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Synthesis of silver particles with controlled morphologies enables their use in a variety of applications. Although several
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synthetic approaches have been developed to successfully modify the final particle shape, the underlying mechanism

controlling the shape development is yet under extensive debate including the so-called classical and nonclassical theories

of crystal growth. Here we explore the variation of silver morphologies as a function of reactant concentrations and pH,

during reduction of silver nitrate with ascorbic acid in aqueous solutions. It was shown that enhancing the redox potential

in solution via increasing the reductant concentration resulted in a stepwise change in morphology from polyhedral to

hopper and dendritic particles, whereas the reverse order was observed when the redox reaction was repressed by

decreasing the solution pH. Spherulites were obtained under very high driving force that was satisfied via either high

precursor concentrations or high pH. Our results demonstrate the strong correlation of particle morphology with solution

supersaturation, which was elucidated within the framework of crystallographic and non-crystallographic branching

mechanisms for the formation of dendrites and polycrystalline spherulites, respectively.

Introduction

Synthesis of crystalline silver particles with diverse
morphologies in both nano- and micro-scale has received
increased attention in recent years due to their unique
properties and important potential applications in various
fields, such as catalysis?, silicon solar cells?, surface enhanced
Raman spectroscopy3, self-cleaning films*, and antibacterial
materials.> For many of these applications, morphology control
has been pivotal due to its strong implications on the
of the silver particles. synthetic
approaches have been developed to successfully modify the
final particle shape, however, the underlying mechanism
controlling the shape development is yet to be fully
understood.®

characteristics Several

Controlling the morphology of crystalline particles requires a
clear understanding of the fundamental growth mechanism.
Currently, the so-called classical and non-classical concepts of
crystal growth coexists in literature to explain the formation of
and  polycrystalline  particles, and complex
morphologies.” In the classical picture, crystals grow by
continuous addition of monomeric growth units from the
solution to the solid crystal lattice, and the thermodynamic
driving force, i.e. supersaturation, determines the growth

mono-
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mechanism with implications on final morphology. The non-
classical theories have emerged to explain the formation of
crystalline particles with nanosized surface features and
complex morphologies, and typically attribute the size
enlargement of the particles to aggregation or assembly of
nano-sized primary crystals.®

Numerous studies have been performed on the production of
crystalline silver particles by reducing silver ions to their
elemental state, and both classical and nonclassical crystal
growth mechanisms have been proposed to explain their
formation. One of the early attempts on a nonclassical
interpretation is the well-known nano-aggregation mechanism
which was proposed by Matijevi¢ as the underlying mechanism
for various monodispersed mineral colloids due to the
observation of their spherical shape and polycrystallinity.® 10
This mechanism was explained by initial formation of irregular
nano-sized primary particles due to diffusional growth of crystal
nuclei and then their aggregation to form final secondary large
particles, and has been frequently used to explain the formation
of polycrystalline, spherical silver particles in the literature. 11-
16 Later, Penn and Banfield proposed the oriented attachment
mechanism as an alternative enlargement path for nano-sized
crystals, where the adjacent particles share a common
crystallographic orientation by spontaneous self-organization
and assemble together in a planar interface.”> 18 The driving
force for this process is to decrease the overall free energy by
eliminating the surface energy relevant to the unsatisfied bonds
between these particles. It is proposed that when the oriented
attachment is not perfect, dislocations generate even though
the initial nuclei are defect-free.1® For silver particles, previous
work suggested that spherulites were formed by random nano-



aggregation, while dendrites and sheet-like!, rosette-like3,
polyhedral4, flower-like2°, and 3D flower-like superstructures2?
were formed by oriented attachment of minute primary
particles. Stimulated by Forrest and Witten’s work, which
demonstrated the formation of fractal aggregates of small
metal particles in dense gas, Witten and Sander introduced the
diffusion-limited aggregation (DLA) model in 1981.22. 23 The DLA
model is a computer simulation model describing how particles
are added from long-range distance, one at a time, to the
growing cluster through random pathways, and finally stick
together to form fractal aggregates. Lately, several studies have
used this model to explain the formation of silver dendrites by
proposing that small silver particles/clusters were formed first,
and then diffused to the growing structure and stuck together
when they contacted each other to form silver dendritic
particles.2*-28 Mesocrystals, which was proposed by Colfen et al.
in the field of biomineralization?®, were defined as highly
ordered superstructures of nanoparticles for both
monocrystallline and polycrystalline materials. Their proposed
formation pathway includes nano-sized primary particles that
go through mesoscale assembly with crystallographic co-
orientation to produce mesocrystals30. Fang et al. proposed this
mechanism for the formation of a variety of silver crystal
morphologies, such as plate-like structures3!, dendrites3?,
spherulites33, mesocages34 and mesocubes3® by either aqueous
crystallization or a sacrificial template method.

