPR
peak λ shifted positive with increasing NS diameter, consistent
with their size from 4 nm diameter to 70 nm diameter,44 while
the 1.6 nm diameter Au NSs sample showed no prominent
LSPR peak as expected for this size.21,46 We attached the 1.6
nm−70 nm diameter Au NSs to aminopropyltriethoxysilane
(APTES)-functionalized glass/ITO electrodes and to APTES-
functionalized SiO2-coated Au TEM grids for SEM and TEM
measurements, respectively. Figure S1B shows a TEM image of
1.6 nm Au NSs, while Figures S1C−G show SEM images of 4,
15, 32, 50, and 70 nm diameter Au NSs. The images confirm
all of the NS sizes.
Ivanova and co-workers previously showed that the peak

oxidation potential (Ep,ox) shifts negative for Au19 and Ag
NSs26 with decreasing size in anodic stripping voltammetry
(ASV). The magnitude of the shift is generally consistent with
Plieth theory.23 Figure 1 shows ASVs of 1.6 nm (Figure 1A), 4
nm (Figure 1B), and 15 nm (Figure 1C) Au NSs attached to a
glass/ITO electrode electrostatically through an APTES linker,
directly to unmodified glass/ITO by electrophoretic deposition
(EPD) or direct assembly (soaking), and by drop-cast
deposition directly onto unmodified glass/ITO. Ep,ox for Au
NSs decreased with decreasing size for NSs assembled by
either APTES linkage, EPD, or direct assembly by soaking and
rinsing. The Ep,ox values are 0.45−0.50, 0.70−0.75, and 0.75−
0.80 V for the 1.6, 4, and 15 nm diameter Au NSs, respectively.
We assume that the stabilizer has a negligible passivating effect
and that the Ep,ox values reflect the size-dependent thermody-
namic surface properties of the Au metal.
In addition to the size dependence, there is a clear

dependence on the assembly method. For all three sizes, the
Au NSs assembled by EPD47 or direct soaking (blue plots)
exhibited Ep,ox values more positive by 30−50 mV compared to
the NSs assembled through the APTES linker (red plots). In
the case of the 1.6 nm diameter THPC Au NSs, we could not
perform EPD assembly because the charge of THPC is
positive. We used direct assembly by soaking in Au NSs,
rinsing with water, and drying under N2 to attach the 1.6 nm
diameter THPC Au NSs directly to glass/ITO to compare to
the NSs attached through the APTES linker. The Ep,ox for the
directly assembled 1.6 nm diameter THPC Au NSs was found
to be shifted positive by about 40 mV as compared to the
APTES-assembled ones. The Ep,ox shifted much more positive
for the drop-cast deposited NSs (black plots). The shift was
about +225 mV for the 1.6 nm Au NSs, +200 mV for 4 nm Au
NSs, and +100 mV for 15 nm Au NSs. There was a +20 mV
shift in Ep,ox for EPD-deposited 4 nm Au NSs compared to the
APTES assembled ones (Figure 1B, blue and red graphs).
There were also often several peaks in the ASV. For example,
two main Ep,ox peaks appeared at 0.45 and 0.68 V for drop-cast
deposited 1.6 nm diameter Au NSs (Figure 1A, black plot). We

attribute this to a mixture of well-isolated 1.6 nm diameter Au
NSs on the surface (Ep,ox ∼ 0.45−0.50 V) and aggregated 1.6
nm diameter Au NSs on the surface (Ep,ox ∼ 0.70 V). NSs tend
to aggregate during solvent evaporation when assembled by
drop-cast deposition.
Our hypothesis in this study was that the positive shifts in

Ep,ox in Figure 1 for EPD/direct assembly or drop-cast
deposition are due to differences in the exposed SA/V for
the different NSs assembled in these different ways. To test
this, we measured the electroactive surface area (SA) and total
volume (V) electrochemically as described previously40 for the
same NSs assembled in these different ways. For SA
measurements, cyclic voltammetry (CV) was performed in
0.1 M HClO4 solution by scanning from −0.2 to 1.6 V vs Ag/
AgCl (3 M KCl). The area of the Au2O3 reduction peak in the
CV corresponds to the coulombs of charge for reaction 1,
which is proportional to the total sum SA of all the Au NSs on
the electrode.

