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Abstract: Silver dendritic nanonstructures obtained by the potentiostatic electrolysis from different electrolytes at different
overpotentials were characterized by the scanning electron microscopy (SEM) technique and X-ray diffraction analysis of the
produced particles. The needle-like and fern-like dendrites were formed from the nitrate electrolyte at overpotentials inside and
outside plateaus of the limiting diffusion current density, respectively. The three-dimensional pine-like dendrites constructed from
approximately spherical grains were formed from the ammonium electrolyte at overpotentials both inside and outside plateaus of the
limiting diffusion current density. The morphology of silver dendrites was correlated with their crystal structure at the semi
quantiative level. The change of crystal orientation from the strong (111) preferred orientation for the needle-like dendrites to almost
randomly orientied spherical grains in the pine-like dendrites obtained at the overpotential outside the plateau of the limiting
diffusion current density was observed. This trend in change of crystal orientation and morphology of Ag nanostructures was
accompanied by considerable increase of the specific surface area (SSA) of the produced powders. The average crystallite sizes were

in the range of 38—50 nm, proving nanostructural character of the formed Ag particles.
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1 Introduction

Because of the unique electrical, chemical and
optical characteristics, the silver nanostructures attract a
great attention of both academic and technological
communities [1]. The Ag nanostructures have wide
applications in the electronics, optics, catalysts, gas
sensing, chemical and biological sensing, in the
surface-enhanced Raman scattering (SERS), etc [1-3].
Applications in the above mentioned technologies
strongly depend on the shape and size of nanostructured
forms, which are simultaneously dependent on the
applied methods of synthesis. Various methods are
used for their synthesis, and the common methods
are seced-mediated growth [4], wet chemical [5,6],
sonochemical [7], photochemical [7], electrochemical
[1-3,7,8], microwave-assisted synthesis [2], template

Corresponding author: Nebojsa D. NIKOLIC; E-mail: nnikolic@tmf.bg.ac.rs

DOI: 10.1016/81003-6326(18)64835-6

method [2,7], etc. The typical Ag nano- structures
produced by these methods are polygons [9—12], wires
or needles [1,2,13,14], and dendrites [2,7,8,9,15].
Numerous mechanisms have been proposed to explain
the formation of Ag nanostructures, especially dendrites,
but none of them give a complete insight into their
formation. The usual mechanisms proposed for formation
and growth of dendrites are diffusion-limited aggregation
(DLA) [16,17], oriented attachment [18], nanoparticle-
aggregated self-assembly crystallization [19], and
anisotropic crystal growth [20].

Electrodeposition technique is a very suitable
method to synthesize all types of metal structure at the
micro and nano levels [21-28]. The advantages of this
method of synthesis over the other methods are low
equipment and product costs, one-step, environmentally
friendly, formation of the high purity products, etc. [1].
The shape and size of electrodeposited forms can be
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easily regulated by a choice of parameters and regimes
for electrolysis. The main parameters affecting the
morphology of metal deposits are: composition and kind
of electrolytes used for metal electrodeposition, type of
working electrode, temperature of electrolysis, current
density or potential applied during electrolysis,
electrolysis time, the use of additives, etc. [2,3,21-23].
Simultaneously, the application of periodically changing
regimes of electrolysis, such as the pulsating current
(PC), reversing current (RC) and pulsating overpotential
(PO), offers a great possibility for modeling the final
surface morphology [21,29].

Formation of dendrites represents one of the largest
challenges in the metal electrodeposition processes. The
electrolytically produced dendrites belong to a group of
irregular or disperse deposits that can be used either as
an electrode of very high surface area, or in a form of
powder particles, obtained by their removal from an
electrode surface after the finished electrolysis process.
In addition to the above mentioned parameters of
electrolysis, the morphology of dendrites at micro and
nano levels is strongly determined by the metal nature.
Metals are usually classified depending on their
exchange current density, melting point and overpotential
for hydrogen discharge on normal, intermediate and inert
metals [30]. Electrodeposition of metals from each of
these groups produces dendrites of specific surface
morphology [21,31-33].

