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ABSTRACT: The early stages of silica deposition on vitreophobic
citrate-capped gold nanoparticles (AuNPs) are studied using in situ
optical spectroscopy supported by electron microscopy and hydro-
dynamic size measurements. Through extinction spectra fitting, the time
dependence of the surface plasmon resonance, which acts as a sensitive
probe of the local environment, reveals three distinct stages of uniform
silica shell formation on AuNPs. The first stage, which has not
previously been reported, is characterized by an increase in plasmon
damping by adsorption of silica precursors. The initial silica growth is
shown by electron microscopy to be highly anisotropic, proceeding radially from the vertices of the faceted AuNPs before forming
conformal shells.

■ INTRODUCTION

Gold nanoparticles (AuNPs) have found application in areas as
diverse as heterogeneous catalysis1,2 and nanomedicine.3 The
excitation of collective oscillations of conduction electrons
(plasmons) in gold nanomaterials, known as localized surface
plasmon resonances (LSPRs), gives rise to strong, localized
electromagnetic fields that enhance optical signals4 from the
visible to the infrared spectral range5,6 and ultimately couples
to phonons that heat the lattice and solvent.7,8 The ability to
sustain bright LSPR modes combined with excellent
biocompatibility,9 resistance to photobleaching,10 chemical
inertness, ease of preparation, and high X-ray contrast11 make
gold nanostructures versatile surface-enhanced Raman spec-
troscopy (SERS) probes and theranostic agents.4,11,12

Colloidal instability is detrimental to the function of AuNP
sols in many applications.11,13 The dispersed AuNPs aggregate
when the stabilizing layer of organic ligands on the Au surface
degrades, the Au−ligand interaction is disrupted, or the
stabilizing electrostatic charge is screened, ultimately leading to
sedimentation. It is challenging to avoid all of these
possibilities during catalytic operation, under harsh conditions,
or in complex biological environments.11 However, coating the
AuNPs with robust inorganic shells (e.g., silica) has been very
successful for synthesizing active and stable gold nanomateri-
als.14 Silica is chosen because it is non-toxic, inert, hydrophilic,
and cheap and because good control of silica sphere/shell
growth has been achieved.14 Furthermore, the silica shell acts
as a physical spacer between the metal surface and the
environment, which is essential for photonic crystals, where the
metal spheres cannot be in direct contact,15−18 and for
fluorescence enhancement, where dye fluorescence is
quenched at very small dye-metal distances.10,14,17,19,20

Nanotechnology based on colloidal silica started in 1968
with the work of Stöber, Fink, and Bohn, who presented a
protocol for controllable synthesis of silica sols now known as
the Stöber method.21 Three decades later, Mulvaney, Giersig,
and Liz-Marzań demonstrated silica growth on gold colloids
via a modification of the Stöber method.22 The process
entailed three separate steps: (1) ligand exchange from citrate
to aminosilane, (2) slow formation of a thin silica shell from
active silica in water, and (3) further growth via alkoxysilane
hydrolysis and condensation in ethanol. It was argued that the
vitreophobic character of the citrate-terminated AuNP surface
prevents the formation of conformal silica shells, prompting
the replacement of citrate with aminosilane to provide a
vitreophilic surface.22 This report laid the foundation for the
field of gold-silica core−shell nanoparticle (Au@SiO2 NP)
synthesis and applications. Since 1996, a number of
modifications to the original report have been developed.
The group of Xia directly coated commercial AuNPs with
silica, omitting the two first steps of the previous protocol.18

The Xia method, in which tetraethyl orthosilicate (TEOS) is
hydrolyzed in a mixture of isopropyl alcohol (IPA) and water
using ammonia as a catalyst, is frequently used for Au@SiO2
NP synthesis. Many variations on these previous methods have
been developed for various systems, and all consist of the same
general components, that is, a silica precursor (sodium
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silicate,22−25 tetra-methyl,23 -ethyl10,11,13,17,18,22,24,26−34 or
-propyl23 orthosilicate, or diglyceroxysilane32), a water/organic
solvent mixture (ethanol,10,11,13,22−24,27−33 methanol,23 or
IPA1 7 , 1 8 , 3 4 ) , a nd ba s e (NaOH11 , 2 3 , 2 6 , 2 9 , 3 1 o r
NH4OH

