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Abstract: Silver dendrites were prepared by electrochemical deposition. The
structures of the Ag dendrites, the type of twins and their distribution were
investigated by scanning electron microscopy (SEM), Z-contrast high angle
annular dark field transmission electron microscopy (HAADF), and crystallo-
graphically sensitive orientation imaging microscopy (OIM). The results rev-
edled that the silver dendrites were characterized by the presence of randomly
distributed 180° rotational twin domains. The broad surface of dendrites was of
the {111} type. The directions of growth of the main dendrite stem and all
branches were of the <112> type.

Keywords. dendrite; silver; electrodeposition; twinning; scanning electron mic-
roscopy; high angle annular dark field microscopy; orientation imaging mic-
roscopy.

INTRODUCTION

Dendritic growth is one of the most complex patterns that evolves through
the dynamic processes of crystal growth and therefore has remained an active
subject for experimental and theoretical studies for an extended period. During
the past several decades, dendritic growth has attracted a large number of
researchers in the broad areas of material science, condensed matter physics,
fluid dynamics, applied mathematics, etc.1-3 It has been regarded as a typical
example of avariety of pattern formations in nature and technology. Among vari-
ous metals, the preparation of Ag dendrites has been widely investigated because
of their unique optical properties and potential applications in surface-enhanced
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Raman spectroscopy (SERS),4° catalysis,®/ sensors8 and the fabrication of
superhydrophobic surfaces.®

Several methods were explored to synthesize dendritic Ag structures, inc-
luding electrochemical deposition,10 the galvanic replacement reaction, 411,12
electroless deposition,10 sonoelectrochemistry, 1314 microwave irradiation,15
hydrothermal reduction,® photoreductionl® and the template method.1’ Electro-
chemical deposition has an advantage over the other methods because the driving
force, i.e., overpotential, is more controllable and is able to produce dendritic
structures with high purity. Therefore, electrodeposition represents a powerful
technique that provides versatility in tailoring the architecture of metals on the
micro/nanoscale.

Several mechanisms, such as the diffusion-limited aggregation (DLA)
model,18 oriented attachment growth,1%-21 nanoparticle-aggregated self-assembly
crystallization,22 anisotropic crystal growth,23 site-specific sequential nucle-
ation,11.24 multistep self-assembly process!? and the cluster—cluster aggregation
model (CCA) model,25 were proposed to explain Ag dendritic growth in various
systems. The electrochemical literature has defined the problem of roughening in
electrodeposition.10 Mullins-Sekerka linear stability analysis?® and the Barton—
Bockris dendrite-propagation model2? are popular methods used to describe
cathodic roughening and dendritic growth in electrochemical deposition. These
commonly cited theories employ kinetic relationships that differ in mathematical
form, but both contain the effects of surface tension and local concentration devi-
ations induced by surface roughening.

However, intrinsic dendritic structures, i.e., the appearance of well-defined
and fairly regular branching and directions of growth, cannot be explained by the
nonspecific models mentioned above. The twin plane reentrant edge (TPRE)
mechanism or WHS model2829 js also a much-cited model of dendritic growth.
In this mechanism, crystal growth arises through the formation of reentrant
grooves at the intersection by the twin planes, which make this location a favor-
able site for nucleation. Based on this model, a dendrite is a twin crystal with at
least one twin boundary, which extends throughout the dendrite and is parallel to
the main dendrite plane.

The aim of this research effort was to investigate the role of twinning, the
type and shape of twins, and the presence of twin domains and their distribution
in silver dendrites obtained by electrochemical deposition.

EXPERIMENTAL

The electrodeposition was redlized using a typical set-up consisting of a platinum
cathode with geometric surface area of 0.53 cm?. The reference and counter electrodes were
of pure silver. The counter electrode was silver foil of surface area approximately 0.80 dm?,
placed close to the cell walls. The reference electrode was a silver wire, the tip of which was
positioned at a distance of ~0.2 cm from the surface of the working electrode. The working
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TWINNING IN ELECTRODEPOSITED SILVER DENDRITES 109

electrode was placed in the center of the cell. The electrolyte solution consisted of 0.06 M
AgNO; + 1.2 M NaNOs + 0.05 M HNO3. Double distilled water was used for preparing the
solutions. The total electrolyte volume was 100 mL and the electrodeposition was performed
at 100 mV, at room temperature. The electrodeposition time was 72 s. The as-prepared Ag
dendrites were sequentially rinsed with distilled water and ethanol for further characterization.

