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ABSTRACT: This manuscript describes the synthesis of uniform monodisperse SnO2-
coated gold nanoparticles and examines their colloidal stability as function of pH, with
direct comparison to better known and widely used SiO2-coated gold nanoparticles.
Aqueous acidic and basic colloidal SnO2-coated and SiO2-coated Au nanoparticle solutions
were prepared, and their stability was monitored visually and by UV−vis spectroscopy.
Notably, the SnO2-coated Au nanoparticle solutions were stable up to pH 12.5. However, at
pH 13 and 14, the SnO2-coated Au nanoparticles underwent aggregation, which could be
fully reversed upon neutralization of the solutions. In contrast, the SiO2-coated Au
nanoparticle solutions were unstable at pH >10.5, irreversibly producing a precipitate
composed of bare Au nanoparticle aggregates having little or no silica coating. Under acidic
conditions, sedimentation was observed from both the colloidal SnO2-coated and SiO2-
coated Au nanoparticle solutions, but the colloidal solutions could be reconstituted upon
neutralization of the acidic solutions. The sedimentation at low pH coincided with the
reported isoelectric pH values of SiO2 and SnO2, respectively. From an applications perspective, we are seeking to develop SnO2-
coated metal nanoparticles as stable alternatives to the more widely employed SiO2-coated nanoparticles, with a particular
emphasis on their use in sensor devices and solar cells.
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■ INTRODUCTION

Metal nanoparticles coated with metal oxides and/or semi-
conductors have become increasingly important in the past
decade because of their potential applications in catalysis,1

optical coatings,2 sensing,3,4 solar cells,5 and nanomedicine.6

The shell/core architecture affords enhanced luminescence for
semiconductor nanoparticles, versatile bioconjugation, chemical
and colloidal stability, and facile adjustment of the composition
of the metal cores. A variety of metal oxides, including
SiO2,

1,6−8 TiO2,
5,9−11 ZnO,12−14 MnO2,

15 Al2O3,
16 and

SnO2
2−4,17−19 have been used as the shell materials because

they offer a range of refractive indexes and electrical
conductivities. Among these shell/core nanoparticles, silica-
coated metal nanoparticles are one of the most widely known
because they are relatively easy to prepare, and they offer rich
surface functionalization, high biocompatibility, controllable
porosity, and good transparency. In particular, silica coatings
have been widely used to prevent particle aggregation/
sedimentation.
A number of methods have been used to synthesize silica-

coated nanoparticles since the pioneering work by Mulvaney
and co-workers in 1996.7,20 In contrast, SnO2-coated metal
nanoparticles represent a related but markedly less studied class
of shell/core nanoparticles; a search of the literature reveals
only six prior reports of these species.2−4,17−19 Tin(IV) oxide
(SnO2), as with silica (SiO2), is also a suitable material for
optical coatings because of transparency in the visible range.

Furthermore, tin(IV) oxide is electroconductive and has
consequently been used in the fabrication of transparent
electrodes and infrared reflectors.21

We are interested in finding durable coatings for shell/core
nanoparticles that can tolerate the potentially harsh environ-
ments encountered in certain sensing devices4 and in many
solar energy conversion applications, including photovoltaic
devices and solar-to-hydrogen fuel cells.22−25 A material
commonly used in conventional solar conversion applications
is tin(IV) oxide (SnO2), which can be doped to form a
transparent conductor.26 Little is known about SnO2-coated
nanoparticles, however, and no studies of their stability or of
the stability of their colloidal solutions under acidic or basic
conditions have been published.2−4,17,18 In this manuscript, we
describe the synthesis of uniform monodisperse SnO2-coated
Au nanoparticles and examine their colloidal stability compared
to SiO2-coated Au nanoparticles over a wide pH range. We
compared SnO2-coated Au nanoparticles with SiO2-coated Au
nanoparticles specifically because of the widespread use of silica
as a coating in core−shell nanoparticles.1,6−8
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■ EXPERIMENTAL SECTION
General Considerations. Commercial samples of chloroauric acid