Au O 6H 6e 2Au 3H O surface area (SA)2 3 2+ + ⇋ ++ −

(1)

We then determined the total volume by measuring the
coulombs of charge passed during oxidative stripping of all of
the Au NSs on the same electrode in 0.01 M KBr plus 0.1 M
KClO4 according to reaction 2.40

VAu 4Br AuBr 3e volume ( )0
4+ → +− − −

(2)

Figure 1. ASVs of 1.6 nm (A), 4 nm (B), and 15 nm (C) diameter Au
NSs assembled onto glass/ITO electrodes through APTES linker
(red), by electrophoretic deposition (blue), and by drop-cast
deposition (black). ASV was performed in 10 mM KBr plus 0.1 M
KClO4 solution with a scan rate of 0.01 V/s.
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Dividing the coulombs of charge from reaction 1 by the
coulombs of charge from reaction 2 gives the SA/V of the Au
NSs assembled on the electrode surface by using the different
methods.
We observed that the total SA/V of the Au NSs was

significantly different for the different assembly methods.
Figure 2 shows an example of the results for samples of 15 nm

diameter citrate-coated Au NSs with similar volumes of 3.85 ×
10−5, 4.01 × 10−5, and 4.20 × 10−5 C for APTES, EPD, and
the drop-cast deposition assembly methods, respectively
(Figure 2B). The SA values were 1.58 × 10−5, 1.06 × 10−5,
and 5.20 × 10−6 C for APTES, EPD, and drop-cast deposition,
respectively (Figure 2A). After dividing, the measured SA/V
for these samples was 0.41, 0.26, and 0.12 for APTES, EPD,
and drop-cast deposition, respectively. It appears that the SA/
V ratio is inversely proportional to the Ep,ox values. This leads
us to conclude that the decrease in SA/V is the reason for the
positive shift in the Ep,ox values for the different assembly
methods. Frames C−E of Figure 2 show SEM images of the
same 15 nm Au NSs assembled by APTES, EPD, and drop-cast
deposition, respectively. There is no obvious visual difference
in the images of the NSs assembled by APTES or EPD. In

contrast, the drop-cast deposited 15 nm diameter Au NSs are
heavily aggregated compared to APTES- or EPD- assembled
ones.
Table 1 provides the electrochemically measured SA/V and

Ep,ox values for all of the NS sizes studied and for each assembly
method. The table shows the expected trend of increasing Ep,ox
with decreasing SA/V as a function of increasing NS size for
any of the assembly methods. Also, in most cases, the SA/V
followed the order from largest to smallest as APTES > EPD or
bare soaking > drop-cast deposition, except for the SA/V for
EPD and drop-cast deposition for the 70 nm diameter Au NSs.
The Ep,ox values also generally showed the reverse trend of
APTES < EPD or bare soaking < drop-cast deposition, and the
Ep,ox values for all assembly methods were very close once the
bulk size was reached (∼30 nm diameter and larger). The best
correlation between the SA/V and Ep,ox values for the different
assembly methods occurred for the 15 nm diameter Au NSs as
shown in Figures 2B and 3 (see also Figure S2 for 4 nm
diameter Au NSs for comparison).

Au NSs are often mixed with carbon black (CB) as a
conductive solid support material for different electrocatalysis
applications. For example, Crooks and co-workers drop-cast
deposited 20 μL mixtures of Au NSs with Vulcan CB onto 6
mm diameter glassy carbon electrodes (GCEs) to study the

Figure 2. CVs (A) and ASVs (B) and SEM images (C−E) of 15 nm
Au NSs assembled to glass/ITO electrode by different assembly
methods. CVs were performed in 0.1 M HClO4 at a scan rate of
0.100V/s, and ASVs were performed in 10 mM KBr plus 0.1 M
KClO4 solution at a scan rate of 0.010 V/s.

Table 1. SEM/TEM Measured Radius, Average Electrochemically Measured SA/V, and Average Ep,ox of Au NSs for Different
Assembly Methodsa

Au NSs
radius (nm)

av SA/V± std dev for
APTES-attached Au

NSs

av SA/V ± std dev for
EPD-deposited Au

NSs

av SA/V ± std dev for
drop-cast deposited Au

NSs

av Ep,ox ± std dev for
APTES-attached Au

NSs

av Ep,ox ± std dev for
EPD-deposited Au

NSs

av Ep,ox ± std dev for
drop-cast deposited Au

NSs

0.8 ± 0.2 2.32 ±. 0.10 1.45 ± 0.15 0.661 ± 0.007 0.456 ± 0.008 0.504 ± 0.015 0.769 ± 0.008
2.0 ± 0.4 0.948 ± 0.019 0.801 ± 0.031 0.261 ± 0.036 0.714 ± 0.004 0.734 ± 0.006 0.865 ± 0.007
7.5 ± 0.9 0.370 ± 0.022 0.278 ± 0.017 0.119 ± 0.004 0.760 ± 0.005 0.797 ± 0.008 0.852 ± 0.008
15.6 ± 0.9 0.198 ± 0.020 0.080 ± 0.002 0.069 ± 0.007 0.815 ± 0.013 0.898 ± 0.012 0.889 ± 0.012
25.1 ± 1.5 0.123 ± 0.022 0.055 ± 0.004 0.045 ± 0.005 0.893 ± 0.011 0.944 ± 0.005 0.875 ± 0.013
35.4 ± 1.4 0.079 ± 0.018 0.027 ± 0.003 0.039 ± 0.004 0.915 ± 0.013 0.982 ± 0.008 0.897 ± 0.021

aAll standard deviations represent one sigma value (n = 3).

