JOURNAL OF

Synthesis and characterization of stable aqueous dispersions of silver
nanoparticles through the Tollens processt

Yadong Yin," Zhi-Yuan Li,” Ziyi Zhong,” Byron Gates,” Younan Xia*” and

Sagar Venkateswaran‘

“Department of Materials Science and Engineering, University of Washington, Seattle, WA

98195, USA

|SIE!J919V\I|

CHEMISTRY

bDepartment of Chemistry, University of Washington, Seattle, WA 98195, USA
“Peacock Laboratories, Inc., 54th Street and Paschall Ave., Philadelphia, PA 19143, USA

Received 17th August 2001, Accepted 15th November 2001
First published as an Advance Article on the web 18th January 2002

This paper describes a simple and convenient procedure based on the Tollens process for the preparation of
silver nanoparticles with a relatively narrow distribution in size. The starting reagents were similar to those
commonly used in the electroless deposition of silver. Only under appropriate conditions, mixing of these
reagents was able to generate stable aqueous dispersions of silver colloids rather than thin films of silver
deposited on the surfaces of objects immersed in the plating solution (including the interior surface of

the container). We have demonstrated the capability and feasibility of this approach by forming silver
nanoparticles with dimensions in the range of 20-50 nm. These silver nanoparticles could exist as very stable
dispersions in water, or as submonolayer coating on microscale colloids. We have also explored the use of light
scattering simulation to study the oxidation (by air) of these nanoparticles.

1. Introduction

Metal nanoparticles have been extensively investigated because
of their unique electronic and optical properties that are
substantially different from bulk materials.' A lot of effort has
been, in particular, devoted to the synthesis and characteriza-
tion of stable dispersions of nanoparticles made of silver, gold,
and other noble metals.? Part of the reason lies in the fact
that these colloidal particles are useful in a broad range of
areas, such as photography,’ catalysis,* biological labeling,’
photonics,® optoelectronics,” and surface-enhanced Raman
scattering (SERS) detection.® A number of methods have been
demonstrated in the past decades for preparing these nano-
particles; notable examples include condensation in the vapor
phase,® chemical reduction in the solution phase,'® photon- or
ultrasound-induced reduction in solutions or reverse micelles,'!
chemical vapor deposition (CVD) or electrostatic spraying on
solid substrates,'? and thermal decomposition of precursors in
solvents, sol-gel matrixes, and polymer films.'* The dispersions
of these nanoparticles usually display a very intense color due
to plasmon resonance absorption, which can be attributed to
the collective oscillation of conduction electrons that is induced
by an electromagnetic field."* It has been shown that the size,
morphology, stability, and properties (chemical or physical) of
these nanoparticles have a strong dependence on the specificity
of the preparation method and the experimental conditions."?

A rich variety of recipes are now available for producing
silver nanoparticles as stable, colloidal dispersions in water or
organic solvents.'® It was generally accepted that preparation
of discrete silver nanoparticles with well-defined shape and
well-controlled dimensions was more difficult than that of gold
nanoparticles due to the higher reactivity of silver compounds.
We have recently reexamined the potential of the Tollens
process in preparing silver nanoparticles. The main reaction

TElectronic supplementary information (ESI) available: photographs
of silver mirror, and of stable dispersions of silver nanoparticles from
mixing diluted silvering solutions under sonication at various times. See
http://www.rsc.org/suppdata/jm/b1/b107469¢/
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involved in this process has been long employed in the
electroless deposition of silver to generate reflective mirrors on
solid supports.!” These silvering solutions can be easily
prepared by following the recipes outlined in a book written
for amateur telescope makers.!” They can also be obtained
through a number of commercial sources.'® The fundamental
reaction involved in the Tollens process can be simplified as the
following:

Ag(NH3),"(aq) + RCHO(aq) — Ag(s) + RCOOH(aq) (1)

Both aldehydes and reducing sugars can be employed for this
process. The major difference between the present work and
previous studies is that our protocol based on the Tollens
process could provide a delay time of more than 5 min before
the reaction occurred. This delay ensured a complete mixing
of reactants, and the possibility of following the reaction using
the UV-visible absorption spectroscopic technique. Such a
relatively long period of initiation for the formation of silver
nanoparticles also made it possible to achieve a good control
over the particle size distribution. Without adding any
stabilizing reagent, the as-synthesized aqueous dispersions of
silver nanoparticles were found to be stable for at least one
year.