10,13,22,27,32−34). AuNPs of different shape and surface
functionalization have been coated with silica. Commonly,
silica shells are formed directly on spherical citrate-capped
AuNPs (cit-AuNPs)10,13,18,27,33,34 or after exchange of the
original ligand with vitreophilic ligands such as (3-amino-
propyl)-11,22,23 or (3-mercaptopropyl)-trimethoxysilane23

(APTMS or MPTMS) or polymers such as polyvinylpyrroli-
done.10,28,32

The optical properties depend strongly on the thickness and
morphology of the silica shell, and significant efforts have been
made on understanding these relations.17,18 Control of shell
thickness is commonly achieved by varying the synthesis
conditions (e.g., reactant concentrations, pH, and time), and
subsequently, the optical properties of the final product are
characterized.10,11,13,17,18,27,35 Typically, the thinnest silica
shells studied are >5 nm, and the dependence of the optical
properties on silica shell thickness is similar across different
studies: (i) the LSPR first redshifts and grows in intensity upon
formation of a silica shell, (ii) this continues with increasing
shell thickness until thick shells are formed, at which point (iii)
an apparent blueshift ensues as scattering by the silica starts to
dominate the spectrum.22 Since most reports characterize only
the final product, the early stages of silica shell formation, and
therefore the very thin shells, are largely unexplored, despite
the fact that Au@SiO2 NPs with thin shells are especially
important for SERS and catalysis applications. The Raman
enhancement factor rapidly decays within a few nanometer of
the surface, limiting the range for a beneficial combination of
SERS and silica protection to thin silica shells.36,37 Similarly,
the application of shell-protected AuNPs for photothermal
treatment may be compromised by thick, thermally insulating
silica shells.37

There have been a few reports on the mechanism of silica
deposition on colloidal AuNPs.33,34 To the best of our
knowledge, only one paper reports the time dependence of this
process, and with relatively low time resolution (1 h).33 Here,
we employ time-resolved ultraviolet−visible (UV−vis) spec-
troscopy to monitor the formation of silica shells on AuNPs
with ∼1.5 min time resolution. By applying a simple analytical
model to the spectra, the time dependence of the physically-
motivated parameters describing the LSPR and the bulk silica
can be extracted. The silica shell formation mechanism is
studied through analysis of the formation kinetics under
different reaction conditions. This analysis is supported by
dynamic light scattering and ex situ electron microscopy
imaging of Au@SiO2 NPs at different stages of silica growth.
The combination of high time resolution and the analytical
model is crucial for the kinetic analysis that identifies a surface
reaction preceding the formation of silica which may be rate
limiting for shell formation. The early growth of silica is also
shown to be non-uniform, with initial nucleation and growth
on vertices/edges, and growth to several nanometers in
thickness before coalescing into a conformal shell. This
observation stresses the need for chemical surface modification
on vitreophobic AuNPs to achieve uniform thin silica shell
coatings.
Our approach further demonstrates how in situ UV−vis

absorption spectroscopy and LSPR analysis can be used to
obtain detailed kinetics information about chemical reactions

on colloidal AuNP surfaces. This approach can be applied
broadly and may enable better synthesis control of composite
AuNP-based nanomaterials.

■ METHODS

Chemicals. HAuCl4·3H2O (Aldrich, ≥99.9%), trisodium
citrate (TSC, MP Biomedicals, LLC, 99.8%), 2-propanol (IPA,
Fischer Scientific, HPLC grade), TEOS (Aldrich, 99.999%),
and 28−30% NH4OH in water (Fischer Chemicals) were used
as received. Ultrapure water (18.2 MΩ) was obtained from a
Milli-Q system from Millipore.

AuNP Synthesis. Synthesis of spheroidal AuNPs with
controlled size was based on the protocol by Bastuś et al.6 First,
AuNP seeds were prepared by injection, and subsequent
reduction, of aqueous HAuCl4 into TSC solution with final
concentrations of 165 μM and 2.2 mM, respectively, at 95−
100 °C and heating for 25 min. Then, a seeded-growth process
was undertaken by sequentially injecting HAuCl4, removing a
fraction of the growth solution after three HAuCl4 injections,
and adding more TSC solution. This produced a series of
fractions of AuNPs of increasing size, Figure S1. A fraction
consisting of 36 ± 9 nm AuNPs was used for the present study.