It has been recently shown [34] that the application
of ultrasound in formation of the Ag thin films using the
electrolysis causes a modification of their crystal
structure with the strong consequences on properties of
the formed films, such as hardness and brightness.
Following this fact, it can be assumed that a correlation
also exists between the morphology of dendritic particles
and their crystal structure with a possible effect on some
of properties characterizing the behavior of metal
powders as the collection of particles. Also, a certain
correspondence between the Ag particles shapes and
their crystal structures was reported previously [35].
Therefore, it is significant to further examine the
correlation of morphology and the crystal structure of Ag
particles, obtained by the potentiostatic regime of
electrolysis. Herein, we reported the initial, semi-
quantitative analysis of this correlation, which was
associated with the specific surface area as one of the
most important properties of metal powders.

2 Experimental

2.1 Electrochemical experiments

Electrodeposition of silver was carried out from the
following electrolytes: 0.10 mol/L AgNO; in 2.0 mol/L
NaNO; (nitrate electrolyte), and 0.10 mol/L AgNO; in

0.50 mol/L (NH4),SO, with the addition of NH; in
excess to dissolve silver sulfate precipitate (ammonium
electrolyte).

Silver was electrodeposited by a potentiostatic
regime of electrolysis, in an open cell of a cylindrical
shape at the room temperature. Doubly distilled water
and analytical grade chemicals were used to prepare the
electrolytes. Electrodeposition of silver was performed at
the overpotentials of 90 and 150 mV from the nitrate
electrolyte, and 625 and 925 mV from the ammonium
electrolyte, using Pt as the working electrode. The
reference and counter electrodes were made of pure
silver. The working electrode had a cylindrical shape, a
length of 4.0 cm, and a diameter of 0.7 mm (the overall
surface area of 1.0048 cm?). The counter electrode (Ag)
was in the form of foil with the overall surface area of
144 cm’, and was situated close to the cell wall. The
working electrode was situated in the middle of the cell,
while the tip of Ag reference electrode was positioned at
a distance of about 2 mm from the surface of working
electrode. For recording the polarization curves, Ag of
the same shape and dimension as Pt was used for the
working electrode.

2.2 Characterization of Ag particles produced by
electrolysis

For morphological analysis, Ag was electro-
deposited with electricity quantity of 0.50 (mA-h)/cm®.
Morphologies of the potentiostatically produced particles
were characterized using the technique of scanning
electron microscopy (SEM) by the TESCAN Digital
Microscopy-model VEGA3, Brno, Czech Republic.

The X-ray diffraction (XRD) analysis of Ag
particles was carried out using the Rigaku Ultima IV
diffractometer (Rigaku Co. Ltd., Tokyo, Japan), with
Cu K, radiation (1.54178 A) in 20 range from 5° to 80°.
For the XRD analysis, the Ag particles were removed
from the electrode surface every 10 min, rinsed with
distilled water and dried in a tube furnace under a
controlled nitrogen atmosphere at 110—120 °C for 16 h.
The preferred orientation of Ag particles was estimated
by determining the texture coefficient, TC(kk/), and the
relative texture coefficient, RTC(hk/) as follows [35,36].

The ratio of reflection intensity (4k/) to the sum of
all intensities of the recorded reflections, R(hkl) is
calculated according to Eq. (1):

R(hkl) :4](&

2 kil

x100% (1)

where /(hkl) is the reflection intensity (%k/l), in cps, and

4
Z[ (h;k;l;) 1s the sum of all intensities of the recorded
i

reflections, in cps, for the particles being considered.
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The texture coefficient, TC(hkl), for every (hkl)
reflection is defined by Eq. (2):

R(hK])
R, (kD)

where Ry(hkl) is defined in the same way as given by
Eq. (1), but is related to the Ag standard (04—0783).
This coefficient gives the quantitative
information about the absolute reflection intensity.