Meanwhile, same observations that led to the non-classical
hypotheses are elucidated within the classical models by
extending the fundamental approach of classical theory to
explain the formation of dendritic and spherulitic morphologies
along with polyhedral crystals. According to the classical theory
of crystal growth, by adjusting the level of the crystallization
driving force (supersaturation), different growth mechanisms
can be evoked, as a result of which the particle morphologies
change from polyhedral to hopper, dendritic and spherulitic
particles, as shown schematically in Figure 1.3% At low to
moderate supersaturation levels, growth is controlled by the
incorporation of monomers into the crystal lattice by surface
reactions that results in polyhedral crystals with smooth faces.3?
At high levels of supersaturation, the monomer integration rate
increases with extensive surface nucleation and the growth
mode changes from an integration-controlled to a diffusion-
controlled mechanism. Inhomogeneities in the diffusion field
around the crystal and differences in the relative growth rates
of individual crystal faces result in formation of hopper crystals,
and further crystallographic branching that forms dendrites.
Previous work on silver particles synthesized via solution-based
chemical reduction and electrochemical processes showed
shifting morphologies from polyhedrals to dendrites with the
corresponding changes in the growth regime.38 39 |t has been
well-documented that the anisotropic interfacial properties and
inhomogeneous diffusion fields around the crystals lead to
dendritic growth.4042 Haxhimali et al. demonstrated both
computationally and experimentally that the range of possible
dendrite growth directions can vary continuously between
different crystallographic directions as a function of the
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composition-dependent anisotropy parameters such as
interfacial energy and stiffness of the crystal faces, and clarified
the richer morphological diversity of the resulting dendritic
structures than previously anticipated.*® At vyet higher
supersaturation levels, surface nucleation at the growth front is
no longer crystallographic, which means the freshly formed sub-
individuals show different lattice orientations with respect to
the parent branch, as compared to the crystallographic
branching of dendrites. The subsequent polycrystalline
structure is a result of the accumulated internal stress under
very high driving force and its release by misoriented growth
front nucleation (GFN). By the orientation-field-based phase-
field models, Granasy et al. simulated two types of spherulite
formation as type 1 and type 2, where spherulites form either
through a central multidirectional growth or via a unidirectional
growth with low angle branching, respectively.** 4> They also
demonstrated the morphology change from single needle
crystals to polycrystalline spherulites with increasing
supersaturation with phase-field modeling.*¢ These theoretical
predictions have been supported by experimental observations
of spherulite formation via the suggested non-crystallographic
branching mechanisms.#7-4° Although spherulitic growth was
first noticed by investigations of crystallization from viscous
melts and polymers; molecular, atomic and ionic crystals can all
grow spherulite particles.# >0 In solution crystallization, neither
high viscosity nor specific additives are prerequisite to
spherulitic growth, but high driving force for crystallization is.>%
51 The work of Shtukenberg et al. provides a comprehensive
review on the growth of spherulites for interested readers.%°
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Figure 1. Morphology change of crystalline particles as a
function of the driving force, i.e. supersaturation, according to
classical crystal growth theory.36 At low to moderate driving
force, reaction-controlled growth mechanisms result in
monocrystalline polyhedral crystals with smooth faces. At high
driving force, growth mechanism is diffusion-controlled and
depending on the level of supersaturation crystallographic and
noncrystallographic branching occur that result in dendrites and
polycrystalline spherulites, respectively. Figure is adapted from
reference 36 with permission.
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In the present study, we aim to explore the mechanism behind
the formation of a diversity of silver morphologies. The two size
enlargement mechanisms that coexist in literature are
originated from different fundamental backgrounds and
consequently rely on different process parameters. Thus,
systematic studies of reaction parameters can help us gain
insight on the acting growth mechanisms. In this work, silver
particles were precipitated by reduction of silver nitrate with
ascorbic acid in aqueous solutions without additives. A
complete series of morphologies were obtained, from
polyhedral crystals to spherulites, by regulating the reaction
conditions via reactant concentrations and pH. Here we show
that the morphological variations can be explained with the

different supersaturation profiles generated at each
experimental condition that evoke different growth
mechanisms.