Figure 3. Box plots comparing the SA/V of 1.6, 4, and 15 nm Au NSs
attached through APTES, EPD (*except for 1.6 nm which were
attached by direct attachment), drop-cast deposition, and drop-cast
deposition with different concentrations of carbon black (CB) added.
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CO2 reduction reaction.33 High surface area CB is usually
mixed with metal NSs due to its unique stability in electrolyte
solutions and because it improves electron transfer in metal
NSs assembled on electrode surfaces.48−50 Hence, it can act as
a good catalyst support to prevent the NSs from degrading and
to minimize coalescence in them for their intended application.
Keeping this in consideration, we studied the effect of different
concentrations of CB (in % w/v g/mL) on the SA/V and Ep,ox

of Au NSs. We selected the maximum CB concentration to be
mixed with Au NSs based on the Crooks study33 and also
lowered the CB concentration.
The box plot in Figure 3 shows that the experimentally

measured electroactive SA/V decreased as the amount of CB
increased during drop-cast deposition. The SA/V was much
smaller than EPD and APTES-attached Au NSs for the
different amounts of CB but generally larger than drop-cast
deposition without CB, especially for lower amounts of CB.
CB therefore does a good job of separating the Au NSs and
increasing their SA/V relative to straight drop-cast deposition
but is worse than assembly by APTES and EPD in terms of the
NS SA/V ratio. Figure S2 shows example data characterizing
the different SAs for the different assembly methods for 4 nm
Au NSs, which had similar ASV coverage. The SA/V decreased
with increasing amounts of CB. Accordingly, the Ep,ox of the 4
nm diameter Au NSs with CB shifted positive compared to
that for APTES- and EPD-attached 4 nm Au NSs, consistent
with the SA/V being inversely related to the Ep,ox (Table 2).
To further test our hypothesis that the Ep,ox is determined by

the measured SA/V of each NS sample, we plotted the Ep,ox as
a function of SA/V for all of the different assembly methods
and different sizes of Au NSs (Figure 4A). The plot shows that
Ep,ox decreases linearly as SA/V increases, regardless of the NS
size and assembly method. The slope was found to be −0.217
V·nm, and the y-intercept was 0.903 V, which is close to the
bulk Au oxidation peak potential (Eb,ox) of Au. The R

2 value of
0.89 indicated a reasonably good linear correlation. For these
points, all of the samples included did not have the same
overall Au coverage. Because Au coverage can affect the Ep,ox

value, this likely affected the correlation somewhat. Regardless,
the trend is clear that Ep,ox is inversely related to SA/V with a
linear trend.
We also plotted the Ep,ox values for the different samples

versus 1/radius as determined by TEM and SEM (Figure 4B).
This should provide a good linear inverse relation, as predicted
by the Plieth equation (eq 3), relating the oxidation potential
of metal NSs (Ep,ox) to the radius (r) of the NSs and the bulk
metal oxidation potential (Eb,ox).
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Here, γ is the surface stress of Au (1880 erg cm−2), Vm is the
molar volume of Au (10.21 cm3 mol−1), Z is the number of
electrons during oxidation of the metal, and F is Faraday’s
constant. The Plieth equation shows that Ep,ox is directly
related to 1/r with a negative slope, but it does not do so well
in actuality, as indicated by the worse R2 value of 0.67. If full
access to the SA of the Au NS was allowed, then we expect
much better correlation would occur with 1/radius. Because
that is not the case, the plot fits better with the electrochemi-
cally measured SA/V, which depends on the assembly method.
There are different explanations for the measured SA/V

values for the NSs assembled by different methods as
illustrated in Scheme 1. In the case of APTES-attached Au
NSs, we believe the NSs are somewhat separated from the
electrode by the linker, and their full SA is accessible to the
electrochemical environment. This leads to the highest SA
values and highest SA/V (Scheme 1, case A). At the same time,
they are also fully electronically connected because the linker is
very short and not resisting charge transfer from ITO to the Au
NS significantly. In contrast, for the EPD-attached Au NSs,
closer proximity of the NSs to the electrode surface decreases
their SA possibly due to an increase in the surface contact

Table 2. Size of Au NSs, Average Electrochemically Measured SA/V, and Average Ep,ox of Au NSs Mixed with Different Weight-
to-Volume Mixtures of Carbon Black and Drop-Cast Depositeda