(Strem, 99.9% trace metals basis), 3-aminopropyltrimethoxysilane
(Aldrich, 97%), sodium citrate (Aldrich, 99%), sodium silicate solution
(Aldrich, reagent grade; ∼10.6% Na2O, ∼26.5% SiO2), and
Na2SnO3·3H2O (Aldrich, 95%) were used as received. All manipu-
lations were performed in air. Deionized water was used in the
synthetic preparations and stability studies. The syntheses of citrate-
stabilized, SiO2-coated, and SnO2-coated Au nanoparticles were based
on published procedures.1−4,6−8,17,18

Synthesis of Citrate-Stabilized Au Nanoparticles. In a beaker,
0.50 mL of chloroauric acid (1.9 g, 5.7 mmol) was diluted with water
(150 mL), and the resulting solution was heated to boiling with
stirring. An aliquot of a sodium citrate solution (10 mL, 1.0 wt %) was
added quickly to the hot chloroauric acid solution with stirring. The
color of the solution changed from light yellow to dark red within an
hour. This red solution, presumed to contain citrate-stabilized gold
nanoparticles, was allowed to cool to room temperature. The as-
prepared solution was used subsequently in the syntheses of SnO2-
and SiO2-coated Au nanoparticles as described below.
Synthesis of SnO2-Coated Au Nanoparticles. A 5.0 mL aliquot

of an aqueous solution of Na2SnO3·3H2O (40 mM, 1.1 g, 0.20 mmol)
was added rapidly with stirring to a 500 mL round-bottomed flask
containing 150 mL of heated (80 °C) aqueous citrate-stabilized gold
nanoparticle solution (prepared as described above). A pink solution
was obtained immediately. The solution was cooled to room
temperature and centrifuged (6000 rpm/30 min). The supernatant
liquid was removed with a pipet and discarded. Water was added to
the resultant sticky solid, giving a pink colloidal solution.
Synthesis of SiO2-Coated Au Nanoparticles. A 1.0 mL aliquot

of a freshly prepared aqueous solution of 3-aminopropyltrimethox-
ysilane (1.0 mM, 1.8 × 10−4 g, 1.0 × 10−3 mmol) was added with
vigorous stirring to 100 mL of the aqueous citrate-stabilized gold
nanoparticle solution in a 500 mL round-bottomed flask. After the
addition was complete, the mixture was stirred at room temperature
for 30 min. The mixture was then heated to 80 °C with vigorous
stirring, and a 1.0 mL aliquot of an aqueous solution of sodium silicate
(1 wt %) was added rapidly. A pink colloidal solution was obtained
immediately. The solution was cooled to room temperature and
centrifuged (6000 rpm/30 min). The supernatant liquid was removed
with a pipet and discarded. Water was added to the resultant sticky
solid, giving a pink colloidal solution.
Nanoparticle Characterization. The size and morphology of

uncoated and coated Au nanoparticles were determined using a JEOL
JEM-2000 FX transmission electron microscope (TEM) operating at a
bias voltage of 200 kV. The samples for TEM analyses were prepared
by placing a drop of the colloidal solution from a pipet onto a carbon-
coated copper TEM grid and then drying in air. This process was
repeated (10 times or more) to obtain a quantity of sample suitable for
analysis.
UV−vis spectra were obtained in the range 400−1000 nm using a

Cary 50 Scan UV−vis spectrometer. The samples for analyses were
prepared by placing the as-prepared aqueous solutions in quartz
cuvettes.
X-ray photoelectron spectroscopy (XPS) data were collected on a