II. Experimental
Materials

One can follow a number of recipes to prepare the so-called
Tollens reagents—a set of solutions that are commonly
exploited to electrolessly deposit thin films of silver to be
used as mirrors or telescope coatings.'!” In this work, we have
selected a commercial kit (HE-300) that is marketed by
Peacock Laboratories, Inc. (Philadelphia, PA).'® Each silvering
kit comes as three separate aqueous solutions: (A4) silver
solution (silver nitrate); (B) activator solution (sodium
hydroxide); and (C) reducer solution (formaldehyde and
sorbitol). The silver solution contains 24-30% (by weight)
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silver nitrate and 28-34% ammonium hydroxide. The activator
solution contains 7-12% sodium hydroxide and 6-10%
ammonium hydroxide. The reducer solution contains 0.3%
formaldehyde and 27-33% sorbitol. The silver ions in solution
A will become reducible by solution C, only after they have
been activated by adding solution B.

Preparation of silver nanoparticles

A typical procedure is shown as the following: (i) a mixture of
solutions 4 and B was prepared by measuring 0.5 mL of the
concentrated silver solution A into 14 mL deionized water,
followed by the addition of 0.5mL of the concentrated
activator solution B. Caution: to avoid the formation of
explosive silver azide, do not mix concentrated silver solution
with concentrated activator solution. This solution was further
diluted to 300 mL and referred to as “SA4B’. (ii) 0.5 mL of the
concentrated reducer solution C was measured into a separate
container and diluted to 300 mL with deionized water, and this
solution was referred to as “SC’. (iij) 0.9 mL of the SAB
solution and the SC solution were mixed with 10 mL of water
in a vial that was immersed in a sonication bath. Silver
nanoparticles usually appeared in the solution after several
minutes to half an hour. The length of this period depends on
the reaction conditions such as concentrations of the reagents,
reaction atmosphere (air versus nitrogen), ratio between
different components, and temperature of the sonication
bath. The reaction rate increased with increasing concentra-
tions of reagents.

In all experiments, the reactions were carried out in a
sonication bath (Branson 1210, Danbury, CT). These reactions
could be completed within ~ 30 min after the first appearance
of light brown color. These aqueous dispersions of silver
nanoparticles were also very stable and no sedimentation
formed even after being stored for a period of one year.

Instrumentation

UV-Visible spectra were recorded with a 1 cm path length
quartz cell using an HP 8453 spectrophotometer. Deionized
water was used as the reference sample to take the “blank’
spectrum for all measurements. TEM measurements were
conducted on a JEM-1200 EX II electron microscope (JEOL,
Peabody, MA) with an accelerating voltage of 80 kV. TEM
samples were prepared by placing a drop of the colloidal
dispersion on a copper grid (Ted Pella, coated with amorphous
carbon). The samples involving intermediate products were
quenched with dry ice immediately after the solutions were
taken out of the reaction vessel and placed on TEM grids.

III. Results and discussions
Evolution of silver nanoparticles

The Tollens process has been used for many decades in the
electroless deposition of silver mirrors by forming a thin film of
silver on the surface of an object. When the activated silver
solution S4B was directly mixed with the reducer solution SC
in a glass vial, a shiny mirror formed on the inside of the vial
within a few minutes. The solution contained some black
precipitates which were characterized as aggregates of micro-
scale silver particles with irregular morphologies. However,
stable dispersions of silver nanoparticles, rather than thin films,
could be obtained under sonication when the concentrations of
reactants were reduced as described in the experimental section.
For a wide range of reaction conditions, the solution went from
clear and colorless at the time of mixing, through light brown,
brown, to yellow-green. The final products were transparent
dispersions of silver colloids with a bright yellow tint. As an
advantage of the present method, the appearance of the first
color change did not occur until all the reagents had been

