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In situ studies of different growth modes of silver crystals induced by the
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An in situ observation of silver hierarchical crystal growth in a Zn/
AgNO;3 (aq.) replacement reaction system revealed that the
morphological evolution of silver crystal strongly depended on the
change of the silver ion concentrations. With the increasing
concentration, the morphologies of the silver crystal transformed
from loose fractal (LF) to dense branch morphology (DBM) and
even to dendrite. The concentration field was irn situ monitored using
a Michelson interferometer during the reaction and the profile of the
concentration field was studied based on experimental observation.
The crystals morphology transform was induced by different growth
modes. At low concentration, the growth mode was ion diffusion
limited growth and at the high concentration the growth mode was
protuberant growth which was decided by reaction limitation.

Metal nanocrystals have attracted great interest due to their funda-
mental size- and shape-dependent properties for many important
potential technological applications.! Hierarchical metal nano-
crystals, such as fractal and dendritic nanocrystals, due to their higher
structural complexity compared to nanoparticles, nanowires and
nanoplates, are expected to have a wide range of technological
applications, such as interconnections in the bottom-up self-assembly
of nanocircuits and nanodevices.? Pd—Pt, Au—Pt and PtAu bimetallic
nanodendrites have been synthesized using seed growth methods and
shown excellent catalytic properties for oxygen reduction reaction
(ORR) and formic acid oxidation reaction in a proton-exchange
membrane (PEM) fuel cell.** The applications of hierarchical metal
nanocrystal for surface-enhanced Raman scattering (SERS),® elec-
trochemistry or photo-catalysts,” and left-handed materials (LHMs)?
have been widely exploited and studied.

Many methods have been developed to synthesize hierarchical
metal nanocrystals, such as electrochemical deposition,™® galvanic
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replacement,'** reducing of metal precursors by tetrathiafulvalene'*
or ascorbic acid,” ultrasonically assisted templated synthesis,> ultra-
violet irradiation photoreduction,' plating,"” vy-irradiation route,'®
and pulsed sonoelectrochemical methods.” Understanding of
nucleation and growth mechanisms is a prerequisite for the shape
controlling of hierarchical metal nanocrystals. However, up to now,
the intrinsic mechanism of metal hierarchical nanocrystal growth in
solution is still not very clear. It is commonly recognized that the
metal hierarchical nanostructure is formed at non-equilibrium
conditions and many factors have been studied how to affect metal
hierarchical nanostructure formation, including convection, ion
concentration,?! voltage in electrodeposition, surfactant agent,?*2
crystalline anisotropy,® competition between thermodynamic and
kinetic,”” temperature,??® etc. Based on a diffusion-limited aggrega-
tion (DLA) model,”® hierarchical crystals with fractal morphology
were simulated and their morphology transforms have been
successfully explained with a computer simulation model. In the
DLA model, the shape transformation is explained by competition of
anisotropy and random diffusion of building unit.”” When the
anisotropy effect becomes stronger over random, the hierarchical
shape transforms from loose fractal (LF) to dense branch
morphology (DBM).* The theory is only built on computer simu-
lation, but the mechanism of real hierarchical shape transform in
experiment is still not explained with theory very well.

Recently, in situ observation was developed to study the hierar-
chical crystals growth. Using in situ transmission electron microscopy
(TEM), it was observed that platinum nanocrystals could grow either
by monomer attachment from solution or by particle coalescence,
and dendritic nanostructures would be formed by particles aggrega-
tion.*! The aggregated nanoparticles would be perfectly aligned under
oriented attachment (OA) mechanism®*>* to form hierarchical
mesoscale structures.®® In situ synchrotron-based X-ray diffraction
(XRD) was also used to study the mechanism of hierarchical
dendritic platinum nanocrystal formation.*® Here using a Michelson
interferometer, we in situ monitored the concentration profiles near
silver hierarchical crystals. The result shows that the concentration
profiles near the reaction interface have an important effect on silver
hierarchical crystals growth. Based on experimental observation, two
different growth modes induced by different concentration profiles
were developed to explain the mechanism of shape transformation.

