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Size of Elementary Clusters in Silver Nanoparticle Formation
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1. Introduction

Silver and gold metal nanoparticles can be sintered on
polymer films [1-4] and even paper [5] due to melting point
depression and size effects [1,2.4.6], and thus have attracted

much attention in electro-conductive metallic inks for

printed electronics [2.4.7.8]. Practical applications would
require specific particle size distributions to enable fabrica-
tion of closely-packed layers of nanoparticles rather than
monodispersed nanoparticles [1.4]. Therefore, a better un-
derstanding of the formation mechanism of noble metal
nanoparticles is needed to prepare desired diameter and size
distribution formulations. Classical growth models state that
particles are formed by means of monomer addition after a
discrete nucleation period [9], while recent studies show
that silver and gold nanoparticles are formed via a complex
pathway including a broad nucleation period with simulta-
neous particle growth period [10-14]. Generally. it can be
considered that a cluster consisting of several atoms rather
than a single atom acts as an elementary species that deter-
mine monomer addition and particle growth. Silver and
gold metal clusters along with the full-shell clusters, in
which a central atom is surrounded by shells of atoms to
form an icosahedron. are thought to be thermodynamically
stable [ 15]. and the cluster sizes of the first- and second-full
-shell clusters, Agi; and Agss are estimated to be 0.7 and 1.2

nm [16,17], respectively. The existence of the Agi; cluster,
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however, has not been clarified in previous literature unlike
Auis clusters [15,18]. although its attractive magnetic prop-
erties have been widely discussed with the help of computa-
tional science [19].

Small angle X-ray scattering (SAXS) could be an effec-
tive technique to evaluate in situ size distribution of nano-
particles, because it has the potential to statistically process
a very large number of particles [12.20-22]. Previous stud-
ies, however, have not clearly established the size of ele-
mentary silver clusters, because the determination of this
size would require in situ observation at an extremely high
time resolution (ca. a few ms). Detailed discussion of the
formation mechanism with SAXS would also require a spe-
cialized apparatus rather than under batch-type conditions
to completely fix the onset of the formation of all particles.
In this work., we have used a custom-fabricated one-
direction-of-tlow reactor cell to obtain in situ SAXS curves
at high time resolutions of 0.18 ms, which is three orders of
magnitude higher than those used in previous studies (ca.
100 ms) [12.,20]. By analyzing the time dependence of
SAXS curves in situ for silver nitrate solutions that are re-
acted with reducing solutions containing trisodium citrate
[23.24] as a weak dispersant. we discuss fine details of the
sizes of the elementary clusters forming and the mechanism

of silver nanoparticles formation in aqueous system.

2. Experimental

Conventional chemical reduction in an aqueous system

was used for the examination of the formation of silver
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nanoparticles. A one-direction-of-flow reactor cell, made of
poly (methyl methacrylate) resin equipped with thin poly-
imide film windows and with two injection flow channels
enabled mixing of two influent solutions and a single effi-
cient flow channel. Silver ion solution was mixed with a re-
ducing solution and fed at equal flow rates, 120 mL min™',
into a mixing point to allow mixing under turbulent flow
conditions. The SAXS measurements were carried out at
the BLO8B2 beamline in SPring-8 synchrotron radiation fa-
cility in Japan. The reactor cell was set on a vertically mov-
able stage to control the X-ray irradiation position axially
from the mixing point. For the mixing point defined as the
point of origin, O ms reaction time, a distance of lmm along
the reactor cell corresponded to a reaction time of 0.393 ms
based on the given flow rate. A maximum time resolution of
0.18 ms was possible for a vertical beam size of 0.23 mm.
The two-dimensional scattering images detected on the X-
ray imaging plate were converted to one-dimensional scat-
tering curves giving the scattering vector (¢) dependence of
scattering intensities by azimuthal integration and subtrac-
tion of each scattering curve of the solution including all
chemicals except for the silver ions. The size distribution of
the silver nanoparticles and clusters was determined by

curve fitting with a gamma distribution function [25].