Physical Electronics Model 5700 instrument. Photoemission spectra
were produced using a monochromatic Al Kα X-ray source (1486.6
eV) operated at 350 W. The XPS samples for analysis were prepared
by placing a drop of the colloidal solution from a pipet onto a silicon
wafer (NESTEC, ⟨100⟩) and then drying in air. This process was
repeated (10 times or more) to obtain a quantity of a sample suitable
for analysis. XPS scans were conducted at high resolution with pass
energy 23.5 eV, a photoelectron takeoff angle of 45°, and an analyzer
spot diameter of 2 nm. The Sn 3d, O 1s, and C 1s binding energies
were referenced to the Au 4f7/2 peak (84 eV).
Stability Studies. The pH of colloidal solutions was adjusted using

0.1 M solutions of HCl, NaOH, and CsOH, as appropriate, and was
measured by using pH test paper (EMD Chemicals ColorpHast). The
solutions were monitored visually for the appearance of a precipitate

and/or a color change, and a UV−vis spectrum was collected for each
solution to compare with the spectrum of the parent solution. In
selected cases, precipitates were collected with a pipet and placed on a
silicon wafer for analysis by XPS as described above.

■ RESULTS AND DISCUSSION
Citrate-stabilized, SnO2-coated

2−4,17−19 and SiO2-coated
1,6−8

gold nanoparticles were synthesized using procedures adapted
from the indicated literature references. Scheme 1 illustrates the

synthetic procedures used. First, gold nanoparticles were
synthesized using a common sodium citrate reduction
method.27 The preparation of the SnO2-coated Au nano-
particles involves the spontaneous encapsulation of the Au
nanoparticles within the tin(IV) oxide shell upon the addition
of sodium stannate trihydrate (Na2SnO3·3H2O) via a simple
hydrothermal process. The preparation of the SiO2-coated Au
nanoparticles involves surface functionalization with with 3-
aminopropyl trimethoxysilane (APTMS) in aqueous solution.
In this process, the NH2 groups bind to the surface of gold, and
the Si(OEt)3 groups are extended outward for hydrolysis and
condensation with sodium silicate (Na2SiO3) to deposit a thin
layer of silica.
According to Mulvaney,17 to coat SnO2 onto the gold

particles, the pH of the Au colloid solution was first adjusted to
10.5 with sodium hydroxide. Sodium stannate was then added
to the Au particles, and the basic solution was stirred and
heated to 60 °C for 1 h. In the work reported here, we followed
the original synthetic method, but employed modifications to
obtain more uniform and monodisperse shell/core particles. In
particular, we made the following three changes, which are
detailed in the Experimental Section: (1) we omitted the
adjustment of pH with sodium hydroxide, (2) we used a
different amount of sodium stannate solution, and (3) we
heated the solution to 80 °C rather than 60 °C.
Figure 1 shows TEM images of the nanoparticles. For all

samples, the Au nanoparticle diameter is about 15 nm. The
thicknesses of the SiO2 and SnO2 coatings are approximately 7
and 10 nm, respectively, giving rise to composite particle
diameters of ∼30 and ∼35 nm, respectively. In the sample of
the nanoparticles collected from the SnO2-coated Au nano-
particle solutions, gold-free SnO2 nanoparticles were also
observed, representing approximately 10% of the samples.
The TEM images show that all of the shell/core nanoparticles
have excellent uniformity; notably, the SnO2-coated Au
nanoparticles show greater uniformity than those reported
previously.2−4,17,18 Also, the thicknesses of the SnO2 shells

Scheme 1. Synthesis of SiO2-Coated Au Nanoparticles and
SiO2-Coated Au Nanoparticles
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could be readily varied from 5 to 20 nm (see Figures S1−S3 in
the Supporting Information).
Figure 2 shows the extinction spectra of the colloidal

uncoated and coated Au nanoparticle solutions. The surface
plasmon resonance (SPR) observed for the citrate-stabilized,
SiO2-coated, and SnO2-coated Au nanoparticle solutions had
maxima at 522, 529, and 533 nm, respectively, consistent with
previously reported values.17,28 The red shifts of the SPR bands
for the coated particles are due to the high refractive indexes of
the SiO2 (1.46)

29 and SnO2 (2.2)
30 coatings. Notably, the SPR

band of the SnO2-coated particles was observed to undergo a
red shift with increasing thickness of the SnO2 layer (see Figure
S4 in the Supporting Information).