Experimental

Silver nitrate (AgNO3s) (= 99%), ascorbic acid (AA) and ammonia
(NHs, 25%, aq.) were purchased from Sigma-Aldrich. Nitric acid
solution (HNOs, 65%) was from Merck. Deionized water was
used to prepare all agueous solutions. Both ammonia and nitric
acid were used directly without any dilution for controlling the
pH conditions in the solution.

All experiments were carried out in a 100 mL glass reactor with
a lid having two baffles attached. The reactor was jacketed for
temperature control (25.0 £ 0.2 2C) and stirred by a magnetic
stirrer with digital display (1200 rpm). Equal volumes (50 mL
each) of silver nitrate (AgNO3) and ascorbic acid solutions (AA)
were mixed at different concentrations as explained in Table 1.
For experiments with large volumes of nitric acid or ammonia
addition (5 mL and more), the dilution effect was considered by
decreasing the water content in both the AgNOs; and AA
solutions accordingly. The chemical speciation in solutions after
mixing was determined by the thermodynamic calculation
program PHREEQC Interactive 3.1 (U.S. Geological Survey,
Reston, VA, USA), using the Minteq v4 database, assuming the
conditions prior to reduction in solution. For the calculations,
the pH and temperature of the solution and the concentrations
of constituent ions were provided as input data. The solution
speciation is then calculated by the software by taking into
account all possible reactions in solution.

Table 1. Reactant compositions at different experimental
conditions

. Vinos Vivkz
E. t AgNO3/AA
xperimen gNO3/, added | added
series concentration (mM)
(mL) (mL)
10/5, 10/20, 10,
] /5,10/20,10/50, | | o ]
10/70, 10/100
2 10/50 0~2 0.05~0.8
3 20/100 0~ 10 0.05~1
4 200/1000 0~2 0.05~ 10
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In a typical precipitation run, AA solution was added into the
reactor first, and then controlled amounts of HNO3 (65%) or NH3
(25%, aq.) solutions were added to adjust the pH (see Table 1),
and the pH values were recorded by a Mettler-Toledo
SevenEasy pH meter (Figure S1). Next, the AgNOs solution was
added rapidly into the strongly agitated AA solution. After
mixing the reactants, a short induction period occurred during
which there was a sharp change of the solution color from
transparent to milk white, grey white, dark grey or brown,
depending on the different experimental conditions. The
induction time was measured manually by a stopwatch and
three parallels for each experimental condition
performed. All experiments were kept running for 5 minutes,
and the resulting silver particles were separated by filtering with
a0.22 um Millipore filter membrane and washed with deionized
water and ethanol prior to drying at 60 °C. In order to examine
the effect of ammonia on the silver precipitation, replicate
experiments were conducted by adjusting the pH of the AA
solution at pH 10 either with ammonia (25%, aq.) or sodium
hydroxide (0.1 M) solution, at an AgNOs/AA = 0.1/0.5 mM
concentration by using the same procedure as described above.