mixed and sonicated for a relatively long period of time
(usually, several minutes to half an hour). All reactants can,
therefore, be thoroughly mixed before reacting with each other.
As a result, one can ensure that the reaction began and
proceeded in a homogeneous and well-characterized environ-
ment, and the final product (silver nanoparticles) had a
relatively narrow distribution in size. We believe the yellow-
green stage involves a mixture of both brown and bright
yellow. The transition from brown to bright yellow was
relatively fast: usually within 1-2 min. Zukoski et al also
reported a similar color transition for their studies on the
formation mechanism and aggregation behavior of silver
nanoparticles prepared by reducing a silver perchlorate
solution with borohydride. 19 Unfortunately, the initial reaction
of their system was so fast (less than 0.5 s) that they were unable
to unambiguously resolve the transition from colorless to
brown. Because the reactants were not completely mixed, they
also had difficulties in obtaining reproducible results.

We note that ultrasound has been successfully used by a
number of research groups to initiate new reactions or to
synthesize novel materials.?’ As the ultrasonic sound waves
radiate through a solution, they may cause alternating high and
low pressures in the solution. During the low-pressure stage,
millions of microscopic bubbles can nucleate and grow. This
process is called acoustic cavitation. During the high-pressure
process, these bubbles collapse, or ‘“‘implode’, releasing
enormous amounts of energy. As a result, extremely high
temperatures and pressures are generated at the center of the
collapsed bubbles. These conditions often lead to enhanced
chemical reactivities. Although the intensity of the ultrasound
we used in the present work is not very strong, we found that it
might also have some accelerating effects on the formation of
silver nanoparticles. The reaction performed under magnetic
stirring was much slower than that carried out under
sonication. In addition, the yield of the product under magnetic
stirring was much lower as compared to the reactions initiated
using sonication. Both of these observations were consistent
with the fact that cavitation could greatly increase the
nucleation rate by providing nucleation sites and forming a
large number of seeds by breaking down the aggregates. Once
the reaction had been initiated (with the appearance of a light
brown color), the reaction vessel could be taken out from the
sonication bath for continued growth of silver nanoparticles.
The sonication may also have the effect of homogenizing the
solution and maintaining a more uniform concentration profile
than is possible with mechanical stirring. Therefore, a steady
growth of the silver nanoparticles within this environment
could produce relatively monodisperse samples.

In situ studies of the reaction

The homogeneity in the initial mixture of reactants also made it
possible to follow the formation and evolution of silver
nanoparticles in situ through UV-Vis absorption spectroscopy
and transmission electron microscopy (TEM) methods. Fig. 1
shows some typical UV-Vis spectra of the solution after the
reactants had been mixed and sonicated under an atmosphere
of air for different periods of time at 27 °C. In this case, the
color of the solution started to change from colorless to light
brown after the reaction had proceeded for ~ 15 min. This
change in color suggests the formation of silver nanoparticles in
the solution. Fig. 2A gives a TEM image of the sample taken
from the solution at this stage. This TEM image indicates that
only a very small amount of silver nanoparticles had formed up
to this point, and the system seemed to be relatively unstable
because the quasi-spherical particles exhibited a heterogeneous
distribution in size. As the reaction proceeded (15-27 min), the
brown color intensified, and the absorption also increased
slightly at all wavelengths. The appearance of a brown color is
largely due to the absorption in the long wavelength range
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Fig.1 (A) The UV-Vis absorption spectra taken from a reaction
solution after the reactants had been mixed and sonicated in air at 27 °C
for different periods of time. (B) A plot of the intensity of the plasmon
peak against reaction time.