Au NSs size
(nm)

av SA/V ± std dev for
drop-cast deposited
with 0.28% w/v of C
black with Au NSs

av Ep.ox ± std dev for
drop-cast deposited
with 0.28% w/v of C
black with Au NSs

av SA/V ± std dev for
drop-cast deposited

with 0.072% w/v of C
black with Au NSs

av Ep,ox ± std dev for
drop-cast deposited

with 0.072% w/v of C
black with Au NSs

av SA/V ± std dev for
drop-cast deposited

with 0.036% w/v of C
black with Au NSs

av Ep,ox ± std dev for
drop-cast deposited

with 0.036% w/v of C
black with Au NSs

1.6 ± 0.4 0.207 ± 0.028 0.841 ± 0.012 0.354 ± 0.058 0.791 ± 0.002 0.661 ± 0.090 0.770 ± 0.016
4.1 ± 0.7 0.306 ± 0.035 0.809 ± 0.005 0.474 ± 0.028 0.785 ± 0.007 0.669 ± 0.066 0.755 ± 0.005
15.1 ± 1.8 0.053 ± 0.003 0.825 ± 0.009 0.086 ± 0.015 0.798 ± 0.007 0.137 ± 0.016 0.784 ± 0.003

aAll standard deviations represent one sigma value (n = 3).

Figure 4. Plots of (A) Ep,ox vs SA/V and (B) Ep,ox vs 1/radius for the
different sizes of Au NSs and different assembly methods in this study.
The correlation is much better with electrochemically measured SA/
V.
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between the NSs and the ITO electrode surface, which hinders
access to some of the SA of the NS.51 The metal NS may even
alter the shape slightly to become flattened or slightly
hemispherical to accommodate the direct attachment to ITO
(Scheme 1, case B). Not much is known about the metal NS/
ITO contact interface, but it is clear that these NSs exhibit
statistically significant lower SA/V and higher Ep,ox values,
especially for larger NSs. The SA/V also decreased for Au NSs
assembled by drop-cast deposition with or without CB. This is
due to strong interactions with other NSs and/or the CB,
which again leads to a large decrease in accessible SA, therefore
increasing Ep,ox (Scheme 1, cases C and D).
As the SA/V of the Au NSs was found to be affected by their

assembly methods, we also compared the effect of assembly
method on the electrocatalytic activity of the Au NSs toward
the oxygen reduction reaction (ORR). Theoretical and
experimental studies have been performed on the ORR with
small-sized Au NSs, and the reaction mechanism is well-
known.52 In our work, we attached 4 nm Au NSs on glass/ITO
by APTES linkage, EPD deposition, and drop-cast deposition
with all having similar Au coverages. We found that despite
having similar coverages, as determined by integrating the
stripping peak in ASV, the APTES-assembled Au NSs showed
higher ORR current than that of the EPD assembled and drop-
cast deposited ones, clearly indicating the effect of the
assembly method of NSs on their electrocatalytic performance
(Figure S3). The different activities are due to the different
available SA in each case.

■ CONCLUSIONS
In conclusion, this work provides important information about
the effect of different assembly methods on the electrochemical
SA/V of Au NSs in the 1.6−70 nm diameter size range. The
electrochemical SA/V was largest for NSs assembled via the
APTES linker, followed by those assembled by EPD and then
drop-cast deposition with and without CB. The decrease in
SA/V between the different assembly methods was more
dramatic for 15 nm Au NSs than other sizes. The SA/V was
significantly decreased for the drop-cast NSs due to
aggregation as observed by SEM imaging. The SA/V for Au
NSs with different CB concentrations were also found to be
decreased significantly. The SA decrease is likely due to
physical blockage of the surface Au atoms by CB. We found

that Ep,ox shifts to higher values for NSs as the SA/V decreases.
A strong linear inverse relation between Ep,ox and SA/V exists
with much better correlation than with the measured NS
radius, since the assembly method can alter the exposed SA for
the same-sized NSs. The trend in exposed SA for the different
assembly methods caused increased ORR activity for the
APTES-assembled 4 nm diameter Au NSs as compared to
those assembled by EPD or drop-cast deposition with CB. The
trend observed for the reactions was APTES assembled > EPD
assembled > drop-cast deposited with CB > drop-cast
deposited without CB. Because of the inverse relationship
between Ep,ox and SA/V, as the activity of the NS increases
(higher SA/V), the stability against oxidation decreases
(decreasing Ep,ox). The information and techniques described
here can be helpful in optimizing the assembly method for
maximum activity and stability. It also provides new insight
into the effect of curvature on metal oxidation potentials since
these NSs do not have altered curvature, yet their oxidation
potential varies significantly due to differences in SA/V.
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