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GRAPHICAL ABSTRACT

Three step synthesis route to forming silver coated silica nanoparticles with citrate as a key ingredient to achieving morphological control.
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We describe the use of citrate to control the electroless plating of silver metal on silica nanoparticles. We
find that the incorporation of relatively small amounts of citrate during the reduction of the Tollens’
reagent in the presence of sensitized silica nanoparticles induces a continuous transition from conformal
to raspberry particle coatings. This transition is dependent on both the citrate concentration and the sil-
ver precursor concentration. We characterize this transition using electron microscopy and spectroscopy
and use these results to confirm citrate’s ability to cap and restrict silver growth. We compliment these
structural measurements with in-situ quartz crystal microbalance experiments to quantify citrate’s role
as a complexing agent to slow silver reduction kinetics. These results confirm citrate’s dual role in con-
trolling the morphology of silver deposits produced in this work.
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1. Introduction

The deposition of silver metal is an important processing step
used in the creation of microelectronic interconnects [1,2], sensors
[3], wearable electronics [4], and photonic metamaterials [5,6].
While vacuum processes are common deposition techniques for
these applications, electroless plating is an attractive alternative
[7]. Electroless plating of silver metal involves the chemical reduc-
tion of a silver precursor to form metallic silver deposits on pre-
treated surfaces. This process has been used for decades to
produce mirrors [8]. Electroless plating has gained renewed atten-
tion for nanoscale manufacturing due to its potential to deposit sil-
ver conformally onto nanosized features, complex geometries [6],
and nano- and micro-particles [9,10]. In the chemical deposition
of silver on such surfaces [11-14], it is highly desirable to control
the coating properties. If the morphology of the silver deposits
can be controlled, then the conductivity [4,15,16], plasmonic prop-
erties [17-19], antibacterial potency [20], and catalytic activity
[21] can be designed for various applications. However, controlling
the morphology of silver deposits during electroless plating
remains challenging [22].

A common strategy for controlling morphology during electro-
less plating is the incorporation of surfactants or capping agents in
the reacting mixture [4,11-14,23-26]. The presence of these sur-
face active agents can modify the way the silver crystallites grow,
altering their grain size and crystal habit. However, in some cases,
the presence of these chemicals after synthesis can have a delete-
rious effect on the metal’s optical and electrical properties [27].
Therefore, it is desirable that the surfactant be removed post-
synthesis. Citrate has been used for this purpose in the synthesis
of silver nanoparticles via chemical reduction and in electroless
plating of silver on nanoparticles surfaces [21,28,29]. Citrate is an
effective capping agent for silver metal and also binds reversibly
to the silver metal surface. An added benefit of citrate in nanopar-
ticle synthesis is that it imparts a negative surface charge that
improves the colloidal stability of the nanoparticle product.

Citrate has been extensively used to modify electro- and
electroless- deposition of Cu [30,31], ZnS [32], Ni [33], CulnSe2
[34-36], and InSb [37] thin films. In general, it is observed that
citrate slows the rate of the plating reaction resulting in more
sparse deposits. However, it is less frequently employed in silver
electroless plating. Recent work by Chen et al has shown that the
addition of citrate during electroless plating resulted in denser
and more conformal silver films on the surface of polystyrene latex
particles. They concluded that the film quality of the silver deposits
depended in part on the timing of citrate’s addition and the dura-
tion of the synthesis [23]. In contrast, Kobayashi used a very simi-
lar synthesis scheme without citrate and observed sparse silver
deposits on spherical silica particles that grew larger and more
polydisperse with increasing reduction of the silver precursor
[38]. These results suggest that the addition of citrate can play a
key role in determining the quality of the silver deposits formed
during the reaction. However, a mechanistic understanding of
how citrate modifies the growth behaviour of silver deposits has
not yet been described.