(500-800 nm). A typical TEM image of the silver particles
formed during this period is shown in Fig. 2B. Compared with
Fig. 2A, it is clear that most of the silver particles had
significantly increased in size and the morphology had changed
from quasi-spherical to highly irregular shapes. At this stage,
the silver nanoparticles largely existed as aggregates. Some
small particles (< 10 nm) could still be observed in this sample,
which were probably formed via a second round of nucleation.
After the reaction had proceeded for ~29 min, the intensity of
the brown color reached its maximum. Although a few particles
still remained as aggregates, most of them were discrete
units exhibiting distinctive crystalline facets. As the reaction
proceeded further, the intensity of the surface plasmon peak at
~410 nm increased again while the absorption at wavelengths
longer than 600 nm was essentially unchanged. At this point, a
green color formed in the solution, giving the solution a yellow-
green appearance. After the reaction had proceeded for
~33 min, the solution exhibited a bright, transparent yellow
coloration, which was stable with time. The intensity of the
surface plasmon peak increased to its maximum value, and this
value remained constant for at least 4-5 months. This sharp
plasmon peak (with a full width at half maximum of ~ 80 nm)
indicates a very narrow distribution in the particle size. We also
noted that the absorbance at wavelengths longer than 450 nm
decreased slightly between 29 and 33 min, indicating a reduc-
tion in the particle size (probably from aggregates to discrete
particles) in the solution. Again, our TEM observation is
consistent with the UV-Vis spectroscopic measurements.
As illustrated in Fig. 2C, the final product mainly consisted
of individual nanoparticles of silver. Almost no aggregates of
silver nanoparticles were observed.

In comparison with the TEM images reported by Heard
et al,?' we could conclude that the silver nanoparticles
synthesized using the present approach were a mixture of
strongly faceted “multiple twinned particles’ (MTPs, the
majority) and single crystalline particles with triangular
projection (as indicated by an arrow in Fig. 2C). The inset of
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Fig. 2 The TEM images of silver nanoparticles that were sampled from
the reaction solution shown in Fig. 1 after the reagents had been mixed
and sonicated at 27 °C for (A) 15, (B) 27, and (C) 33 min, respectively.
Silver nanoparticles with a broad distribution in size started to form at
15 min, and aggregated into irregular structures thereafter. Silver
nanoparticles with distinctive crystalline facets were obtained after the
reaction had proceeded for ~33 min. The inset shows the electron
microdiffraction pattern of a single crystalline silver nanoparticle
(as indicated by an arrow).

Fig. 2C gives an electron microdiffraction pattern of the single
crystalline silver nanoparticle. Analyzing the diffraction
pattern suggested an fcc crystal structure with a lattice constant
of a =4.073A, which was in good agreement with the
reported data (¢ = 4.086 A, Joint Committee on Powder
Diffraction Studies File No. 4-0783). Based on the data
shown in Fig. 1 and 2, we could also conclude that the silver
nanoparticles went through a decrease in size by more than one
order of magnitude during the course of reaction. A similar
observation for the formation of silver or gold nanoparticles
using other chemical methods was also reported in litera-
ture.”*? According to their proposed mechanism, the nano-
particles were formed first in the solution and subsequently
aggregated into large particles due to the -electrostatic
attraction. At the end of reaction, a change in the electrostatic
condition led to a breakdown (similar to the Ostwald ripening



of a liquid jet) and redispersion of the nanoparticles as discrete
objects. Fig. 1B gives a plot of the intensity of plasmon peak
against reaction time. It clearly indicates a threshold time of
~ 15 min, within which essentially no silver nuclei were formed.
In this case, the intensity of the plasmon peak reached a plateau
after the reaction has proceeded for ~33 min, indicating
the formation of a stable aqueous dispersion of silver nano-
particles.

Dependence of the reaction on temperature

We found that the formation and growth of silver nanopar-
ticles was very sensitive to the temperature of the sonication
bath. It took less time for the reaction to start and finish when
the temperature was increased. This observation was in good
agreement with the classical chemical kinetics. Fig. 3 shows
TEM images of silver nanoparticles prepared under nitrogen at
three slightly different temperatures: 27, 30 and 35°C. The

— 50 nm

Fig. 3 The TEM images of silver nanoparticles that were obtained as
the final products when the reactions were carried out under nitrogen at
(A) 27, (B) 30, and (C) 35 °C, respectively. The mean size of these silver
nanoparticles changed from ~20, to ~30 and ~40nm when the
temperature was raised.