Finally, the relative texture coefficient, RTC(4kl) is
defined by Eq. (3):

RTC(hkl) = M

> TC(hkil;)

TC(hkl) = @)

accurate

x100% 3)

The RTC(hkl) coefficient defines the reflection
intensity (kk/) relative to the standard (included in the TC
values).

The phase analysis was done using the Powder Cell
software (Version 2.4). The average crystallite size (D)
was calculated on the basis of the full-width at
half-maximum intensity (FWHM) of the (111), (200),
(220) and (311) reflection of FCC Ag applying the
Scherrer formula, and the lattice strain of electro-
deposited powders was estimated from the Williamson—
Hall plots [37,38].

The specific surface area (SSA) of powders was
determined using the MALVERN Instruments
MASTERSIZER 2000 device. The values of SSA are
obtained using the “Malvern Software” to control the
apparatus operation and processing the obtained data.

3 Results and discussion

3.1 Polarization of Ag electrodeposition systems

The polarization curves for silver electrodeposition
both from nitrate electrolyte (0.10 mol/L AgNO; in
2.0mol/L NaNO;) and ammonium electrolyte
(0.10 mol/L AgNO; in 0.50 mol/L (NH,4),SO, with the
addition of NH; in excess to dissolve silver sulfate
precipitate) are shown in Fig. 1. The dendritic growth
commences at some overpotential inside the plateau of
the limiting diffusion current density, and the plateaus
are denoted by the vertical lines in Fig. 1 for both
electrolytes. A clear difference in their shape and length
can be seen from Fig. 1. The plateau of limiting diffusion
current density characterizing the nitrate electrolyte is
relatively short with a slope to the overpotential (1) axis
(70—110 mV, Part I in Fig. 1). In the case of ammonium
electrolyte, there is a wide and well defined plateau of
the limiting diffusion current density with the current
density independent of the overpotential (250—700 mV,
Part I' in Fig. 1). For both electrolytes, the current
density increased strongly with the increase of over-

potential after the end of plateau of the limiting diffusion
current density (Parts II and II' in Fig. 1). The
overpotential denoting the end of plateau of the limiting
diffusion current density, and separating the parts I, I’
and II, II' at polarization curves, is denoted as the
inflection point.
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|
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0 —0.10 mol/L AgNO,+0.50 mol/L (NH,),SO,+NH,
(to dissolve precipitate)
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7 /mV
Fig. 1 Polarization curves for silver electrodeposition from
nitrate and ammonium electrolytes

3.2 Morphology of electrochemically produced Ag
dendrites

Figure 2 shows the morphologies of Ag particles
obtained by the electrodeposition from nitrate electrolyte
at overpotentials of 90 mV (Figs. 2(a)—(c)), and 150 mV
(Figs. 2(d)—(f)). The needle-like dendrites like those
shown in Figs. 2(a)—(c) were formed at the overpotential
of 90 mV, which belong to the middle of the plateau of
the limiting diffusion current density. As shown in
Fig. 2(a), the needle-like dendrites grew oriented to the
bulk solution during the electrolysis process. Apart from
them, granules of various shapes, as the most dominant
forms, were also formed during the electrodeposition
process at the overpotential of 90 mV (Fig. 2(a)).
Completely different forms of dendrites were formed by
electrodeposition at the overpotential of 150 mV, in the
zone of fast increase in the current density with
increasing the overpotential after the inflection point
(Figs. 2(d)—(f)). The 2D highly-branched fern-like silver
dendrites with stalk and well defined branches were
predominately formed by electrodeposition at this
overpotential.