To determine the stability of the coated nanoparticles and
their colloidal solutions under acidic and basic conditions,
colloidal nanoparticle solutions with various pH values were
prepared and monitored over time by visual inspection and
collection of extinction spectra. Figure 3 shows photographs of
colloidal SiO2-coated and SnO2-coated Au nanoparticle
solutions under neutral and basic conditions. The color
changes observed for the SiO2-coated Au nanoparticle solutions
(Figure 3a), which occurred within a few minutes of adjusting
the pH, indicate that the solutions were unstable under basic
conditions.
Extinction spectra (Figure 4a) were consistent with the visual

observations. The blue shift of the SPR band maxima to 522
nm for the solution at pH 10.5 (Figure 4a) is consistent with
the formation of a bare Au nanoparticles, and the spectra for
the solutions with pH >10.5 are consistent with the aggregation

and sedimentation of bare Au nanoparticles.31,32 The behavior
observed for the SiO2-coated nanoparticle solutions at high pH
can be attributed to the solubility of SiO2 in basic solution: at
high pH, the SiO2 coating dissolves,33 leaving the mostly bare
Au nanoparticles to aggregate.31,32 This interpretation is
supported by TEM images and XPS spectra of the aggregated
particles (please see Figure S5 and Table S1 in the Supporting
Information).

Figure 1. TEM images of (left) SiO2-coated gold nanoparticles and
(right) SnO2-coated gold nanoparticles. The scale bars are 20 nm.

Figure 2. Extinction spectra of citrate-stabilized Au nanoparticles (Au
NPs), SiO2-coated Au nanoparticles (Au@SiO2 NPs), and SnO2-
coated Au nanoparticles (Au@SnO2 NPs).

Figure 3. Photographs of colloidal (a) SiO2-coated Au nanoparticle
and (b) SnO2-coated Au nanoparticle solutions at various pH values.
The photographs were taken approximately 1 h after the solution pH
values were adjusted using 0.1 M NaOH. The loss of dispersion for the
SiO2-coated Au nanoparticles at high pH, however, occurred
immediately upon adjustment of the pH.

Figure 4. Extinction spectra of colloidal (a) SiO2-coated Au
nanoparticles and (b) SnO2-coated Au nanoparticle solutions at
various pH values. The spectra were recorded approximately 1 h after
the solution pH values were adjusted using 0.1 M NaOH.
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In contrast to the behavior exhibited by the SiO2-coated Au
nanoparticle solutions at high pH, the SnO2-coated Au
nanoparticle solutions appeared to be stable at high pH after
1 h by visual inspection (Figure 3b). This apparent stability up
to pH 12 was observed for at least several weeks (data not
shown). We note, however, that at pH 13 and 14 only, the
SnO2-coated nanoparticle solutions displayed evidence of
sedimentation after 24 h. The apparent stability of the SnO2-
coated Au nanoparticle solutions under basic conditions is
corroborated by extinction spectra (Figure 4b). The SPR band
maxima of the SnO2-coated Au nanoparticles were centered at
533 nm for solution pH 7−12, consistent with a stable colloidal
solution. At pH 13 and 14, however, the SPR maxima were red-
shifted (545 nm), and the magnitude of extinction increased
because of the increase in the size of the clusters upon
nanoparticle aggregation and the consequent increase in
scattering.34

We propose that the nanoparticle aggregation at pH 13−14
is induced by the presence of a high concentration sodium
cations. Sodium cations in the solution can plausibly destabilize
colloidal suspensions due to strong interactions between the
sodium cations and the negatively charged SnO2 surface.35

Scheme 2 shows how bridging interactions give rise to
clustering of the particles.