color of the reaction solution started to change at ~15, ~ 10,
~5.5min, respectively. Although all these products were
mixtures of discrete single crystalline and twinned particles
exhibiting a similar morphology, the particle size changed from
~20, to ~30 and ~40 nm when the temperature was raised.
We believe that the frequency of collision between the small
particles increased as the temperature was raised, and thus led
to the formation of larger particles. In their studies of silver
nanoparticles grown via aggregation mechanism, Zukoski et al.
also found that the growth rate of silver nanoparticle increased
significantly with increasing reaction temperature.”* They
explained the temperature dependence of the particle size by
pointing out that at the end of the intermediate stage the
surface potential of silver particles decreased as the reaction
temperature increased. At low temperatures, the aggregation
rate was low because of a strong electrostatic repulsion
(as caused by the high surface potential of the particles). As
the temperature was increased, the surface potential dropped
and resulted in a weaker repulsion and thus a higher growth
rate. Based on this argument, small particles could only be
stabilized at relatively low temperatures.

Dependence of the reaction on atmosphere

We also found that the light scattering spectra of silver
nanoparticles were highly sensitive to the reaction atmosphere.
Fig. 4 shows the UV-Vis absorption spectra taken from three
dispersions of silver nanoparticles prepared in different
environments: with nitrogen bubbling, under an atmosphere
of air without bubbling, and with bubbling of air. The surface
plasmon peaks red-shifted (with a significant reduction in the
intensity) when the reaction environment became more
oxidative. We believe this shift resulted from the formation
of an ultrathin layer of silver oxide (Ag,O) on the surface of
each silver nanoparticle.’* To further address this issue, we
simulated the absorption spectra using the classical electro-
dynamic model developed for core-shell nanoparticles.’
Because the dimensions of the silver nanoparticles are far
smaller than the wavelength of illumination light, the absorp-
tion coefficient can be written as:?®

0 = (4nr’ng/32)[(e2 — eo)(er + 2¢2) + fler — &x)(e0 + 2e2))
[(e2 + 2e0)(e1 + 2¢2) + f(2e2 — 2e0)(e1 — &2)] (2)

Here r is the radius of the silver nanoparticles (assumed as
spheres) covered by Ag,O layers, ny is the refractive index of
water, &g, &1, and &, are relative permittivities of water, silver,
and Ag,0, respectively. The value f is the volume fraction
occupied by the silver core: f = (r1/r)°, where ry is the radius of
inner core of silver.

As shown in Fig. 5, there exists a strong dispersion in the
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Fig. 4 The UV-Vis absorption spectra of three different samples of
silver nanoparticles prepared at 27 °C under various environments: a
continuous flow of nitrogen, ambient atmosphere, and a flow of air,
respectively.
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Fig. 5 Dispersion curves for the refractive indices of silver and silver
oxide. The real and imaginary parts of the refractive index are labeled
as n; and n,, respectively. The dielectric constant could be calculated
from the refractive index by ¢ = (n, + in;)>.

dielectric functions of silver and silver oxide.>” To quantita-
tively determine the absorption coefficient of Ag-Ag,O core—
shell particles, we only used the experimentally measured
values of the dielectric functions for these two materials as ¢,
and & in eqn. (2). The evolution of silver oxide was followed by
comparing the absorption curves for core-shell nanoparticles
with varying amounts of oxidation. In the simulation, we also
assumed that the thickness of the Ag,O film (Ar) is equivalent
to the thickness of silver being oxidized (i.e., Ar = r — ry), with
the initial radius of silver nanoparticles set at 20 nm. A plot
of the absorption curves for four different oxidation levels
(normalized as Ar/r) is shown in Fig. 6. As oxidation pro-
ceeded, the plasmon peak was reduced greatly in intensity,
with its position red-shifted from 396 to 432 nm for oxidation
levels up to 5.9%. Simultaneously, the width of the plasmon
peak increased, and a small peak developed (at ~360 nm) as
the shoulder of the principal peak. Fig. 7 summarizes the
dependence of the plasmon peak on the oxidation percentage.
Both curves could be potentially employed to study the
oxidation kinetics of silver nanoparticles.