Silver deposits, obtained by electrodeposition from
the ammonium electrolyte at the overpotentials inside
(7=625 mV) and outside (7=925 mV) plateau of the
limiting diffusion current density, are shown in Fig. 3. At
both overpotentials, the highly-branched 3D dendrites
of the pine-like shape were formed from this
electrolyte. It is necessary to note that the 3D pine-like
dendrites, formed at 925 mV (Figs. 3(d) and (e)), were
more branchy structure than those formed at 625 mV
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Fig. 2 Morphologies of Ag dendrites obtained by electrodeposition from nitrate electrolyte at overpotentials of 90 mV (a—c) and
150 mV (d—f)

Fig. 3 Morphologies of Ag dendrites obtained by electrodeposition from ammonium electrolyte at overpotentials of 625 mV (a—c)
and 925 mV (d—f)
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(Figs. 3(a) and (b)). This type of particles were
constructed from the approximately spherical grains as
the basic element (Figs. 3(c) and (f)). The size of these
grains approached to the nano-size dimensions, with a
tendency of their decrease with increasing the
electrodeposition overpotential.

3.3 Crystal orientation and structure of Ag dendrites
3.3.1 Preferred orientation of formed Ag dendrites

The XRD patterns of silver particles electro-
deposited from nitrate electrolyte at the overpotentials of
90 and 150 mV, together with the Ag standard
(04—0783), are shown in Fig. 4. The peaks at 26 angles
of 38.1°, 44.3°, 64.4° and 77.5° clearly indicate that
silver crystallizes in a face centered cubic (FCC) lattice.
At both overpotentials, the silver crystallites were
dominantly oriented in the (111) plane due to a lower
surface energy for this plane in relation to (200), (220)
and (311) planes. Namely, the surface energies decrease
in a row: y10>%00> 11, for the FCC crystal lattice [9,39].
A fast estimation of preferred orientation can be done
using an analysis of the peak intensity ratios and their
comparison with the corresponding standard [35]. Table
1 gives the ratio values of (111)/(200), (111)/(220) and
(111)/(311) together with the Ag standard (04—0783) for
silver particles electrodeposited at 90 and 150 mV.
Considerably higher ratios of the peak intensity,
observed for the Ag particles obtained at 90 mV in
relation to the Ag standard, indicate a strong (111)
preferred orientation. It is necessary to note that the
contributions of crystallites, oriented in (200), (220) and
(311) planes, were larger for particles obtained at
150 mV than those at 90 mV.

4000F
3000+

1000
0 __J A

90 mV

Intensity/cps

150 mV

0 04—0783
| 220 311

‘ . . A I
30 40 50 60 70 80
20/(%)
Fig. 4 XRD patterns of Ag particles electrodeposited from

nitrate electrolyte at overpotentials of 90 and 150 mV, and Ag
standard (04—0783)

A more precise estimation of preferred orientation is
obtained by determining the texture coefficient, TC(hkl),
and the relative texture coefficient, RTC(%kl) [35,36].
The values of these coefficients for the (111), (200),

(220) and (311) planes are given in Table 2. Since four
reflections were analyzed in this investigation, the
RTC(hkI) values above 25% indicate the existence of
preferred orientation of the formed crystals. It is very
clear from Table 2 that there is a strong preferred
orientation of Ag crystallites formed at 90 mV in the
(111) plane. As far as the Ag crystals electrodeposited at
150 mV, aside from the dominant orientation of Ag
crystallites in the (111) plane, a weak (200) preferred
orientation can be indentified in these particles. The
average crystallite size and lattice strain for the Ag
particles, obtained at the overpotentials of 90 and
150 mV (Table 3), have pointed out a nanostructural
character of the formed Ag particles. It can be seen from
Table 3 that the average crystallite size decreased with an
increase in the electrodeposition overpotential. On the
contrary, the lattice strain increased with increasing the
electrodeposition overpotential.