In our experiment a basic and simple method of galvanic
replacement was used to study the effect of concentration field on
silver hierarchical nanostructure growth. The galvanic replacement
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reaction has been widely used to study metal nanostructure
growth>!337 and also has been used to synthesize Au, Pt or Pd hollow
nanostructures with a range of different shapes (e.g. triangular rings,
prism-shaped boxes, cubic boxes, spherical capsules, and tubes).®
The details of experiment are described in the ESIt (Experimental
section and Fig. S1). In silver nitrate aqueous solution, silver ions
were reduced to silver atoms by zinc atoms through galvanic
replacement reaction and silver atoms were deposited and aggregated
on a zinc plate to form fractal or dendritic hierarchical crystals. The
chemical reactions as well as redox potentials are shown as
the following equations:

Zn — Zn*" + 2e (E°Zn/Zn*" = —0.762 V) (1)
Agt+e - Ag (E’Ag/Agt =0.799 V) (2)

The growth of silver hierarchical crystal was in situ observed using
optic microscopy. Fig. la—c show the optical micrographs of fractal
or dendritic silver trees prepared at silver ion concentrations of
30 mM, 100 mM, and 200 mM respectively. The corresponding
reaction times were 360 s, 80 s and 30 s. A series of concentrations
from low to high were investigated using this method and the
morphological transform was found as Fig. 1d shows. There are three
typical morphologies obtained with the concentration increasing
from 1 mM to 300 mM. These typical morphologies are loose fractal
trees (LF, Fig. 1a), dense branch morphology (DBM, Fig. 1b), and
dendrite (Fig. 1c) corresponding to concentrations from low to high.
This result indicates that the concentration of silver ions has an
important effect on the morphology transform of silver trees from LF
to DBM and even to dendrite. Between two morphologies, there is no
clear boundary, and the transform is gradual, such as LF to DBM,
with the concentration increasing, the density of LF morphology
became higher and higher, and gradually changed to DBM shape.

Dendritic

h

100 150 200 mM

Fig. 1 Optical micrographs of hierarchical silver crystals grown on
a zinc plate at different silver ion concentrations: (a) 30 mM, (b) 100 mM,
and (c) 200 mM. (d) Morphology diagram in coordinates.

The micro-structure of the LF, DBM and dendrite silver trees was
investigated by field-emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM). The SEM and
TEM images of LF, DBM and dendrite silver trees prepared at
concentrations of 30 mM, 100 mM, and 200 mM are shown in
Fig. 2a—c and S2a-ct respectively. In Fig. 2a and S2af, at a low
concentration, the silver atoms are deposited randomly on a zinc
plate and typical fractal morphology is formed. When the concen-
tration increases to 100 mM, small dendrites begin to appear and the
morphology density increases obviously (Fig. 2b and S2bt).
Compared with LF trees prepared at 30 mM, the branches of DBM
trees became much thinner and the density became much higher.
When the concentration increases to 200 mM, the morphology
transformed to uniform dendrite (Fig. 2c and S2ct). Compared with
DBM, the branches of the dendrite became thicker and their density
became lower. Electron energy dispersive X-ray (EDX) spectra and
XRD patterns of the silver trees grown on a zinc plate at 100 mM
concentration were measured. There are totally three elements: O, Zn
and Ag (Fig. S37). The signal of O and Zn may come from the zinc
plate. The zinc plate surface should have been oxidized in an aqueous
solution. The XRD patterns are matched very well with the diffrac-
tion from zinc crystal and silver crystal (Fig. S47). For the silver
crystal, the diffraction peaks are well indexed to (111), (200), (220)

1um

Fig. 2 FE-SEM images of silver hierarchical crystals grown on a zinc
plate at different silver ion concentrations: (a) 30 mM, (b) 100 mM, and
(c) 200 mM.
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and (311) diffraction of standard face-centered cubic silver (JCPDS
file no. 04-0836). The EDX spectrums and XRD patterns of the silver
trees grown at 30 mM and 200 mM concentrations have similar
results.