Au@SiO2 NP Synthesis. For a 6 mL total volume of Au@
SiO2 sol prepared with 10 mM of TEOS, 0.7 mL of ultrapure
water was added to 1 mL of AuNPs under stirring, followed by
4.1 mL of IPA and 150 μL of 14.5 M NH4OH (28% ammonia
water). After mixing for 2−5 min, 60 μL of 1 M TEOS (in
IPA) was injected. To adjust the TEOS concentration, the
added volume of 1 M TEOS was modified, and that of IPA
adjusted to compensate. Au@SiO2 NP formation was
performed at room temperature (r.t., 20 ± 1 °C) unless
otherwise stated. Representative transmission electron micros-
copy (TEM) samples at given reaction times were obtained by
quenching the reaction by extracting 100 μL of the reaction
mixture and injecting it into an Eppendorf tube with 1−1.5 mL
of water. The colloid was sedimented by centrifugation (16k
rcf, 15 min), the supernatant reaction mixture was discarded,
and the colloids redispersed in ultrapure water, which was then
dropcast onto a TEM grid. For Au@SiO2 NP synthesis in
complete darkness, the synthesis was carried out in a dark
laboratory in a foil-wrapped vial. Fractions were extracted into
Al foil-wrapped Eppendorf tubes, and the TEM samples were
covered while drying to exclude light.

Characterization. UV−vis extinction spectroscopy was
carried out using a LAMBDA 950 spectrophotometer from
PerkinElmer. For in situ spectroscopy, AuNP sol, ultrapure
water, IPA, and NH4OH were mixed in this order in a glass vial
with constant stirring to ensure quick mixing and avoid AuNP
destabilization due to IPA and NH4OH addition. After stirring
for 2−5 min, the desired amount of TEOS was added to the
vial, the solution was quickly mixed with a pipette, poured into
a glass cuvette, and then capped and immediately placed in the
spectrometer, at which point continuous UV−vis measure-
ments were initiated. The time delay between addition of
TEOS and recording of the first spectrum was typically 10−20
s. For syntheses at controlled temperature, the sample cuvette
was placed in a metal compartment cooled/heated by water
from a circulating bath (Grand LT Ecocool 150), Figure S2.
TEM data were acquired on a JEOL 2800 microscope

equipped with a 4k × 4k Gatan Oneview camera at 200 kV
accelerating voltage at the Irvine Materials Research Institute,
UC Irvine. Data were processed using ImageJ.38
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In situ hydrodynamic size information was obtained with a
Malvern Zetasizer Nano DLS instrument at the Laser
Spectroscopy Labs, UC Irvine.

■ RESULTS AND DISCUSSION
Silica shells were grown on AuNPs (Figures 1A and S1A) in an
alkaline IPA−water mixture. A small volume of TEOS was

injected to initiate Au@SiO2 NP formation, which was
completed in 15 min to 2 h, depending on TEOS
concentrations and temperature, Figure 1.
To monitor the Au@SiO2 formation, UV−vis extinction

spectra were continuously recorded while the shells grew on
the colloidal AuNPs in a glass cuvette. A representative in situ
spectral series (Figure 2A) shows three distinct stages of silica
growth. The spectral changes during these stages are
highlighted in Figure 2C−E. In the first stage, the LSPR

peak intensity and energy both decrease slightly (labeled red in
the spectral series). In the second stage, a large and rapid
increase in peak intensity occurs (labeled orange). The third
stage is characterized by a slow increase in intensity across the
entire spectrum (yellow and blue). We note that the initial
drop in peak extinction has not been previously reported and
may contain information about the early steps of silica shell
formation.
To better understand the spectral behavior and derive its

time dependence, a model of the extinction spectrum was
applied. The in situ spectra were modeled with three
contributions: the LSPR, the gold sp ← d interband transition,
and scattering from the silica shell. These contributions are
represented by a Lorentzian distribution, a logistic function
(broadened step function), and an exponential growth
function, respectively, as shown in eq 1
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The parameters for the interband transition, that is, ci, γi, and
Ei, are determined by fitting the first spectrum, where silica has
not yet formed and does not contribute. These parameters are
then fixed for all the following spectra in an experiment.
Similarly, the shape of the silica contribution is determined by
fitting spectra of silica particle formation in the absence of
AuNPs (Figure S3). Here, the spectrum is solely determined
by the silica contribution and found to be well represented by
an exponential growth function (extinction vs energy). The
shape of the silica extinction spectrum (represented by the
parameters bs and ys) did not change during silica growth, so
these parameters were fixed in the fits of silica growth on the

Figure 1. Preparation of Au@SiO2 NPs. (A) Silica shells are formed
around the cit-AuNPs from via TEOS hydrolysis and condensation.
(B) Optical extinction spectra of the cit-AuNPs (green) and Au@
SiO2 NPs (blue). (C) Representative transmission electron micro-
graph of the final uniform core−shell product.