In this work, we study the use of citrate as a growth modifier to
control the electroless deposition of silver metal on the surface of
silica nanoparticles. Our electroless plating strategy follows the
approach of Chen et al. [23] with the exception that we use a triflu-
oroacetic acid (TFA) and stannous chloride mixture for sensitizing
the silica particles following the approach of Kobayashi et al. [38].
Our approach concsists of three steps. First, the silica nanoparticles
were pretreated with stannous chloride. Second, the treated silica
nanoparticles were exposed to the Tollens’ reagent to induce gal-
vanic exchange of tin for silver. Finally, the Tollens’ reagent was
further reduced using glucose in the presence of citrate. Chen

et al had identified that citrate plays a key role in producing den-
sely packed films of silica on polystyrene surfaces. To understand
the role of citrate on the film quality after electroless deposition,
we characterized each step of this reaction using X-ray photoelec-
tron spectroscopy (XPS) and transmission electron microscopy
(TEM). These microstructural studies were complemented with
in-situ quartz crystal microbalance (QCM) to capture the kinetics
of the reaction. We also performed scanning electron microscopy
(SEM) and energy dispersive X-Ray adsorption spectroscopy
(EDS) to quantify morphological changes that depended on the
reaction conditions. In general, we observed that in the presence
of citrate our approach yielded conformally coated silica nanopar-
ticles whose morphology depended both on the initial Tollens’
reagent concentration and concentration of citrate in the reacting
mixture. As the concentration of citrate in the reacting solution
was increased, we observed a morphological transition from con-
formal coatings to discrete nanoparticles (we refer to these parti-
cles as raspberry) on the silica surface that increased in number
density and size with increasing reaction time and Tollens’ reagent
concentration. We use these results to show that citrate played a
dual role in determining the growth morphology by both capping
the growth of the silver crystallites, preventing their fusion into
conformal films, and slowing the rate of reduction of the silver
precursor.

2. Experimental

Materials: D-(+)-Glucose (ACS reagent), cetyltrimethylammo-
nium chloride (25 wt% in H20), sodium dodecyl sulphate (ACS
reagent, >99.0%), citrate dihydrate (>99%, FG), trifluoroacetic acid
(TFA) (Reagent Plus, 99%), ethanol (200 proof, ACS reagent,
>99.5%), potassium hydroxide (ACS Reagent, >85%, pellets), and
tetraethyl orthosilicate (TEOS) (Reagent grade, 98%) were pur-
chased from Sigma Aldrich. Tin (II) chloride (anhydrous, 99%
min) was purchased from Alfa Aesar. Ammonia solution 28-30%
was purchased from Merck. Deionized water (ACS Reagent grade,
ASTM Type 1) was purchased from LabChem. Methanol (certified
ACS) and potassium chloride (certified ACS) were purchased from
Fisher Chemical. All reagents were used as received.

Synthesis of silica nanoparticles: Silica nanoparticles were
synthesized by the well-known Stober process [39]. Briefly,
176 mL of ethanol and 24 mL of ammonia were added to a
250 mL round bottom flask. A magnetic stir bar was added and
set to a constant stir rate of 300 rpm. 7.2 mL of TEOS was injected,
and the reaction run to full conversion for 20 h. The product was
washed three times with deionized water by centrifugation at
4000 rpm for 5 min. The silica nanoparticles were finally dispersed
in deionized water at a concentration of 10 mg/mL for subsequent
reaction steps.

Sensitization of silica nanoparticles: To initiate the sensitiza-
tion process, 1 mL of the 10 mg/mL silica dispersion was added to
9 mL of tin sensitizing solution consisting of 29 mM SnCl, and
72 mM TFA in a 50 v/v water methanol solution [38]. After initially
gently shaking the mixture and waiting 30 min for sensitization to
occur, the particles were washed three times with deionized water
using centrifugation at 4000 rpm for 5 min. The sensitized silica
nanoparticles were then resuspended in water to a final concentra-
tion of 10 mg/mL. Sensitized particles were never dried and used
immediately after preparation to avoid oxidation of the sensitized
product.

Preparation of silver precursor: The Tollens’ reagent was pre-
pared from a concentrated aqueous silver nitrate solution. A dilute
KOH solution was added to this concentrated stock silver nitrate
solution to achieve a molar ratio of [AgNO3]:[KOH] = 500:1. After
incorporation of the KOH, the solution turns from transparent to
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a pale yellow due to the formation of silver oxide [40]. Ammonia
was then added dropwise to this solution and during this addition
the colour transitioned first to brown/black and then became
transparent. This transition indicates the conversion to the Tollens’
reagent [40]. The Tollens’ reagent was then diluted with deionized
water to the desired concentration. The Tollens’ reagent should
always be made fresh and used within the hour of its preparation
due to the potential for the formation of an explosive precipitate
[41].