Because the concentration has an important effect on the
morphology transforming of hierarchical silver crystals, the concen-
tration profile near the silver crystal surface was in situ monitored
using a Michelson interferometer. During the reaction, the silver ions
at the reaction surface would be reduced to form atoms, and the
concentration of silver ions was consumed. The silver ions in the bulk
solution far from the reaction surface would diffuse toward the
reaction surface, and thus a diffusion layer would be formed near the
reaction surface. The concentration of silver ions was gradually
changing in the diffusion layer and could be monitored by
a Michelson interferometer.® The inset of Fig. 3a shows the inter-
ference fringe map of the diffusion layer measured by a Michelson
interferometer and recorded by a CCD camera. The interference
fringes change to curves in the area of the diffusion layer because of
concentration change. The thicknesses of the diffusion layer (6) at
different concentration solutions were measured and shown in
Fig. 3a. The thickness of the diffusion layer decreases dramatically
with increasing concentration. All of the thicknesses were measured
from interference fringes recorded at the reaction time of 60 s. At the
first reaction stage, the concentration profile was not stable, and after
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Fig. 3 (a) The thickness of the diffusion layer near reaction surface
measured using a Michelson interferometer at different silver ion
concentration solutions. Inset was the curved interference fringes near
reaction surface monitored by a Michelson interferometer and recorded
by a CCD camera. (b) Variation of the concentration profile near reac-
tion surface with the reaction time increasing in a 30 mM silver ion
concentration system. Inset shows the thickness changing of the diffusion
layer (6) vs. reaction time (?).

40 s, it gradually became stable. Fig. 3b shows the concentration
profile recorded at different reaction times in a 30 mM silver ion
solution and the inset of Fig. 3b shows the change of thickness vs.
reaction time correspondingly. After 40 s of reaction time, the
concentration profile became stable and the thickness of the diffusion
layer kept constant. Miyashita and co-workers reported that in
a DLA growth system, the thickness of the diffusion layer (6) and the
growth velocity (V) of the fractal trees can be described by following
equations:*

V=c (3)
o= c* 4

Here, ¢ is the concentration of silver ions, « and $ are constants
depending on the reaction system, such as the normal space dimen-
sion and fractal dimension of silver trees. Fig. 3a shows that experi-
ment data and theory curve are matched very well when g is —0.5.

Fig. 4a shows the growth velocities of silver trees on a zinc plate at
different silver ions concentrations. With the concentration
increasing, the growth velocity of silver trees increased dramatically.
When the zinc plate was replaced with a copper plate, a similar result
was obtained. Fig. 4b shows the growth velocity of silver trees on
a copper plate. Comparing Fig. 4a with 4b, it shows that the reaction
of the zinc plate is much faster than the copper plate, which is due to
the different redox potentials between copper and zinc. Although the
growth velocities are different for copper and zinc, they both can be
described by eqn (1). When « is 1.5, both of the velocities of silver
trees on the zinc plate and copper plate are matched very well with the
theory curve.
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Fig. 4 The growth velocity of hierarchical silver trees vs. silver ion
concentrations for (a) Zn plate and AgNO; (aq.) and (b) Cu plate and
AgNO; (aq.) reaction system.
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Based on the DLA model, people have simulated the forming of
fractal morphology using the Monte Carlo method.*® The simula-
tion result shows that the morphology is decided by aggregation
particles’ walking. When the particles perform a random walking
before aggregation, the final morphology will be LF; when the
particles perform an anisotropic walking, the final morphology will
be DBM. This result disclosed that the competition between
random and anisotropic growth decided the morphology trans-
forming from LF to DBM. However what decides the random and
anisotropic growth in the experimental system is still not studied
clearly. Here we think the concentration profile near the silver
crystal performs an important effect. A schematic diagram of the
effect of concentration profiles on the silver trees morphology
transformation is presented in Fig. 5. Fig. 5a shows, at low
concentration, the thickness of the diffusion layer is very thick, the
silver ions in bulk solution need long times to diffuse to the reaction
surface. As long as the silver ion reaches the reaction surface, it will
be reduced immediately. Thus the concentration at the reaction
surface is zero and there is competition for silver ions between
branches of silver trees. The higher branches are easier to gain silver
ions and grow more quickly than lower silver trees, and the growth
of short branches is inhibited, thus LF morphology is formed.
Fig. 5b shows when the concentration increases, the thickness of the
diffusion layer decreases, there are more silver ions diffusing to the
reaction surface in a certain time and more branches can gain silver
ions to grow up. Thus the density of the morphology increases and
DBM morphology is formed. Fig. 5¢ shows, with the concentration
increasing further, more silver ions than the reaction needed are
diffused to the reaction surface. The concentration is not zero at the