3. Results and discussion

The time dependence of the scattering intensities of the
SAXS curves, that of the particle size distributions fitted
with the intensities, and analysis of the time dependence of
the nanoparticles and clusters are shown in Figure 1. The
drop in the scattering intensities at ¢ lower than around
0.025 A" in all curves (Figure la) was due to shielding of
the beam stopper, so these areas can be excluded from dis-
cussion.

The scattering curves were almost flat and constant at re-
action times of 0 and 0.39 ms. This means that the ¢ ranges
may not reach the Porod region because particles are too
small or absent at the given reaction times. Curve fittings at
short reaction times of 0 and 0.39 ms had high uncertainties
and are not displayed. In the induction period, the reduction
process from Ag® ions to Ag" atoms are most likely taking
place. but the nucleation has not been initiated. Still. even at
this high time resolution, it was not possible to describe the
progress of the reduction process completely with the
SAXS measurements.

The scattering curves appeared distinct rising in the
slopeover 0.59 ms. Curves at reaction times greater than
0.59 ms could be well fitted throughout the whole ¢ range.

It is probable that there is a trigger for the onset of nuclea-
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Figure 1. Time dependence of silver clusters and
nanoparticles formation. a) Small angle X-ray scatter-
ing (SAXS) curves measured in the custom-fabricated
one-direction-of-flow reactor cell. b) Particle size distri-
bution fitted with the SAXS curves. ¢) Time depend-
ence of peak diameter (solid circles) and the particle
diameters at volume fractions of 10% and 90% (error
bars). Proposed periods of silver nanoparticle forma-
tion process are overlaid. Dashed lines show power
approximation fits to help distinguish growth rate peri-
ods.

tion of silver clusters and nanoparticles between the 0.39
and 0.59 ms, and the onset becomes clear at 0.59 ms.

At 0.59 and 0.79 ms reaction times, when nucleation had
started according to the increase in the particle sizes. the
peak diameters were 0.58 and 0.71 nm, respectively, indi-
cating that the nucleation of Ag: clusters corresponding to
0.7nm in diameter predominated at the 0.59 and 0.79 ms re-
action times. On the other hand, the observed larger diame-
ters in the size distributions at 0.59 and 0.79 ms. namely,
over 10nm, are evidence that the growth of silver nanoparti-
cles had started along with the nucleation. This nucleation-
dominant formation period, in which Agi: clusters were nu-
cleated and consumed in the simultaneous formation and
growth of silver nanoparticles, was almost certainly not
continuing at 0.98 ms, as shown by volume fractions that
were approximate 0.7 nm in size and considerably decreas-
ing with reaction time. Although the limited experiments
performed in this study prevent quantitative discussion on
whether all silver atoms went through Agis clusters, the par-

ticle size distributions show that Ag:s clusters are the domi-
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nant species during the nucleation-dominant formation pe-
riod.

The distinct change in the particle size distributions ap-
peared as abrupt increases of the peak diameters at and later
than the reaction time of 0.98 ms. The peak diameters of the
silver nanoparticles increased from 0.71 to 3.36 nm at reac-
tion times between 0.79 and 0.98 ms, and the 10%volume
fraction of particles was 1.82 nm at 0.98 ms, suggesting that
Agiz clusters were depleted at 0.98 ms. The nucleation of
Agis clusters seemed to be complete terminated at 0.98 ms.
and the growth of silver nanoparticles predominated after
0.98 ms. The main process in this growth period is most
likely coalescence among smaller silver nanoparticles,
which were formed mainly by agglomeration of Agis clus-
ters during the previous nucleation-dominant formation pe-
riod. Alternatively, there is the possibility that silver nano-
particles grew continuously by the addition of silver atoms
reduced in the early period on Agis clusters. In that case, sil-
ver nanoparticle formation would grow via Agss clusters,
which are the next full-shell clusters and 1.2 nm in diame-
ter. However, the fraction of particles having diameters of
around 1.2 nm was not dominant during a period between
0.79 and 0.98 ms. Although it is not possible to completely
ignore the possible presence and contribution of Agss clus-
ters in the particle formation process since a small volume
fraction of particles around 1.2 nm in diameter does exist,
the silver atoms reduced can be assumed to preferentially
take part in the immediate nucleation of Ags clusters rather
than remaining as is for an extended period awaiting con-
sumption in the formation of Agss clusters. Therefore, it can
be hypothesized that silver nanoparticles grow mainly via
Agis clusters rather than clusters in other sizes. Namely,
Ag,s clusters play an important role as an elementary cluster
in the formation of the silver nanoparticles.