Synthesis of silver coated silica: 1 mL of tin treated silica
(10 mg/mL) was added to 9 mL of Tollens’ reagent under magnetic
stirring at 300 rpm for 5 min inside a cardboard box to prevent
light exposure. For reactions that utilized surfactants, a concen-
trated solution of surfactant was added after galvanic exchange
but before adding the reducing agent. For reactions that utilized
citrate, a concentrated citrate solution was directly added to the
glucose solution. Then, 3 mL of glucose solution (concentration
adjusted for a stoichiometric ratio of 2:1 glucose to Tollens’
reagent) was added to the vial to react for the remaining reaction
time, which in a typical synthesis was 25 min. The particles were
washed three times with deionized water with centrifugation at
4000 rpm for 5 min.

Characterization of Silver Deposition: SEM images and EDS of
silver-coated particles were obtained with a Hitachi SU8030 cold
source field emission scanning electron microscope in secondary
electron imaging mode. The accelerating voltage was set to 2 kV
with a working distance of approximately 8 mm. TEM images were
obtained with a Hitachi HT7700 transmission electron microscope
using an accelerating voltage of 120 kV. Scanning transmission
electron microscope images of tin hydroxide colloids and silver
seeded particles were obtained with a Hitachi HD2300 scanning
transmission electron microscope equipped with a field emission
gun operating with an accelerating voltage of 200 kV.

XPS was performed with a Thermo Scientific ESCALAB 250Xi.
Zeta potential was conducted using a Malvern Instruments Zeta-
sizer. The tin sensitized silica particles were diluted by a factor
of 10 and adjusted to 1 mM KCl. Malvern Zetasizer Nanoseries
disposable folded capillary cells DTS1070 were used for the mea-
surements. Zeta potential was calculated from the elec-
trophoretic mobility using a Matlab solver function with the
equation derived by Ohshima [42,43] as depicted in S1. Particle
electrical conductivity was measured with a multimeter using
particle thin films (~0.67 mg/cm?) drop casted on interdigitated
gold arrays with 200 pm channel lengths (Metrohm, DropSens
DRP-IDEAU200).

Mass adsorption tests were performed using a Quartz crystal
microbalance (QCM) and were carried out on a customized setup
with an in-situ liquid immersion cell (Advanced Wave Sensors S.
L., Paterna, Spain) in conjunction with a N2PK impedance ana-
lyzer (Thornhill, Canada). SiO2 covered (Ti/Au/Ti/SiO2) quartz
crystal resonators (Inficon, East Syracuse, NY) with a fundamen-
tal resonance frequency of 5 MHz were used in this study. A lab-
developed open source program written with Python was used
for both the data collection and analysis [44]. The electrical con-
ductance and susceptance of the quartz crystal near each odd
harmonic were collected and the Lorentz curves were fit to each
resonant peak. From these fits, the resonant frequencies and
bandwidths could be extracted. Resonance of the third harmonic
was used for the analysis. All the frequency shifts were refer-
enced to the bare crystal resonance frequency in corresponding
solvents, respectively. For the rigid metal films, the areal mass
of deposits were assumed to obey Sauerbrey equation [45]:

Az,

Am, =
o

(1)

where Am, is area mass of the deposited film, Af is the shift of res-
onance frequency of the tested harmonic, Z; is the shear acoustic
impedance of quartz which is 8.84 x 106 kg:m2-s~! for AT-cut
quartz crystals, n is the harmonic tested, and f, is the fundamental
frequency of the quartz crystal.

3. Results

Silver Deposition on Silica Nanoparticles: In order to gain
insight into the mirroring reaction on silica particles, we character-
ized the reaction at each step of the three-step procedure. First, sil-
ica nanoparticles of 260 nm (as measured with TEM, Fig. 1a) were
prepared by the Stober method [39] and then were treated with a
tin sensitizing solution to functionalize the silica surface with Sn?*
ions. The adsorption of Sn?* ions is known to occur spontaneously
and is attributed to the electrostatic adsorption of positively
charged tin hydroxide colloids formed within the sensitization
solution to the negatively charged silica surface [46-48]. These col-
loids were visible by TEM as small (3-5 nm) particles present on
the silica surface after treatment in Fig. 1b. These results are iden-
tical to what was observed by Kobayashi et al. [38] The presence of
tin was also shown by XPS in Fig. 1d by the Sn 3d5 peak at 486.4 eV
corresponding to the literature value [38]. Although XPS analysis
confirmed the presence of cationic tin species, XPS sample prepa-
ration included particle drying that is known to oxidize Sn?'.
Therefore, we complemented these XPS measurements with zeta
potential measurements of the as prepared particles to confirm
the charge of the tin species. The increase of surface charge from
the native silica toward more positive values shown in Fig. S1a
confirms the deposition of a cationic species on the silica surface.
The change of zeta potential is a hallmark of sensitization as
observed by Chen et al. [23].