were

Morphology of silver particles was examined using scanning
electron microscopy (SEM) (S-5500, Hitachi, Japan) images of
dried powder samples at an accelerating voltage of 15-30 kV.
Particle size was analyzed by counting approximately 200 ~ 300
particles for each parallel from the SEM images. Transmission
electron microscopy (TEM) was performed using a JEOL JEM
2100 microscope fitted with a LaB6 cathode (JEOL, 8 Tokyo,
Japan) at an accelerating voltage of 200 kV. Thin cross sections
of samples for TEM were prepared as follows: powder samples
were mixed with epoxy resin and cured at 60 °C for three days.
Thin sections (80 nm) were cut from the resin block using a
microtome (Ultracut S, Reichert, USA) equipped with a diamond
knife (ultra 45°, DIATOME, USA) and placed on Cu grids with a
lacey carbon film (300 mesh, Agar Scientific, UK). Diffraction
patterns were analyzed using DiffTools in Digital Micrograph
software (version 3.31, Gatan). Characterization of solid phases
were conducted via powder X-ray Diffraction (XRD) (D8
Advance, Bruker AXS GmBH, Karlsruhe, Germany) in the 26
range of 20-80°with a step size of 0.013°.

Results and discussion
Varying the molar ratio of AgNOs/AA at fixed acidic conditions

In experiment series 1, the concentration of AA was varied in
the reaction medium while AgNOs; concentration and the
volume of nitric acid were kept constant (Table 1). The pH of the
AA solutions was adjusted to 0.7 or 1.5 before the addition of
silver precursor. Since both pH values are below the first
dissociation constant of AA, pKa; = 4.04, the reductant was
dominantly present in its fully protonated form, H,A (Figure S2).
The reactivity of silver precursor depends on its speciation in
solution, i.e. free concentration of silver ions and formation of
ion pairs, thus, is a function of the pH of the reaction medium.
In addition, the electrode potentials of both silver and ascorbic
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Figure‘z. SEM irﬁége of silver particles formed at pH 0.7 with
different molar ratios of AgNOs/AA (mM/mM): (A) 10/5, (B)
10/20, (C) 10/50, (D) 10/70 and (E) 10/100.

=

acid precursors vary with pH.>2 Thus, maintaining a constant
initial pH ensured that AA concentration was the dominating
reaction parameter in this data set.

SEM images of the final precipitates showed that at conditions
of 1:0.5 molar ratio, faceted polyhedral particles were obtained
at both initial pH values (Figure 2A and 3A). At pH 0.7, when the
molar ratio of AA was increased to 1:2 and 1:5 with respect to
silver concentration, hopper crystals and the onset of dendritic
growth was observed, respectively (Figure 2B and 2C). Further
increasing the concentration of the reducing agent did not
evoke a purely mass transfer-controlled growth or
dendritic/spherulitic particles at this pH, but rather reduced
particle size with similar morphologies (Figure 2D and 2E). On
the other hand, at pH 1.5, increasing the AA concentration at a
ratio of 1:5 and 1:10 resulted in formation of dendrites and
spherulites, respectively (Figure 3B and 3C).

In an aqueous solution, the activity-based supersaturation for
silver is defined as the ratio of the activity of atomic silver in
solution to its equilibrium value at a constant temperature. The
activity and the generation rate of the atomic silver determines
the supersaturation profile in the reaction medium and
depends on the electrode potential and kinetics of the redox
reaction. In the acidic medium, the overall redox reaction
proceeds with either one-electron or two-electrons oxidation of
ascorbic acid, as given in Equation 1 and 2, respectively (see
supplementary information section B):

Ag*t + H,A—> Ag° + A~ + 2H* (Eq. 1)
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different molar ratios of AgNOs/AA (mM/mM): (A) 10/5, (B)
10/50, (C) 10/100.

24g% + HyA > 2Ag° + A+ 2H* (Eqg. 2)
Increasing the concentration of the reducing agent leads to
enhanced redox kinetics and increases the generation rate of
silver atoms as can be deduced from Equations 1 and 2.53
Consequently, supersaturation can build up to higher levels and
invoke a mass-transfer controlled growth mechanism as a result
of extensive surface nucleation and fast integration kinetics.
Thus, the diffusion field around crystals becomes prominent on
their development and certain faces of the crystals can have
higher relative growth rates.” The stepwise change of
morphology from polyhedral to hopper particles followed by
dendritic onset and branched morphologies demonstrated this
gradual change in the growth mode with increasing driving
force for crystallization. In addition, the decrease in particle size
with similar morphologies at pH 0.7 (Figure 2D and 2E) further
confirmed that supersaturation was escalating in the reaction
medium with increasing AA concentration, since nucleation rate
increases exponentially with supersaturation and yields higher
number of nuclei that consume the remaining supersaturation
for growth.>*