The morphology and microstructure of silver dendrites were characterized and analyzed
by SEM and crystallographically sensitive orientation imaging microscopy (OIM) using a
DB235 FIB system, and by Z-contrast high angle annular dark field transmission electron
microscopy (HAADF) using a TEAM 0.5 transmission electron microscope operating at 300
kV. Orientation imaging microscopy (OIM) is based on electron-backscattered diffraction
(EBSD), generated from the top 10 to 50 nm of the material surface. When exposed to the
atmosphere, silver dendrites can rapidly oxidize, covering the surface with Ag,O. A silver
oxide film would decrease the signal to noise ratio and make it difficult to analyze silver
dendrite twin structures using the EBSD tool. To solve this problem, Ferrer et al.30 proposed
the solution of having an EBSD system installed on a dual-beam focused ion beam system
(FIB). This concept allows the EBSD analysis to be performed immediately after material
surface preparation,3! using a focused ion beam (FIB), without breaking the vacuum.

RESULTS AND DISCUSSION

The polarization curve for silver electrodeposition from 0.06 M AgNO3 +
1.2 M NaNO3 + 0.05 M HNOg is shown in Fig. 1a. The plateau of the limiting
diffusion current density corresponds to the range of overpotentials between 75
and 175 mV. The dependence of the current density on the time of e ectrodepo-
sition obtained at an overpotential of 100 mV is presented in Fig. 1b. A fast inc-
rease in the current density with electrodeposition time was observed during the
electrodeposition process at this overpotential.
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Fig. 1. @) Polarization curve for silver electrodeposition from 0.06 M AgNO3 + 1.2 M NaNO3
+ 0.05 M HNOs. b) Dependence of the current density on the time of electrodeposition
obtained at an overpotential of 100 mV. The electrodeposition time was 72 s.

The typical morphology of electrodeposited silver dendrites obtained at an
overpotential of 100 mV, characterized by scanning electron microscopy (SEM),
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is shown in Fig. 2a. The simplest dendrites consisted of only the stem and pri-
mary branches and are referred to as primary (P) dendrites. If the primary
branches in turn developed secondary branches, the dendrites are called second-
ary (S). With an additional set of branches, tertiary (T) dendrites were formed.

@0 | ©
Fig. 2. @ Scanning electron micrograph of electrodeposited silver dendrites. b) Enlarged detail
(seerectanglein a) showing twinned (stacked) octahedrons in the dendrite stem. ¢) Drawing
indicating how Ag dendrite stems and branches are formed by the stacking of hexagonal units.

From the SEM image, it appears that these dendrites were two-dimensional
patterns with the main stem and all branches being in the same plane; such den-
drites are often referred to as two-dimensional or 2D crystals.32 Figure 2b shows
that the main stem of a dendrite is formed by the stacking of octahedrons mostly
in the elongated form undergoing longitudinal propagation along the specific
crystallographic direction. Primary and secondary hexagons (mostly irregular)
develop and grow outwards from the main stem, asis shown in Fig. 2c.

A high angle annular dark field (HAADF) transmission electron micrograph
of asilver dendrite is shown in Fig. 3. Both, the primary and secondary branches
exhibited much the same or similar contrast, indicating they were all of approx-
imately the same or similar thicknesses. The exceptions are the bright dots on the
main stem, which indicate that some of the primary branches had grown per-
pendicular to the main stem and to the broad main dendrite surface.

Fig. 3. High angle annular dark field (HAADF) trans-
500 nm mission electron micrograph of silver dendrite showing
— the angles between the stem and the branches.
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The angles between the main stem and primary branches, as well as between
primary and secondary branches were 60°. This angular relationship between
branches indicates that the main axis of the dendrite was parallel to the <112>
direction and all branches were also parallel to the same family of crystallo-
graphic directions.

A 100 pole figure of an Ag dendrite is shown in Fig. 4a From this pole
figure, it is obvious that the crystallographic orientation of this silver dendrite
was close to 111, indicated by the 111 pole being in the center of the stereo-
graphic projection. There are two sets of 100 poles present in this pole figure,
related to each other by rotation of 180° around the [111] direction.