Figure 2. Analysis of in situ UV−vis spectra shown for standard reaction conditions (20 ± 1 °C, 2 mM TEOS). (A) Experimental and (B) fitted in
situ spectra. (C−E) Difference spectra showing the change occurring in each distinct stage. (F−H) Recorded spectra (green symbols) and
contributions from the interband transition (gray shading), LSPR (red shading), and SiO2 (blue shading) at three different times during reaction.
(I) Time dependence of the fitting parameters. The color scale on the x-axis correlates to the color scheme of the spectra in (A−E). The y-axis
values are different for each fitting parameter (see the legend). (J) LSPR spectra extracted from fits of the first spectrum (gray) and the spectra at
the end of each stage. The corresponding time points are indicated with colored arrows in (I).
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AuNPs. Overall, there are four time-dependent parameters to
be extracted from each spectrum, namely, the three parameters
for the plasmon (cp, γp, and Ep) and one for the scattering
intensity (amount) of the silica (cs). As seen in Figures 2A,B
and S4, this model very accurately reproduces the experimental
data except for the weak shoulder at ∼1.8 eV that is related to a
small amount of aggregation induced by the change in the
AuNP environment upon addition of IPA and NH4OH. The
aggregation process was effectively instantaneous and had
completed before the addition of TEOS, so it did not
contribute to the dynamics of silica formation. The accuracy of
the fitting model and the time dependence of the parameters
were further tested by fitting a series of spectra calculated using
Mie theory (Figure S5). The model reproduces the calculated
spectra well and provides shell thickness-dependent parameters
that agree well with time-dependent parameters extracted from
fitting of the experimental spectra (Figure 2I).
Examples of deconvoluted in situ spectra are presented in

Figure 2F−H, showing the LSPR on top of the interband
transition to which a contribution from silica is added. Figure
2I shows the evolution of the four fitting parameters from eq 1
during a representative Au@SiO2 NP synthesis with ∼80 s
time resolution. Here, the three distinct stages are clearly
observed. Stage 1 (S1) is dominated by plasmon broadening,
stage 2 (S2) is dominated by rapid plasmon redshift and
intensity increase, and stage 3 (S3) is dominated by a
continuous increase in the silica contribution. The fits show
that the decrease in LSPR peak intensity in S1 (Figure 2A)
does not arise from a reduced intensity of the LSPR (cp does
not decrease) but rather from peak broadening and redshifting
down the sloping interband transition (Figure 2J).
S2 and S3 correlate well with observations of LSPR

dependence on silica thickness by Liz-Marzań and Mulvaney,22

and others.11,13,18,27,35 Initially, a redshift occurs followed by
increased intensity. This can be explained by changes to the
dielectric function of the medium, εm, as the silica shell is
growing and can be reproduced by Mie theory (as seen in
Figure S5 and shown previously22). Changes to εm do not
explain the behavior observed during S1, which has not yet
been described in the literature.
In order to better understand the chemistry of S1−S3, the

reaction kinetics were investigated by varying the TEOS
concentration (1−15 mM) and reaction temperature (20−60
°C). The limits for these parameters were set by the stability of
the AuNP sol. The time dependence of all parameters at all
experimental conditions is given in Figures S6−S10. In Figure
3, the effect of reaction conditions on the evolution of the
LSPR energy is represented by the Ep time curves and on the
formation of silica by the cs time curves. While these
parameters do not have direct interpretations as concentrations
of reactants or products, apparent process rates can be
extracted from the time curves, and their dependence on
experimental conditions is evaluated. The inverse sigmoidal
shape of the Ep time curves can be viewed as three
approximately linear segments with intersections that indicate
the transitions between reaction stages, that is, t1 (S1 → S2)
and t2 (S2 → S3). These transition times together with the
maximum rate of the LSPR energy shift (middle of S2) can be
conveniently extracted by fitting the first derivative of Ep(t)
with a Gaussian function with full width at half-maximum, w,
and center, tmax, as illustrated in Figure S11. An additional
kinetic parameter describing S3 is taken as the maximum rate