The second step of the synthesis involved the galvanic exchange
of stannous ions for silver. Following Chen et al and Kobayashi
et al, galvanic exchange was achieved by exposing the tin sensi-
tized silica to the Tollens’ reagent based on the following equation:
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Fig. 1. TEM and STEM image of (a) as synthesized silica nanoparticles (high
magnification TEM images in the inset), (b) tin sensitized silica, and (c) silver seeded
silica. (d) XPS spectra of untreated silica (SiO;), tin sensitized silica (SnSiO,), and
silver seeded silica (AgSnSiO,) with labels underneath the corresponding spectrum.
The inset shows the Si peak. In-situ QCM for the (e) Sn adsorption and (f) Ag
galvanic exchange process using a SiO, covered (Ti/Au/Ti/SiO;) quartz crystal
resonator.
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2Ag1 g + SO*F () — 2Ag() + St (2)

KOH was added to the Tollens’ reagent with a molar ratio of sil-
ver to potassium [AgNOs]:[KOH] = 500:1 as previous studies have
suggested that this increases the silvering rate and produces
smoother silver films [49]. Exposure to the Tollens’ reagent yielded
a notable change on the silica surface as seen from TEM images in
Fig. 1c. The presence of silver metal after exchange was confirmed
by XPS in Fig. 1d as evidenced by the 3d5 peak at 368.9 eV corre-
sponding to the Ag® literature value [38].

In-situ gravimetric measurements using QCM were performed
to confirm that the sensitization time and galvanic exchange time
chosen for our synthesis were appropriate. The QCM substrates
consisted of planar silica sensing electrodes that were exposed to
identical solution conditions as those used to treat the silica
nanoparticles. The accumulation of mass associated with tin sensi-
tization is shown in Fig. 1e and the galvanic exchange step in
Fig. 1f. As seen in Fig. 1e, adsorption of the tin species saturated
the substrate within 10 min of the initial exposure. Galvanic
exchange was started after 30 min of sensitization time after flush-
ing the cell and introducing freshly prepared Tollens’ reagent. In
Fig. 1f, galvanic exchange proceeded rapidly with complete
exchange occurring after 5 min. While these measurements were
performed on planar substrates, adsorption, and reaction rates
onto spherical nanometer sized silica particles are much more
rapid. The resulting thin-film structure is also expected to be dif-
ferent due to the geometric frustration expected on curved sur-
faces with respect to planar ones [22].

Quantification of the sensitization step can be performed by
comparing zeta potential measurements in Fig. S1b to those made
from the electron microscopy images and QCM measurements.
Estimates for the surface coverage of tin yield 539 + 203 positive
ions per particle from zeta potential, 2800 tin species per silica
nanoparticle from the QCM measurements, and approximately
1,000 tin colloids per particle from TEM measurements. The differ-
ence between the estimates for adsorbed tin is likely related to the
effective charge density of the adsorbed tin species. It is thought
that tin adsorbs as a colloidal particle that is formed in the sensi-
tizing solution. These tin colloids consist of polymerized stannic
oxide species that incorporate Sn*? ions enriched at the colloid sur-
face. These positively charged colloids adsorb to negatively
charged surfaces and sensitize them for activation through gal-
vanic exchange. We attribute the differences between the different
measurement methods to tin colloids containing species with
mixed valence including charged Sn*? species versus the neutral
Sn(OH),.

The adsorbed mass accumulated during the galvanic exchange
step provides some insight into how galvanic exchange works to
seed the mirroring reaction. Assuming comparable molar masses
for the tin species and silver metal deposits, the increased mass
is 10 times that expected for stoichiometric exchange of silver
for tin indicated by Eq. (2). This is in line with previous experimen-
tal observations and our own TEM measurements that indicate gal-
vanic exchange results in the deposition of silver metal nuclei.
These nuclei improve adhesion and growth of the silver film on
the silica surface.

In the final and third step, glucose was added to the reaction to
initiate further reduction of the Tollens’ reagent to silver metal.
Glucose is a well-established reducing agent for the Tollens’
reagent [4,16,26,50]. Glucose reduces the Tollens’ reagent via the
well-known aldehyde reaction [51].