Table 1 Intensity ratios of diffraction peaks for dendritic
particles obtained from nitrate electrolyte at 90 and 150 mV,
ammonium electrolyte at 625 and 925 mV, and for Ag standard
(04—0783) (Nitrate electrolyte—NIT; Ammonium electrolyte—
AM)

Overpotential/
v I(111)/1(200)  I(111)/1(220) I(111)/1(311)
m
90 (NIT) 11.3 16.4 18.3
150 (NIT) 39 11.4 13.3
625 (AM) 4.4 7.0 6.8
925 (AM) 33 49 5.5
Ag standard
(04—0783) 2.5 4 3.8

Table 2 Values of R, TC and RTC, obtained for Ag particles by
electrodeposition from nitrate electrolyte at overpotentials of 90
and 150 mV

Plane R/% TC RTC/%
ik 90 150 RJ% 90 150 90 150
(hkl) mV mV mV mV mV mV

(111) 822 70.1 524 157 134 581 434
(2000 7.7 181 209 037 087 137 281
(220) 52 63 131 040 048 148 15.6
311) 49 55 13.6 036 040 134 129

Table 3 Average crystallite size, lattice strain, and specific
surface area of electrodeposited silver particles

Overpotential/  Crystallite Lattice Specific surface
mV size/nm strain/10> area/(m*-g ")
90 (NIT) 50 0.315 0.00694
150 (NIT) 45 0.614 0.013
625 (AM) 42 0.490 0.0208
925 (AM) 38 0.707 0.0373
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Figure 5 shows the XRD patterns of the pine-like
particles, obtained from the ammonium electrolyte at the
overpotentials of 625 and 925 mV, as well as the Ag
standard (04—0783). The peaks at same angles as those
obtained during the Ag electrocrystallization from nitrate
electrolyte were observed for this type of electrolyte,
confirming a face centered cubic (FCC) lattice of Ag. As
seen from Fig. 5, the crystallites in the pine-like particles
are dominantly oriented in the (111) plane, but with
larger contributions in the (200), (220) and (311) planes
regarding to the particles obtained from the nitrate
electrolyte. The peak intensity ratios of (111)/(200),
(111)/(220) and (111)/(311) for the particles obtained at
625 and 925 mV are also included in Table 1, from
which it can be noticed that these ratios, except for the
(111)/(200) ratio at 625 mV, were smaller than those
observed for the particles produced in the nitrate
electrolyte.

4000
3000 -
2000
:’c;_ 1000 - 625 mV
=, 0 A A
8§ 40001
E 3000
o) N 925 mV
0 A A
111
04—0783
200
220 311
. . . R I
30 40 50 60 70 80

20/(°)
Fig. 5 XRD patterns of Ag particles electrodeposited from
ammonium electrolyte at overpotentials of 625 and 925 mV,
and Ag standard (04—0783)

A more precise estimation of preferred orientation
of the pine-like particles is also done by determining the
TC(hkl), and the RTC(hkl) [35,36]. These coefficients for
the (111), (200), (220) and (311) planes are given in
Table 4. On the basis of calculated values, it can be
concluded that the particles obtained at 625 mV show a
(111) preferred orientation. On the other hand, the values
for particles obtained at 925 mV were relatively close to
1 (TC coefficient), and about 25% (RTC coefficient),
indicating a random orientation of Ag crystallites. The
values of the average crystallite size, as well as the lattice
strain of Ag powders electrodeposited from the
ammonium electrolyte at the overpotentials of 625 and
925 mV, are also included in Table 3. It can be noted that
changes of these values follow the same trend as in the
powders obtained from the nitrate electrolyte. As
expected, the values of the average crystallite size for
particles obtained from the ammonium electrolyte were
smaller than those obtained from nitrate electrolyte.

Table 4 Values of R, TC and RTC for Ag particles obtained by
electrodeposition from ammonium electrolyte at overpotentials
of 625 and 925 mV

RI% TC RTC/%
Plane
(nkpy 625 925 RS 625 925 625 925
mV  mV mV  mV mV —mV

(111) 659 592 524 126 1.13 37.0 305
(200) 151 17.8 209 0.72 0.85 21.1 230
(2200 94 122 131 0.72 093 21.1 251
(311) 96 108 136 071 079 208 214

3.3.2 Crystal structure of Ag dendrites

Various polygonal structures as well as the
needle-like dendrites are obtained from the nitrate
electrolyte at the overpotential of 90 mV (Figs. 2(a—c)).
The needle-like dendrites are porous with a hollow void
space at the top (Figs. 2(a) and (b)). These hollow
structures are formed if the edges, instead of the corners,
grow preferentially. Dendrite shown in Fig. 2(b) has one
twinning boundary, formed by emergence of a twin plane
(111) on a crystal surface (indicated by white arrows).