of increase in silica scattering, that is, the maximum of the first
derivative of the cs time traces.
The four apparent rates, rapp, are thus defined as
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These four kinetic parameters can be considered as apparent
rates for S1, S2, and S3, that is, the inverse of the duration of
S1 and S2 and the maximum rates of change for S2 and S3.
Plotting the rates against the TEOS concentration provides
insights into the reaction order, Figure 3E. S1 and S3 display
approximately linear dependence on the TEOS concentration,
indicating that these processes are of first order in TEOS.
However, the S2 (and to some extent S1) rates show a
diminishing increase with increasing TEOS concentrations.
This can be understood as S2 representing a surface reaction
occurring on the AuNPs that is limited by the reactant
concentration on the surface rather than that in solution. The
reaction order thus approaches zero at high TEOS
concentrations since the fixed number of surface sites on the

Figure 3. Kinetics analysis of Au@SiO2 NP formation. (A,B)
Normalized time-dependence of LSPR energy, Ep, (C,D) silica
scattering intensity, cs, and (E,F) kinetic parameters, at varying
[TEOS] at r.t. (left column), and various reaction temperatures at 10
mM TEOS (right column). In (A,B), the transitions times t1 and t2
are indicated with markers for the slowest reaction (black). In (E,F),
rapp are determined by the duration of S1 (black), the duration of S2
(red), the max rate of change of S2 (blue), and the max rate of change
of S3 (green).
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AuNPs are all occupied, and an increase in the TEOS
concentration no longer leads to a rate increase. This surface
reaction (S2) may be attributed to the formation of silica
through condensation, as shown in Figure 1A, agreeing with
the emergence of SiO2 scattering in this phase. This further
indicates that S1 describes a step that precedes silica formation,
which may be the association of silica precursor species with
the AuNP surface and formation of partly hydrolyzed/
condensed pre-silica networks.
The rate dependence on temperature was studied in a

similar fashion between 20 and 60 °C at a fixed TEOS
concentration of 10 mM (right column in Figure 3). The
Arrhenius-style plot in Figure 3F shows that the temperature
dependence of the rates are slightly larger for S1 than S2 and
S3. This is in good agreement with the generally accepted
vitreophobic nature of citrate-stabilized AuNPs and the larger
energy barrier associated with the adsorption of silica
precursors on the citrate-terminated surface than with growth
of the resulting vitreophilic silica shell. Our data thus indicate
that the rate of Au@SiO2 formation is limited by adsorption of
molecular silica precursors and/or formation of pre-silica
networks. The LSPR broadening of the colloid during S1
further support this interpretation, in agreement with previous
reports showing a strong correlation between the LSPR width
and the nature of the chemical interface at the surface of the
plasmonic metal.39,40 This mechanism of LSPR broadening
was associated with both charge transfer to adsorbates and
induction of surface dipoles.40

A comparison of the Au@SiO2 NP morphology at different
temperatures was made by quenching the silica formation
reaction by 10-fold dilution in water after 30 min (Figure S12).
At 20 °C, 30 min corresponds to the beginning of S3. These
NPs showed only thin or partial SiO2 shells. These shells
provided insufficient stabilization, and the NPs had therefore
aggregated during centrifugation. However, thick SiO2 shells
had formed after 30 min at 40 °C, where the reaction had
progressed well into S3. These observations suggest that SiO2
formation starts in S2 and continues through S3.
The correlation between optical properties and NP size/