(b)

Fig. 4. a) 100 pole figure of Ag twinswith crystallographic orientation close to the 111 twin
plane. b) Color-coded map of two 180° rotational twins. c) Back scattered scanning
electron image obtained after FIB shaving; the white rectangle indicates the region

from where the Ol map was taken.

These results confirm that the growth direction of the main stem of the
dendrite was close to [112] and the directions of the branches were [121] and
[211] . These results clearly show that, besides the commonly accepted presence
of atwin plane parallel to the broad dendrite surface plane,28:29 this silver den-
drite structure was characterized by the presence of two types of twins, related to
each other by 180° rotation around the [111] crystallographic direction, as indi-
cated in the 100 pole figure (Fig. 4a). From the color-coded map (Fig. 4b), taken
from the region shown by the white rectangle in the back-scattered scanning
electron image in Fig. 4c, it appears that the 180° rotational twin domains were
randomly distributed. Colors of the twins in stereographic projection (Fig. 44)
correspond to the appropriate twin variances in the color-coded map (Fig. 4b).
Not al details shown in Fig. 4c are present in the color-coded map. Since the
map was obtained at a 70° tilt angle, any closely spaced branches, shown in Fig.
4c, cannot be separated. Both twin domains are random in terms of size and
shape, and the 111 pole in the center of the 100 pole figure confirms that they
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have the same (111) plane parallel to the main broad twin surface in common.
High susceptibility for twinning of these dendrites comes from very low stacking
fault energy of silver of ~16 mJ m2.33

In summary, the structures of electrodeposited Ag dendrites were investi-
gated by SEM, Z-contrast HAADF and OIM. The results revealed that the Ag
dendrites exhibited the presence of well-defined randomly distributed twin dom-
ains of irregular size and shape. These twin domains were related to each other
by 180° rotation around the common [111] crystallographic axis, which is normal
to the main broad dendrite surface. The growth direction of the main dendrite
stem was found to be close to [112] and the direction of the branches were
[121] and [211] .
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U3BO[
MMPOKU3BOJ/bHO OPUJEHTHUCAHU IOMEHHU JBOJHUKA YV EIEKTPOXEMHJCKH
HUCTAJIOXKEHUM JEHIPUTHMA CPEBPA
EBUIIA P. UBAHOBHR', HEBOJIIA [I. HUKOJIHR” u BETUMUP P. PATIMHJIOBUER’

Dol omotipuspegnu Qaxyniteti, Ynugep3uitiel y Beoipagy, Hemawuna 6, Beoipag-3emyH, 2HXTM — Lenmap
3a enexiipoxemujy, Ynueep3uttieiti y beoipagy, Fbeiowesa 12, Beoipag u 3Tex1-10from1<o—memaﬂypm1cu
Qaxynitein, Ynusep3uitieil y Beoipagy, Kapneiujesa 4, Beoipag

Ienpputu cpedpa NpUNPEM/bEHH Cy MOCTYNIKOM eNeKTPOXEMHjCKOT Tanokemwa. Mcnu-
THUBAHU Cy CTPYKTypa, THI JBOjHMKA U HUXOBA pacnofena KopulrhemeMm ckeHupajyhe enek-
TpoHCKe MHUKpockonuje (SEM), BUCOKO-yraoHe TPaHCMHMCHOHE €JIEKTPOHCKE MHKDPOCKOIHje
TaMHOT To/ba ca KOHTpacTom aromckor dpoja (HAADF) u kpucranorpadCky oceT/bHBe OpH-
jentanuoHe mukpockonuje (OIM). Pesynratu cy nokasanu fa JeHOPUTe cpedpa kapaKkTepHule
MPUCYCTBO TPOU3BOJBHO pacropeheHHUX HBOjHMKOBAHMX JOMeHa, MelycoOHO pOTHpaHHUX 3a
180° oo 3ajesHuukor kpucranorpadckor npasua [111]. OcHoBHa ¢poHTanHa paBaH HEH-
oputa je {111} tuma. ['maBHO cTadmo meHOpUTA U CBe NEHAPUTHE IpaHe pacTy Y KPHUCTalo-
rpadckum mpaBOuMa Ttrma <112>.

(TTpumibeHo 6. MapTa, peBuAMpaHo 16. anpuna, mpuxsahexo 18. ampua 2014)
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