Interestingly, the effect was fully reversible: when the pH 13
and 14 solutions were adjusted to pH 12.5 with 0.1 M HCl and
the extinction spectra remeasured, the SPR maxima shifted to
533 nm, consistent with reconstitution of the stable colloidal
SnO2-coated Au nanoparticle solution. These results suggest
that at pH 13 and 14 the SnO2 coatings remain intact despite
the aggregation; this interpretation is supported by TEM
images and XPS spectra of the particles exposed to highly basic
solution (please see the data below and in the Supporting
Information). A possible rationalization for the reversible
aggregation is that at high pH, highly charged (deprotonated)
SnO2-coated Au nanoparticles are formed, and these charged
species interact with Na+ to form clusters.35 In contrast, the
nanoparticles at lower pH are not as highly charged and
consequently do not extensively form clusters with Na+.35

To test the notion of whether the aggregation of SnO2-
coated Au nanoparticles at high pH depends specifically on the
intermediacy of Na+, the experiments for SnO2-coated Au
nanoparticle solutions were repeated using CsOH to adjust the
pH. As shown in the spectra presented in Figure 5, the SPR
peak maxima for the pH 13 and 14 solutions are not red-
shifted, in contrast to when Na+ was present. We attribute this

phenomenon to the lower charge density of Cs+ compared to
Na+, which in turn leads to diminished cluster formation at high
pH.
Support for our model can be found in a recent report by

Grzybowski and co-workers that rationalizes how the electro-
static stabilization of nanoparticles can fail as the surface charge
of the particles increases.35 Specifically, the bridging inter-
actions between like-charged nanoparticles and cations (NP-
M+-NP) alter the electrodynamic coupling between particle
cores, which can lead to aggregation and a concomitant change
in the color of the solution. The order of critical salt
concentrations required to precipitate particles having the
same charge is Cs+ ≫ K+ > Li+ > Na+ > Rb+. Importantly, this
trend fails to correlate with the size of hydrated cations M+, nor
is it predicted by the Hofmeister series. Therefore, in our
system, Na+ ions in the presence of SnO2-coated Au
nanoparticles give rise to more bridging interactions than do
Cs+ ions, which leads to enhanced aggregation/sedimentation
only in the former system.
The stabilities of the colloidal nanoparticle solutions were

also compared under acidic conditions. In Figure 6, photo-
graphs are presented showing the SiO2-coated and SnO2-coated
Au nanoparticle solutions at low pH. Over the pH range 2−7,
the SiO2-coated Au nanoparticles displayed excellent dispersion
(Figure 6a), and the SPR peak maxima at 529 nm in the

Scheme 2. Illustration of the Bridging Interactions between
Sodium Ions and the Negatively Charged Surface of SnO2−
Coated Gold Nanoparticles at High pH

Figure 5. Extinction spectra of colloidal SnO2-coated Au nanoparticle
solutions at various pH values. The spectra were recorded
approximately 1 h after the pH values were adjusted with 0.1 M
CsOH.

Figure 6. Photographs of colloidal (a) SiO2-coated Au nanoparticles
and (b) SnO2-coated Au nanoparticle solutions at various pH values.
The photographs were taken approximately one hour after the pH
values were adjusted with 0.1 M HCl.
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corresponding extinction spectra were invariant (Figure 7a). In
contrast, at pH 2−4 the nanoparticles precipitated from the