Fig. 5 Schematic representation to describe the effect of concentration
profiles on the morphologies of silver hierarchical trees in different
concentration solutions. The concentrations of bulk solutions were (a)
30 mM, (b) 100 mM, and (c) 200 mM. (d) Schematic drawing of two
different growth modes of silver crystals induced by different concen-
tration profiles.

reaction surface. The tips of silver trees are plugged into a higher
concentration area, and they are easier to grow up at higher
concentration conditions.

Fig. 5d shows two crystal growth modes induced by different
concentration profiles: one is diffusion limited aggregation (DLA),
the other is reaction limited growth (RLG).'® At a low concentration,
the silver trees are dominated by DLA mode growth (Tip 1). At
a high concentration, the growth is dominated by RLG mode (Tip 2).
The former, DLA model, has been widely studied by many people,
which can successfully explain the fractal morphology forming and
transforming. In the later, RLG mode, there are more silver ions at
the reaction surface than the reaction needed, the growth of silver
trees is no longer limited by the diffusion of silver ions, but limited by
the reaction. The reaction velocity on tips is accelerated by two
factors: firstly the tips protuberate at a high concentration area. For
a chemical reaction in solution, the reaction velocity is increased with
concentration increase. Secondly the tips have higher activity than
planes.* Thus the tips grow much more quickly than other parts and
this protuberated growth induced dendrite morphology forming.
According to the studies of Despic et al,** the protuberance height
and reaction time (#) can be expressed as:

Y(x.,f) = Yoexp(tlr) (5)

where Y is the origination height at ¢ = 0, 7 is the induction time
which in certain conditions can be written as:

T = 6%y (6)

Here ¢, is the concentration of bulk solution. Depending on these
two equations, at a higher concentration solution, the thickness of the
diffusion layer decreases dramatically and the concentration
increases. The tips will grow more quickly to protuberate into a high
concentration area. Thus an anisotropic growth induced by the
concentration profile is appeared in a high concentration solution and
dendrite morphology is formed.

To summarize, in this study, the silver hierarchical crystals with
different morphologies are synthesized in an electrochemical cell
using the Zn/AgNO; (aq.) replacement reaction system. A morpho-
logical transition from fractal style to the typical DBM and even to
dendritic pattern is observed as silver ion concentration increases. A
morphology diagram is developed for depicting the observation here,
which demonstrates that the evolution of the morphologies is
a function of concentration. The concentration profile near the
reaction surface was measured by a Michelson interferometer and its
effect on morphology transform of silver trees was investigated.
There are two different growth modes for the silver trees growth
induced by the concentration profile: one is DLA, the other is RLG.
The typical fractal morphology is formed by DLA mode and the
dendritic morphology is formed by RLG mode.
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