Similar structural changes were reported in literature also when
the thermodynamic driving force for growth was augmented by
increasing the concentration of the silver precursor, and the
resulting shift from polyhedral to dendritic forms were similarly
explained by the change in growth regime towards a diffusion-
controlled mechanism.35-57 |n addition, Liu et al. demonstrated
a reversible transition between compact morphologies and
dendrites of silver by decreasing or increasing the reduction
rate of silver, respectively.>® Yang et al. and Liu et al. showed
that the morphology of silver particles can be altered from
polyhedral to dendritic structures also by modifying the solvent
viscosity via introduction of glycerol in the reaction medium to
induce a concentration gradient in the system.3? 3° They
attributed the variations in particle morphology to the changing
diffusion field around the crystals and explained the formation
of fractal structures by the resulting instability near the growth
front. These studies show the dependence of the final particle
morphology on the growth mechanism in action, which can be
controlled via modifying the thermodynamic driving force and
the reaction kinetics. Other studies showed a similar
morphology change by increasing the reductant concentration
in solution, and alternatively attributed this behavior to a
diffusion-limited aggregation (DLA) mechanism.28 80 However,
this suggestion is mainly based on final morphology
observations in these cases that do not reveal what processes
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led to the crystal formation. In a recent study, Liu et al.
confirmed the dependence of the particle branching on
thermodynamic driving force and anisotropic growth kinetics
for zinc oxide nanoparticles by real time monitoring of their
formation via in-situ liquid phase scanning electron microscopy
and by coupling these observations with high-resolution
transmission electron microscopy in combination with classical
density functional theory, they reported that neither random
aggregation nor oriented attachment was observed.6!

These results clearly demonstrated the dependence of growth
mechanism on the supersaturation build up in the solution,
which can be regulated by the precursor concentrations.
Moreover, it was shown that pH was also a parameter that
determines the range of attainable silver morphologies.
Therefore, its role was investigated in detail in the following
experimental sets.

Varying the pH at a fixed molar ratio of AgNO3/AA

In order to study the full range of particle morphologies, the
initial supersaturation must be tuned to allow for different
growth modes. For this purpose, the pH of the system was also
varied to manipulate the redox reaction and thus the
supersaturation, as well as the reactant concentrations at a
fixed molar ratio of AgNO3/AA = 1:5 (series 2, 3 and 4 in Table
1).

Since it was not possible to quantify the supersaturation in our
experimental setup, induction time was used as an indicator of
initial solution supersaturation at varying experimental
conditions (Figure 4). It was observed that at similar pH values
increasing the reactant concentrations reduced the induction
time, as expected, due to increasing initial supersaturation.
Data also showed shorter induction times with increasing pH for
series 2 and 3, whereas for series 4 the effect of pH became
indistinct.

25
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Figure 4. Induction time as a function of the initial pH of AA
solution at three different reactant concentration levels with a
fixed molar ratio of AgNO3/AA = 1:5.
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Among the three experimental sets, in series 3 with the
concentration of AgNOs/AA = 20/100 mM all morphologies
from polyhedral particles to spherulites were observed with
hopper and dendritic intermediate steps via the gradual
variation of the pH of AA solution from -0.19 to 9.78 (Figure 5).
The stepwise changes in morphology and induction times were
in good correlation to point towards an increasing driving force
for crystallization with increasing pH. Same trends were
observed in series 2 also, however, although the precursor
concentrations were lower compared to series 3, polyhedral
crystals were not obtained in this data set (Figure S3). The
lowest pH in series 2 was 0.65 and this showed the deterministic
role of pH on the growth mechanism and the final crystal
morphology. In series 4, the precursor concentrations were very
high, resulting in a high driving force and a diffusion-limited
growth regime under all pH conditions in the range of 0.39 to
10.13, thus, only dendrites and spherulites were observed
(Figure S4).