RCHO@q) + Ag" a9 — RCOO™ aq) + AZ) 3)

The glucose concentration was chosen so that the Tollens’
reagent would be limiting with a 2:1 [glucose]:[Tollens’] molar
ratio. Glucose addition resulted in the rapid reaction and deposi-

Fig. 2. SEM images of silver-coated silica after glucose reduction (a) using a tin
sensitized silica core and (b) an unsensitized silica core. [Tollens’] = 50 mM for these
conditions. Scale bar is 500 nm.

tion of silver metal on the surface of the silica nanoparticles as
shown in SEM images in Fig. 2a. Analysis of the micrographs
yielded an average coating thickness of 110+ 37nm. Unfortu-
nately, excessive silver growth is apparent and resulted in bridging
between multiple silica nanoparticles. We also performed a con-
trolled synthesis where the same reaction was performed without
tin sensitization to ascertain the role that sensitization and gal-
vanic exchange (steps 1 and 2) played in the resultant morphology
as shown in Fig. 2b. Silver reduction in the presence of untreated
silica showed a dramatic change in the particle morphology.
Whereas coatings performed with the sensitization pre-
treatment produced dense silver deposits, non-uniform coatings
of discrete silver deposits formed without pre-treatment. This
result is identical to that observed when sensitized silica was left
to age for 5 days prior to the reaction as shown in Fig. S2. This aging
is known to result in the oxidation of the tin species, which reduces
the efficacy of galvanic exchange [16]. Based on this observation,
the tin sensitized particles were kept in solution and used immedi-
ately after preparation to minimize oxidation. We speculate that
the nanoparticles evident in Fig. 2b. may form by nucleating in
solution first and then subsequently adsorbing to the silica surface.
When sensitization is used, the solution phase reduction of the Tol-
lens’ reagent is greatly suppressed, and the silver predominantly
grows on the silica surface.

Controlling Silver Coating Morphology with Citrate: Chen
et al showed that citrate promotes colloidal stability during elec-
troless deposition by imparting the growing metal particles with
a negative surface charge [23]. We explored several surfactants
and capping agents in addition to citrate that have been reported
in the literature to modify the morphology of the silver nanoparti-
cles as outlined in a summary provided in the supplemental infor-
mation and Fig. S3. Our survey showed that citrate was the most
effective at stabilizing the silver-coated silica particles. Our survey
also indicated that the concentration of citrate was a key variable
to achieving the improved stability. In order to explore further
the effect of changing citrate concentration, we varied both the
Tollens’ reagent concentration (25 mM, 50 mM, 100 mM, and
200 mM) and citrate concentration (0, 0.05 mM, 0.5 mM,
2.5 mM, 5 mM, 50 mM) in the silver mirroring reaction. The result-
ing effect on the morphology is shown in Fig. 3. Citrate was directly
added to the glucose reducing solution before introduction of the
Tollens’ reagent. Without the addition of citrate, the coating mor-
phology appeared overgrown and the particles were significantly
bridged. In general, citrate had a dramatic influence on the mor-
phology observed over all concentrations of Tollens’ reagent tested.
By increasing the citrate concentration while holding the Tollens’
reagent concentration fixed, the coating morphology transitioned
from dense and uniform coatings of bridged particles to confor-
mally coated films and finally to sparsely coated raspberry parti-
cles at high citrate concentrations. The concentration of citrate
necessary to induce this transition increased with increasing Tol-
lens’ reagent concentration. The region where conformal, bridged
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Fig. 3. SEM images of silver-coated silica nanoparticles synthesized with varying concentrations of Tollens’ reagent and citrate concentration. The blue solid lines indicate
regions of bridged particles, while the red dashed lines indicate regions of raspberry particles. In between, the particles appear densely coated. Silica nanoparticles used for
[Tollens’] = 25 mM and [Citrate] = 50 mM reaction conditions were slightly larger due to batch-to-batch variation of the silica core size. Scale bar is 500 nm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

c. d.
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Fig. 4. (a) Silver mole fraction Xag = x55°/ (xﬁgs +xEPS) as a function of Tollens’
reagent concentration with the solid line approximating the estimated stoichio-
metric values. (b) Electrical resistance of particle thin films prepared by drop-
casting on interdigitated gold electrodes with 200 pm separation. The cut-off
between conductive and insulating particles occurs at approximately 0.48 silver
mole fraction as indicated by the vertical dashed line. Points above the break in the
y-axis are non-conductive. (c) Silver coating thickness t,, plotted as a function of
Tollens’ reagent concentration Cu, in the reacting solution and (d) tagvs. x,g. The
solid line in (d) indicates the theoretical thickness for a completely smooth and
conformal silver layer. Black filled markers represent bridged particles, grey filled
symbols represent conformally coated particles, and white filled markers represent
raspberry particles. The citrate concentration in mM is given in the legend.