morphology was further verified by in situ monitoring of the
hydrodynamic NP diameter and TEM imaging of quenched
reaction products around the S2/S3 transition (Figures 4 and
S14). The hydrodynamic diameter, dh, does not change
significantly during S1. In fact, dh follows very closely the
time curve of cs, supporting the correlation between cs and the
growth of the SiO2 shell. The quenched reaction products
exhibited highly non-uniform SiO2 shells at early reaction
times. As the final Au@SiO2 NPs appear nearly perfectly
spherical, this was unexpected. The non-uniform growth was
especially obvious on the small fraction of AuNPs that are
anisotropic (e.g., truncated prisms), as seen in Figure 4B−F.
During S2, SiO2 forms in patches that are localized at AuNP
vertices and edges, indicating that nucleation happens
preferentially at sites of high local curvature. This may be
due to curvature-dependent chemical properties of the ligand
shell41 or lower local ligand densities, which has been used in
similar systems to selectively coat gold nanorod tips.31,42 We
note that SiO2 nucleation in solution (rather than on the
AuNP surface) followed by attachment to the NP surface is
unlikely. First, empty SiO2 particles in the final product are rare
(∼10%), and primary SiO2 nuclei are only found associated
with the AuNPs, and second, SiO2 formation (the rise of cs) is

significantly slower in the absence of AuNPs, indicating the
primarily heterogeneous SiO2 nucleation on AuNP surfaces.
Through in situ UV−vis spectroscopy, we have identified

three reaction stages in the formation of Au@SiO2 NPs via
SiO2 growth on cit-AuNPs and associated them with distinct
processes. S1 appears as an induction phase where no SiO2
forms, but the sensitive LSPR probe reports significant changes
on the AuNP surface. We assign the LSPR broadening to
adsorption of silica precursor species on the citrate-terminated
gold surface, such as orthosilicate anions, and formation of
low-density pre-silica networks of partly condensed structures.
This process is a prerequisite for shell formation and may
influence the properties of the core−shell product, highlighting
the importance of being able to probe this step and the merits
of our approach. The subsequent condensation and
densification, forming SiO2 patches, change the dielectric
function of the surroundings, causing the LSPR to redshift and
intensify during S2, as has been reported previ-
ously.11,13,18,22,27,35 This process is accelerated on vertices
possibly because their lower density of citrate ligands facilitates
the adsorption of SiO2 precursor species. In the final stage
(S3), the SiO2 shell grows approximately isotropically until it
terminates when the TEOS is consumed. The LSPR only
changes slightly in this phase as further shell growth happens
too far from the AuNP surface to affect the plasmon.

■ CONCLUSIONS
We used in situ UV−vis spectroscopy to follow the formation
of SiO2 shells on 36 ± 9 nm citrate-capped AuNPs via a
modified Stöber approach. This process combines the most
widely used AuNPs with the most popular SiO2 synthesis
method. Despite being vitreophobic in nature, uniform SiO2
shells successfully form directly on cit-AuNPs.

Figure 4. (A) Comparison of the time-dependence of silica shell
thickness determined by TEM, ds (symbols), hydrodynamic diameter,
dh (red), and the silica component from in situ spectra, cs (blue). (B−
F) TEM micrographs of individual-faceted AuNPs at different times
of Au@SiO2 formation in complete darkness (green squares in A).
(G,H) TEM micrographs of fractions taken during an in situ
spectroscopy experiment (cyan triangles in A). [TEOS] = 2 mM.
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Using the LSPR to report on the surface processes, we have
shown three distinct stages of Au@SiO2 formation. (1)
Adsorption of SiO2 precursor species on the citrate-terminated
gold surface causing broadening of the LSPR. (2) The
formation of thin, discontinuous silica islands on the AuNP
surface and thin SiO2 shells, leading to LSPR redshifting and
intensification. (3) Continued SiO2 growth to produce a
uniform SiO2 shell increasing in thickness.
From the TEOS concentration and temperature dependence

of the stages, the highest reaction barrier is associated with the
adsorption of silica precursors (S1). S2 is associated with the
condensation of SiO2 precursor species to form SiOx. Finally,
TEM studies of quenched reaction intermediates showed that
nucleation of SiO2 occurs preferentially on vertices of faceted/
anisotropic AuNPs. These nuclei grow approximately isotropi-
cally rather than along the NP surface before ultimately
coalescing into a uniform shell.
This study provides new details of SiO2 formation on

vitreophobic AuNPs and serves as an example of how in situ
UV−vis spectroscopy and LSPR analysis can be utilized to
obtain kinetic information of AuNP surface processes. Such
studies can be widely applied and facilitate better synthesis
control of Au@SiO2 NPs and other multi-component
nanomaterials, as well as providing insights into processes
such as adsorption and surface functionalization.
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