In series 3 without any pH adjustment (pHaa= 2.59), the crystals
attained spherulitic morphologies, showing that the driving
force during growth was high enough in the system to result in
non-crystallographic branching due to high concentrations of
the precursors (Figure 5E). As the pH of the medium was
lowered by the addition of nitric acid; dendritic, hopper and
polyhedral crystals were observed, respectively (Figure 5C to
5A). Although the oxidation potential of AA slightly decreases
with increasing pH, at acidic conditions, lower pH shifts the
reaction equilibrium towards the reactants in accordance with
the Le Chatelier’s principle (Equations 1 and 2). In addition,
previous work showed that the reduction rate of AA increases
with pH in the acidic range, i.e. with the prevalence of the
deprotonated form, HA-%2 3 |n their study, Yang et al
quantitatively showed the reduced reaction rate for the same
system with increasing amounts of acid in the medium,
accordingly.3® Moreover, lower pH values require high acid
concentration in the reaction medium and the thermodynamic
calculations showed that, activity of silver ions in solution was
decreasing with increasing amounts of nitric acid due to
[AgNOs] complexation (Figure S5). Thus, we conclude that
lowering the pH interferes with the supersaturation build-up in
the reaction medium, which consequently results in a shift
towards a reaction-controlled growth regime and formation of
monocrystalline equilibrium morphologies.36 51

CrystEngComm, 2019, 00, 1-3 | 5
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20 mM/100 mM (experiment series 3), where initial pH of the
AA solution was varied at: (A) -0.19, (B) 0.14, (C) 1.39, (D) 1.94,
(E) 2.59, (F) 9.16, and (G) 9.78.

The changes in the particle crystallinity with the acting growth
mechanism as a function of the supersaturation level were
demonstrated by the electron diffraction data collected from
the thin cross sections of polyhedral and spherulite samples
(Figure 6). Polyhedral crystals obtained at low driving force
were shown to be monocrystalline, whereas spherulites that
form as a result of non-crystallographic branching at high
supersaturation showed diffraction rings corresponding to their
polycrystalline nature.
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(1112) (220)

Figure 6. TEM images and electron diffraction patterns of the
thin cross-sections of a (A) polyhedral and (B) spherulitic
particle. Insets show the SEM images of the cross-sections for
each particle.

The transition trends from dendrites to spherulites were similar
for all series. While decreasing the pH led to less sub-branched
dendrites to hopper particles, increasing the pH resulted in
shorter dendritic branches and a change towards radial
outgrowing plate-like structures and spikes, as shown in Figure
5D, S3C and S4C. These plate-like structures and spikes were
also observed in gold and calcium carbonate particles and
interpreted as a transition from monocrystalline to
polycrystalline growth region with increasing driving force for
crystallization.®4 65 When pH was further increased, these plate-
like structures and spikes became shorter (Figure 5E, S3D and
S4D), and finally spherulites were formed (Figure 5F, S3E and
S4E). Spherulitic growth was observed as a result of high rates
of growth front nucleation (GFN) with higher supersaturation
attained at high pH. This observation is in accordance with the
phase field modeling results by Granasy et al. that show
spherulite formation with more space-filling patterns as a result
of increased supersaturation and GFN rates.** At basic pH, fully
formed closed spherulites are observed in all series (Figure 5F
and 5G, S3E and S3F, S4E and S4F).

High pH in the reaction media was achieved via addition of
ammonia to the AA solution. Under the corresponding
conditions, silver ions form complexes with ammonia, and the
solution speciation is gradually dominated by [Ag(NHs),]*, which
is then reduced. The standard reduction potential of
[Ag(NH3),]*/Ag (0.373 V) is lower than that of Ag*/Ag (0.799 V).53
In addition, deprotonation of ascorbic acid at high pH results in
formation of ascorbate mono- and dianion, which have lower
oxidation potentials compared to AA.%6 Yet, formation of
spherulites indicated a high driving force for crystallization in
the system, which is attributed to the effect of pH on the

This journal is © The Royal Society of Chemistry 20xx
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reaction kinetics of the oxidation half reaction where increasing
pH leads to faster redox kinetics and an efficient
supersaturation build-up. These results coincide with the work
of Williams et al., which showed that the rate constants for the
oxidation of ascorbate anions increase significantly with
increasing pH.%7

Previous studies of silver reduction with AA also showed
spherulite formation at basic pH, and reported increasing
particle size with increasing ammonia concentration.16. 68,69 We
also observed a similar trend where the average diameter of
spherulites increased from 403 nm to 770 nm (Figure 5F and 5G)
and from 490 nm to 630 nm (Figure S3E and S3F) with increasing
ammonia content. Larger particle sizes were ascribed to higher
nucleation and aggregation rates within the framework of
particle-based growth hypotheses. However, in the classical
picture, increasing particle size is often a result of lower
nucleation rates that indicate a lower initial supersaturation.