coatings was observed is highlighted by the solid blue lines (upper
left) and the region of low-density raspberry particles is high-
lighted by the dashed red lines (lower right) in Fig. 3. In between
we observed densely packed silver deposits that conformally coat
the silica nanoparticles.

EDS measurements shown in Fig. 4a further define the morpho-
logical transition and quantify changes in the amount of silver
growth due to the addition of citrate. For Fig. 4a, the mole fraction
of silver x4z was calculated from EDS measurements using relative
silver and silica mole fractions. At least three representative
regions of the SEM images were averaged for each point. The mole
fraction is plotted against the Tollens’ reagent concentration for
each citrate concentration tested. Solid markers are used to repre-
sent conformal and bridged particles, while open symbols repre-
sent raspberry particles. The EDS results confirmed the trend
observed from SEM. In addition to modifying the particle morphol-
ogy and improving stability, increasing citrate concentration
resulted in less silver deposited on the silica surface. In contrast,
increasing the Tollens’ reagent concentration increased the amount
of silver deposited. Citrate’s inhibition of silver deposition
depended on the Tollens’ reagent concentration based on quantita-
tive comparisons of experimental to stoichiometric calculations
(dashed black line in Fig. 4a). The extent of inhibition increased
with increasing citrate concentration.

We performed thin-film electrical resistance measurements to
quantify the transition from raspberry to conformal silver coatings
as shown in Fig. 4b. Particles with uniform coverage exhibited high
conductivity, while raspberry particles were non-conductive. The
interconnectivity of the silver domains on the silica surface should
determine the ease with which electrons can transport between
those domains. Consistent with this expectation, raspberries



J.E. Chen et al./Journal of Colloid and Interface Science 576 (2020) 376-384 381

generally showed poor conduction. A sharp transition in conduc-
tivity is indicated by the vertical dashed line in Fig. 4b. This transi-
tion occurs at a silver mole fraction of approximately 0.48, which
also conveniently delineates the morphological transition from
raspberry to conformally coated particles as indicated by the
closed and open symbols. To understand the origin of this transi-
tion, we performed image analysis on representative SEM images
to obtain the apparent silver film thickness. The thickness of rasp-
berry particles was estimated based on the average of the apparent
particle diameter. Our analysis accounted for differences in silica
nanoparticle core size between samples due to batch-to-batch
variance. The results of this analysis are shown in Fig. 4c. In gen-
eral, the trend was very similar to that observed for the EDS results.
We observed that increasing the citrate concentration decreased
the coating thickness. We also saw that in the presence of citrate,
increasing the Tollens’ reagent concentration had only a weak
effect on the coating thickness except in the absence of citrate.
These results can be conveniently summarized by depicting the
relationship between the coating thickness and the silver molar
ratio as shown in Fig. 4d for all samples tested. For comparison,
the theoretical prediction for coating thickness calculated based
on the silver mole fraction determined by EDS is shown as a solid
line to Fig. 4d. This prediction agrees well with the qualitative
trend evident in the figure. However, it underpredicts the apparent
coating thickness at low surface coverages. An alternative model
can be formulated based on the assumption that the amount of sil-
ver measured using EDS was a result of an increased number den-
sity of uniformly sized particles. This model more closely aligned
with the raspberry morphology. The vertical dashed line in
Fig. 4d shown at a silver mole fraction of 0.48 corresponded to a
randomly close-packed monolayer of 25 nm silver spheres. This
was approximately the size of silver deposits measured using
SEM and was within error of the apparent coated silver thickness.
These quantitative predictions closely aligned with the qualitative
observations of Fig. 3 and conveniently demarcated the morpho-
logical transition from conformal to raspberry particles.
Absorbance spectroscopy is frequently used to characterize the
properties of metallic nanomaterials due to the presence of the
surface plasmon resonance. The plasmonic structure of the absor-
bance band is directly related to the metal geometry and is com-
plementary to the microstructural characterization in Fig. 4. We
therefore performed UV-Vis measurements on suspensions of
nanoparticles synthesized at 25 mM Tollens’ reagent concentration
as a function of the citrate concentration. The results are shown in

Fig. 5. UV-visible absorbance spectroscopy measurements performed on a 25 mM
Tollens’ reagent reaction in the presence of varying amounts of sodium citrate with
concentrations indicated in the legend. The black dashed line is the absorbance
from silica nanoparticles for reference.