The peak diameters gradually increased from 3.36 nm at
0.98 ms to 6.95 nm at 3.93 ms. where larger particles were
over 20 nm in diameter, and at the reaction time of 5.89 ms,
the peak diameters showed only a slight increase (Figure |
¢).This means that the growth process was substantially
complete at 3.93 ms. At 3.93 and 5.89 ms, 90% of the vol-
ume fraction was over 3 nm. Particle growth is terminated
by the consumption of silver nanoparticles smaller than
around 3 nm in diameter, which have relatively high surface
activity. The particle size distribution narrowed slightly at
5.89 ms. compared with that at 3.93 ms, which may be at-
tributed to a relaxation or rearrangement of transient aggre-
gated larger particles during this relaxation period after 3.93
ms, and not to a recrystallization of smaller particles by
“size distribution focusing™ [11] or Ostwald ripening
[13.14], because the process occurred during a short dura-

tion of around 2 ms. Further elucidation of the relaxation

process requires additional experiments and a greater num-
ber of data.

The formation of silver nanoparticles. which were
formed in an aqueous system, proceeded during a very short
reaction time of around 6 ms and seemed to consist of four
distinct periods as proposed in Figure 1¢ and shown sche-
matically as a formation mechanism in Figure 2. After a
short induction period. in which silver ions are reduced,
Agis clusters are actively formed. and subsequently small
silver nanoparticles are formed mainly by agglomeration
among Agis clusters (nucleation-dominant formation pe-
riod). The formation of silver nanoparticles seemed to have
no discrete nucleation period according to the time-scales
and methods used in this work. The Agis clusters were prac-
tically consumed during the nucleation-dominant formation
period. Particle growth occurs by coalescence and aggrega-
tion among the small silver nanoparticles resulting in larger
silver nanoparticles (growth period). Finally, the growth
stage is complete with the consumption of all small silver
nanoparticles, and as a final process. the transient aggre-
gated particles relax to increase the particle size slightly. In
this stage, the particle size distribution narrows (relaxation

period).
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Figure 2. Proposed formation mechanism of silver
nanoparticles via Agi clusters. Silver nanoparticles
are formed through: 1) Induction period, in which Ag*
ions were reduced to Ag® atoms; Il) Nucleation-
dominant formation period, in which Agss clusters are
nucleated and simultaneously consumed for Ag nano-
particle formation; Ill) Growth period, in which larger
Ag nanoparticles are formed by coalescence and ag-
gregation among smaller Ag nanoparticles; V) Re-
laxation period, in which particle size distribution
slightly narrows by relaxation or rearrangement of
transient aggregated particles.
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4. Conclusion

The formation of silver nanoparticles has no discrete nu-
cleation period according to the time-scale and methods
used in this work. The SAXS results here show that silver
nanoparticles are formed via four distinct periods within 6
ms, and that the diameter of the silver nanoparticles in-
creases mainly via an approximately 0.7 nm cluster corre-
sponding to the size of a Agi: cluster. Agi: clusters play an
important role as an elementary cluster in the formation of

silver nanoparticles.
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