SnO2-coated Au nanoparticle solutions (Figure 6a), with the
precipitation rate increasing with increasing pH. The
aggregation was reflected in the extinction spectra, which
showed a red shift for the SPR maxima to 542−545 nm for the
pH 2.0, 2.5, 3.0, and 4.2 solutions from the maxima at 533 nm
for pH 7. The contrasting behavior between the SiO2-coated vs
SnO2-coated nanoparticle solutions at pH 2−4 corresponds
with the different isoelectric points of SiO2 and SnO2: the point
of zero charge for SiO2 and SnO2 sols and gels are ∼2 and
∼4.0−4.5, respectively.36,37 At the pH corresponding to the
zero-point charge, there is no net surface charge on the
particles; as such, interparticle interactions are governed by
attractive van der Waals forces that readily give rise to
aggregation and sedimentation. Because the zero-point charge
of SnO2 occurs at pH 4.0−4.5, it is reasonable that Figure 6b
shows the greatest sedimentation for SnO2-coated Au nano-
particles when the pH is reduced to 4.2. As the pH is reduced
further, the degree of sedimentation diminishes systematically
as the surface of the particles becomes protonated, and the
particles consequently become electrostatically stabilized in
solution.
Correspondingly, the SiO2-coated nanoparticles precipitated

slowly (∼7 days) at pH 2, but there was no sedimentation from
solutions with pH >2. Colloidal solutions of the SiO2 and
SnO2-coated nanoparticles reformed upon neutralization of the

solutions from which sedimentation had occurred. The
reversibility suggests that the coatings remained intact (vide
supra).
X-ray photoelectron spectroscopy (XPS) studies were

performed to determine the species present in the SnO2-
coated Au nanoparticles that precipitated from solutions at pH
4.2 and 13. For comparison, XPS data were also collected for
particles collected from a colloidal solution at pH 7. The
spectra for the three samples shown in Figure 8 are similar, with

each revealing peaks at 84.0 and 87.7 eV assigned to Au0 4f7/2
and 4f5/2, respectively,

38,39 and peaks at 487.4 and 495.8 eV
assigned to Sn4+ 3d5/2 and 3d3/2, respectively.

40 These data are
consistent with the presence of intact SnO2-coated Au
nanoparticles, suggesting that sedimentation of the particles is
not accompanied by removal of the SnO2 coating. This stability
is corroborated by the observation of reversible colloid
formation upon neutralization of the solutions from which
sedimentation had occurred.

■ CONCLUSIONS
By modifying an existing synthetic method, we prepared
uniform monodisperse SnO2-coated Au nanoparticles and
compared their stability to that of the better known and
more widely used SiO2-coated Au nanoparticles. Our studies
found that the SnO2-coated Au nanoparticles in aqueous
solution are more stable under basic conditions (up to pH 14)
than analogous SiO2-coated Au nanoparticles. The instability of
the SiO2-coated Au nanoparticles at high pH is due to the

Figure 7. Extinction spectra of colloidal (a) SiO2-coated gold
nanoparticle and (b) SnO2-coated Au nanoparticle solutions at various
pH values. The spectra were recorded approximately one hour after
the pH values were adjusted using 0.1 M HCl.

Figure 8. High-resolution XPS spectra of SnO2-coated Au nano-
particles that precipitated from solution at pH 4.2 and 13; (a) Au4f and
(b) Sn3d. Data were also collected from a colloidal solution at pH 7 for
comparison. The peak at 498 eV at pH 13 can be assigned to a sodium
Auger signal (NaKLL).
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dissolution of the SiO2 coating. Although the SnO2-coated
nanoparticles were observed to precipitate at extremely high
pH (i.e., pH 13 and 14 only), the precipitation was fully
reversible upon neutralization, and the SnO2 coating remained
intact. We proposed that the latter sedimentation arises from
bridging interactions between Na+ ions and the negatively
charged surface of the SnO2-coated nanoparticles at high pH.
Additionally, we observed sedimentation at low pH for both
SiO2- and SnO2-coated Au nanoparticles, and the pH at which
sedimentation was observed coincided approximately with the
isoelectric pH values of the oxides. The sedimentation at low
pH was also fully reversible upon neutralization of the solution.
As a whole, the results demonstrate that SnO2 is a durable
coating for metal nanoparticles.
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TEM image and XPS spectra for the SiO2-coated nanoparticles
that aggregated at high pH, and analogous data for the
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