Fig. 5. At high citrate concentration, we observed plasmonic fea-
tures consistent with that expected from discrete nanoparticles
with an absorbance peak centred at 409.5 nm. The synthesis with-
out citrate showed absorbance features consistent with continuous
metallic films. As the citrate concentration increased, the spectra
progressively blue-shifted. The peak positions are given in
Table S.1. This sequence of spectra aligned qualitatively with the
quantitative observations discussed in Fig. 4. It also demonstrates
that citrate induces a systematic shift in morphology consistent
with the observations made with SEM and EDS characterization
in Fig. 4. This trend is like that observed in Chen et al as a function
of reaction time [23].

4. Discussion

The results discussed above indicate the important role citrate
plays in controlling the morphology of silver coated silica nanopar-
ticles. However, the specific mechanism by which citrate acts to
facilitate these changes remains an open question. Citrate’s ability
to cap silver crystals to specific sizes is well known, but this
hypothesis alone cannot explain why stoichiometric deposition
of silver is not achieved. We expected that the reduction of the Tol-
lens’ reagent would proceed to completion with an excess of glu-
cose present. However, we observed a systematic decrease in the
amount of silver deposited on the silica particles upon addition
of citrate. One explanation is that citrate slows the rate of reaction.
If the reaction were slowed significantly, then the 30-minute time
interval we allowed for the reaction to occur could be insufficient
for the complete reduction of Tollens’ reagent.

To explore this possibility, we performed a series of otherwise
identical syntheses that we terminated at different times. The
results are shown in Fig. 6a and b. These reactions were terminated
by submerging the reaction vial in a mixture of dry ice and ethanol
and diluting the sample with cold water before imaging. It is
important to note that completely halting the reaction is difficult
as the reaction is rapid and thermodynamically favoured at room
temperature. Nonetheless, the progression of reaction states indi-
cated a sequence of events consistent with our experimental
expectations. The first reaction was performed in the absence of
citrate and is shown in Fig. 6a. Within 10 s of introducing glucose,
the initial silver seeds rapidly grew into large silver deposits on the
silica surface. The bridging of these silver deposits is apparent after
3 min of reaction and the film appearance remains relatively
unchanged from 3 min to our standard synthesis time of 30 min.
This indicates that without citrate, the reaction goes to completion
very rapidly and uniform films are readily formed. This is sup-
ported by the near stoichiometric conversion at the 0 mM citrate
condition shown in Fig. 4a where all reactions were performed
for a 30-minute duration.

When citrate is added, it was experimentally observed that the
reaction proceeds much more slowly as indicated by a slower col-
our change in the vial. To understand the evolution in the silver
deposits during this slower rate of reaction, we performed a similar
time-series experiment as in Fig. 6a but with a synthesis that con-
tained 50 mM citrate. The results are shown in Fig. 6b. We allowed
this reaction to proceed for a longer duration to test whether
slower kinetics alone can explain citrate’s role in modifying the sil-
ver coating morphology. In contrast to the synthesis performed
without citrate, the silver deposits remained as discrete particles
with only a modest increase in surface coverage after 90 min of
reaction. Even after 24 h of reaction, the films remained as discrete
raspberry particles without any sign of transition to conformal
coating. Therefore, while slower rates of reaction can account for
the lack of stoichiometric conversion of the Tollens’ reagent, the
morphology of the resulting particles shows a different sequence
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Fig. 6. (a) Different stages of silver growth for silver coated silica nanoparticles using 50 mM Tollens’ reagent without any citrate at 10 s, 30 s, 3 min, and 10 min. (b) Silver
growth using 25 mM Tollens’ reagent and 50 mM sodium citrate for 30 min, 90 min, and 24 h. (c¢) In-situ QCM mass studies of silver grown on quartz crystals with 25 mM

Tollens’ reagent and varying sodium citrate concentrations. Scale bar is 1 pm.