The complex role of ammonia addition to the system leads to
contradictory effects on the electrode potential and the kinetics
of the redox reaction, which synergistically affect the
supersaturation file in the reaction medium. Addition of
ammonia increases the solution pH and induce faster redox
kinetics. On the other hand, complexation of silver ions lowers
the redox potential. In order to decouple the effects of high pH
and ammonia presence in the reaction medium, we conducted
supplementary experiments, where solution pH was adjusted to
=10.0 with either NH3 or NaOH, at constant precursor
concentrations (for further information on pH variation with
NaOH, see supplementary information Figure S6). The solution
speciation of silver species at each experimental condition was
estimated by thermodynamic calculations and showed that 99
% of silver was found as [Ag(NHs)2]* in the presence of NH;,
while only 10% of silver formed complexes with hydroxide ions
in the presence of NaOH (Figure 7A). At constant pH and
concentration, large polyhedral particles were observed in the
presence of NH3, whereas, the precipitates showed the onset of
spherulites in the presence of NaOH (Figure 7). These results
clearly demonstrated the inhibiting effect of ammonia
complexation on the supersaturation build up. Therefore, we
propose that, in our experiments high pH promoted the
spherulite formation by augmenting the initial supersaturation
development, however, further increasing the ammonia
content induced an opposite effect on supersaturation that in
turn resulted in larger particles.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. (A) Percent distribution of total concentration of silver
species assuming the conditions prior to reduction in solution
with the indicated bases used to adjust the pH at 10, at the
precursor concentrations of AgNOs/AA = 0.1 mM/0.5 mM, and
the SEM images of final silver particles formed in the presence
of (B) NaOH, and (C) NHs.

Characterization of the final precipitates by XRD showed the
prominent diffraction peaks of crystalline silver for all
morphologies observed in series 3 (Figure 8). The polyhedral
and dendritic particles (shown in Figure 5A and 5C) displayed
narrow diffraction peaks, indicating their high crystallinity,
whereas spherulitic particles (shown in Figure 5E) showed a
slight peak broadening. Relatively broad XRD peaks observed in
spherulites have been used to support aggregation mechanisms
and to calculate the size of alleged primary particles by the
Scherrer equation.’®72 However, by investigating calcite crystals
co-precipitated with polymers, Kim et al. have proved that the
peak broadening occurs due to lattice strain only, and provides
no evidence for a nano-aggregation mechanism.’3 On the other
hand, observation of peak broadening due to lattice strain hints
on the internal stress of spherulites that drives non-
crystallographic branching for relaxation.>% 74
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Figure 8. XRD patterns of spherulites, dendrites and polyhedral
particles showing the prominent diffraction peaks of crystalline
silver.

Conclusions

Synthesis of silver particles with controlled morphologies can be
achieved when the underlying growth mechanisms and the
parameters that control growth are identified. In this work, we
showed that by regulating the pH and reactant concentrations,
silver particles with a variety of morphologies can be fabricated
as a result of effective control on the supersaturation profiles.
It was shown that the redox kinetics that is responsible for the
generation of atomic silver, i.e. supersaturation in the system,
can be enhanced by increasing the concentrations of the silver
precursor and the reducing agent, as well as by increasing the
pH. Stepwise changes in the driving force for crystallization
towards higher values, resulted in a gradual change of particle
morphologies from polyhedral to spherulitic particles with
hopper and dendritic intermediate morphologies. This
dependence demonstrated the decisive role of supersaturation
on the acting growth mechanism and its implications on the
particle morphology. In accordance, crystallographic and non-
crystallographic branching mechanisms were suggested for the
formation of dendrites and spherulites, respectively. The results
of this study can be used to further fine tune the silver
morphologies for shape selective applications.
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