The fern-like dendrites are 2D because they grow
and branch in one plane. Branching in one plane only is
directly related to the occurrence of growth twins, and
that at least one twinning boundary extends throughout a
dendrite, and is parallel to the plane of dendrite [40].
Two or more twin planes insure the presence of at least
one re-entrant edge resulting from an emergence of a
twin plane on a crystal surface, which is a repeatable
growth defect in faceted crystals. The twin grooves in
nuclei are the lower energy sites for further nucleation
and growth than on the faces [41]. The grooves are not
only the sites of preferred nucleation, but also this type
of nucleation preserves the stacking-order. The groove is
reproduced in each new layer, and thus can act as a
“self-perpetuating” step-source. The nucleation rate at
twin plane re-entrant groove is much higher than that on
the faceted surfaces or sharp corners, resulting in a fast
growth rate along a crystallographic direction parallel to
the twin plane. The twinning plane in a FCC crystal is
(111), and the stalk and all branches are parallel to the
(112) directions of growth (Figs. 2(d—f)) [42]. The stalk
and branches of dendrites are formed by stacking of
octahedrons mostly in an elongated form, and
characteristic a “saw-tooth” arrangement of (111) planes
are visible in Figs. 2(d—f). Lateral growth originating
from the reentrant corners at the intersection of (111)
planes cannot occur.

The same mechanism of growth as described for the
fern-like dendrites can be applied to the pine-like ones,
but in this case, dendrites also grow in thickness, by a
layer growth mechanism. Some of the (111) facets on the
main face that thicken and widen a dendrite, may arise
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passing throughout from the stalk. It is likely a dendrite
branch in (111) direction, so that the main stalk and
primary branches make an angle of nearly 90°. Thus,
surface nucleation may be a mechanism for layer
initiation on these final (111) faces. Hence, the
three-dimensional dendrites branch in (112) and (111)
directions, as seen in Fig. 3.

3.4 Discussion

It is very clear from Fig. 1 that the polarization
characteristics of silver strongly depend on the type of
electrolyte. When the nitrate electrolyte was used for Ag
electrodeposition, Ag was situated into a group of normal
metals, together with Pb, Sn, Cd and Zn [30]. These
metals are characterized by the high exchange current
density (Jo>>J;, where J; is the exchange current
density, and Jy is the limiting diffusion current density),
the low melting point and high overpotentials for
hydrogen evolution. Electrodeposition of these metals
belongs to the fast electrochemical processes, and they
are characterized by a diffusion control of electrode-
position process starting from the small overpotentials.

The processes of Ag electrodeposition from the
ammonium electrolyte were characterized by the lower
values both for the exchange current density and
overpotential for hydrogen discharge than those from the
nitrate electrolyte [30]. When the ammonium electrolyte
was used, Jy<Jp is valid, and then, Ag is situated,
together with Cu and Au, into a group of intermediate
metals. The beginning of diffusion control is shifted to
the higher overpotentials in relation to the normal metals,
and the plateaus of the limiting diffusion current density
were considerably wider for this type of electrolyte.

For both electrolytes, increasing overpotential led to
a ramification of Ag dendrites (Figs. 2 and 3).
Simultaneously, unlike the needle-like and the 2D
fern-like dendrites formed from the nitrate electrolyte,
the 3D pine-like dendrites were formed from the
ammonium electrolyte. The strong difference in the
shape of dendrites indicates the existence of different
mechanisms of their formation. Irrespective of this, the
dendritic growth is always initiated inside the plateau of
the limiting diffusion current density. For the nitrate
electrolyte (Ag behaves like a normal metal, Jy>>J;), the
critical overpotential for initiation of dendritic growth, 7;
is given by [21]

_RTa

CnF J, @

1
where nF is the number Faradays per mole of consumed
ions, R, is the gas constant, and 7 is temperature [21].