of states than that observed when citrate is absent. We can then
conclude that in addition to slowing the rate of reaction, citrate
suppressed the merger of discrete nanoparticles into conformal
films. We hypothesize that this is due to citrate’s role as a capping
agent. We test this hypothesis using X-Ray Diffraction (XRD) on
two syntheses, one carried out at 25 mM Tollens’ reagent with
no citrate and the second carried out at 25 mM Tollens’ regent with
50 mM citrate both with a duration of 30 min. The XRD spectra are
shown in the supplemental information in Fig. S4. The spectra
exhibit diffraction peaks that are identical to one another except
that the reaction carried out in the presence of citrate has smaller
crystallites than that carried out without citrate. The increased
peak width indicates a smaller crystal grain size that supports
citrate’s role as a capping agent for the silver deposits on the silica
surface.

To confirm the qualitative change in reaction rate observed for
the reactions in Fig. 6b, a thin-film QCM study was performed. The
results are shown in Fig. 6¢. The reaction conditions for the QCM
study consisted of 25 mM Tollens’ reagent with varying citrate
concentrations of 0 mM, 0.5 mM, and 50 mM. These reactions were
carried out after sensitization and activation of the QCM substrates
with the Tollens’ reagent. As seen in Fig. 6¢., increasing the citrate
concentration decreased the rate of silver deposition. We allowed
these experiments to continue for much longer durations and we
observe deposition continuing for several days. Films grown at
the 0.5 mM citrate condition resulted in the largest amount of
deposited silver, followed by conditions using 0 mM citrate then
50 mM citrate. The decreased amount of deposited silver for the
0 mM citrate condition can be explained by the formation of silver
nanoparticles in the bulk solution. This was not observed at any
other reaction condition in our thin-film studies. These observa-
tions from QCM further confirm that citrate modified the kinetics
of the reduction of the Tollens’ reagent to silver metal. This beha-
viour has been observed previously in the synthesis of silver
nanoparticles. Citrate is known to form relatively stable complexes
with positively charged Ag* and Ag®" ions and slows their conver-
sion to cationic silver clusters Ag3* that are precursors to silver

metal [28]. This can explain the need to increase the citrate con-
centration at higher Tollens’ reagent concentration - the more sil-
ver present, the more citrate is needed to maintain a consistent
reaction rate and thus deposited silver structure. These results
emphasize the important role that citrate plays in determining
the rate of reaction.

A key distinction between syntheses performed in the absence
of citrate and those in the presence of large amounts of citrate is
that the discrete particles do not appear to merge. If a reduced
reaction rate were the only contributing factor to the observed
morphological diversity in silver deposits, then we would still
anticipate that the discrete silver deposits would eventually grow
large enough and merge to form conformal films. Our results at
the 50 mM citrate condition suggest that this is not the case. These
observations combined with the XRD results confirm that citrate
plays a dual role in both reducing the rate of reduction of the Tol-
lens’ reagent and in inhibiting the fusion of distinct silver particles
on the silica surface. We believe it is the combination of these two
factors, (1) slower rate of reduction of the Tollens’ reagent and (2)
hindered fusion of discrete nanoparticles on the silica surface that
provide the morphological control that we demonstrate in this
work.

5. Conclusions

We have employed a modified silver mirroring reaction to
deposit silver onto the surface of silica nanoparticles. We demon-
strated that the modified synthesis procedure resulted in confor-
mally coated particles and that tin sensitization was a key step
to achieving this morphology. We also observed significant bridg-
ing of these conformally coated silica particles, which was miti-
gated upon the addition of citrate. Citrate had a dramatic effect
on both the silver morphology and kinetics of reaction, which we
thoroughly characterized with spectroscopy, electron microscopy,
and QCM. We used these results to understand the role of citrate
in mediating the silver coating morphology and we found that
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citrate caps and restricts silver growth while reducing the reaction
rate. Importantly, through proper selection of reaction conditions
we found that it was possible to form silver coated silica nanopar-
ticles that were electrically conductive and unbridged, which are
excellent candidates for applications in composites and electrical
devices. While this work focused mainly on the morphological con-
trol of silver deposits on spherical nanoparticles, the approaches
used here should be generalizable to any negatively charged sur-
face. Additionally, the use of citrate for this approach is particularly
relevant to applications that exploit the electrical and catalytic
properties of silver when it is deposited on nano-scale structures
as citrate can be subsequently removed.
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