The experimental results shown in Fig. 4 correlated well with
the simulation studies. Under the nitrogen bubbling condition,
the plasmon peak was centered at 398 nm, corresponding to
silver nanoparticles of 20 nm in radius with no oxidation layers
on their surfaces. This observation suggests that the nitrogen
flow could effectively protect the silver surface from oxidation
by the oxygen in air. As the fraction of oxygen in the sur-
rounding environment increased, the plasmon peak continu-
ously red-shifted from 398 nm through 417 nm under an
atmosphere of air (without bubbling) to 431 nm under a
constant flow of air. The peak intensity also decreased
significantly by more than 30%, which was in agreement with
the simulation results shown in Fig. 6. The oxidation of the
surfaces of silver nanoparticles might also be responsible for

0.301
5 0.254 Ar/r=0.00
Qo 1
% 0.20
[e] 4
© 0.151 Ar/r = 0,02
o 1 Ar/r = 0.04
*g 0.10 -
£ 0.054 Ar/r = 0.059
| ]

0.001

200 300 400 500 600 700 800

Wavelength (nm)

Fig. 6 The absorption coefficients of silver nanoparticles calculated for
four different oxidation percentages, with Ar/r being 0.0, 0.02, 0.04, and
0.059, respectively. Here Ar represents the thickness of silver oxide, and
r the radius of silver nanoparticles before oxidation.
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Fig. 7 A plot of the calculated position and intensity of the plasmon
peak versus the oxidation percentage. Such a monotonous dependence
could be employed to monitor the oxidation process (including
kinetics) using the absorption spectroscopic method.

the broadening of the surface plasmon band, especially with the
appearance of a shoulder peak around 350 nm: when the
reaction was carried out under the protection of nitrogen gas,
the experimental results showed no peak around 350 nm. In
comparison, an obvious shoulder developed at this position
when prepared under a flow of air. This observation is also
consistent with the simulation results shown in Fig. 6.

Silver nanoparticles coated on microspheres

To further demonstrate the capability and versatility of this
synthetic approach, silver nanoparticles were also prepared
using a similar procedure as coatings on silica or polystyrene
microspheres. Previous studies have indicated that such hybrid
materials may have a range of applications in developing
nonlinear optical devices, electrostatic shielding coatings, and
supported catalysts.”® When aqueous dispersions of silica or
polystyrene microspheres were added to a mixture of diluted
SAB and SC solutions, the silver nanoparticles were formed as
decorative coatings on the surfaces of the microspheres, rather
than as suspended objects in water. The microspheres coated
with silver particles were collected by centrifugation and
washed with deionized water. Fig. 8 shows the TEM image of a
typical sample: 100 nm silica microspheres whose surfaces had

—100 nm

Fig. 8 TEM image of 100 nm silica beads whose surfaces had been
coated with submonolayers of silver nanoparticles that were ~20 nm in
diameter.



been coated with silver nanoparticles. It can be clearly seen that
the silver nanoparticles were homogeneously immobilized as
discrete units on the surfaces of these silica bead. The size of the
silver nanoparticles and their dispersion density on the surface
of a microsphere could be easily controlled by changing the
concentration of the silvering solutions.

IV. Conclusions

We have demonstrated a simple, convenient, and easy-to-
control procedure for preparing silver nanoparticles with
narrow size distributions in the range of 20-50 nm. These
silver particles could be easily prepared either as stable aqueous
dispersions or as decorative coatings on microspheres. The
UV-Vis and TEM measurements indicate that the formation of
these silver nanoparticles involved at least three distinctive
stages: (1) nucleation, (2) growth and aggregation, and (3)
Ostwald ripening of aggregates into discrete particles with a
uniform size. Theoretical calculations were used to resolve the
influence of surface oxidation on the absorption spectra of
silver nanoparticles. We believe this method can be easily
scaled up for the production of large volumes of silver
nanoparticles since the reactants can be evenly mixed before
precipitation takes place. As we have demonstrated, these
aqueous dispersions of silver nanoparticles could be stored as
long as for one year without observation of aggregates or
sedimentation, which should make them particularly well-
suited for industrial applications.
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