On the other hand, for the ammonium electrolyte
(Ag behaves like an intermediate metal, Jy<<Jp ), the
critical overpotential for the initiation of dendritic growth

is given by
b, . J
=S InL 5
g 23 J, ©)

where b, is the cathodic Tafel slope.

During electrolysis from both electrolytes, the outer
limit of a diffusion layer of macroelectrode remains
unchanged and the growth of dendrites at overpotentials,
belonging to the plateaus of the limiting diffusion current
density, occurs only inside the diffusion layer of
macroelectrode. In case of the nitrate electrolyte, very
long needle-like dendrites, oriented to bulk solution
(Fig. 2(a)), leads to a noticeable increase of the real
surface area of electrode, causing a formation of plateau
of the limiting diffusion current density with a slope to
the overpotential axis.

The inflection point at the polarization curves
separating Parts I and I' from Parts II and II' corresponds
to the critical overpotential for instantaneous dendritic
growth, 7., and for the group of normal metals is given
by [21]

_RT g (6Y

Ne=—7717 (6)
nF Jy\ h

where ¢ is the thickness of a diffusion layer, 4 is the

height of protrusion from which the growth of dendrite

dlgJ,

dlge

concentration of the depositing ions.

starts, and &= [43], where ¢ is the

For intermediate metals, the critical overpotential
for the instantaneous dendritic growth is given by

b | JL (Y
ﬂ°_2.3lr{J0(hj } ™

The overpotential 7., corresponds to an
overpotential at which the diffusion control becomes
complete. Formation of dendrites, as the only
morphological forms, obtained at the overpotentials of
150 mV (Figs. 2(d—f)) and 925 mV (Figs. 3(d—f)) just
confirms this fact.

The highly-branched 2D fern-like dendrites formed
from the nitrate electrolyte are in excellent accordance
with the classical Wranglen’s definition of dendrites.
According to Ref. [44], a dendrite consists of a stalk and
branches (primary, secondary, etc.), and resembles a tree.
Dendrites, consisted only of a stalk and primary
branches, are referred as the primary (P) dendrite. If the
primary branches in turn develop the secondary branches,
a dendrite is called as the secondary (S). It is clear that
the highly-branched fern-like dendrites shown in
Figs. 2(d—f) belong to the S type.

From an electrochemical point of view, a dendrite is
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defined as an electrode surface protrusion that grows
under an activation control, while electrodeposition to
the macroelectrode is predominantly under a diffusion
control [21,45,46]. The electrochemical definition of a
dendrite enables a closer definition of Parts II and II' on
polarization curves. After the inflection point, the
electrodeposition system remains the diffusion controlled
one, and the fast increase in the current density with
increasing the overpotential is a consequence of strong
increase of the real electrode surface, caused by
instantaneous formation and growth of dendrites.
Simultaneously, the tips of all elements constructing
dendrites (stalk and branches) grow under the activation
control causing a disruption of the outer limit of the
diffusion layer of macroelectrode. As a result of all these
simultaneous processes, a fast increase of the current
density with an increase of overpotential occurred after
the inflection point.

It is clear that the conditions of electrolysis, such as
the overpotential of electrodeposition and the type of
electrolyte, had not only a strong effect on morphology
of the Ag nanostructures, but also on their crystal
orientation. The change of preferred orientation from the
strong (111) (the nitrate electrolyte: 7=90 mV) to almost
randomly distributed spherical grains in the pine-like
dendrites (the ammonium electrolyte: 7=925 mV) was
observed with a change of the overpotential of
electrodeposition and type of electrolyte. The
explanation for this change can be found in the
ramification of particles caused by increase of the
overpotential of electrodeposition, and using the
ammonium electrolyte instead of the nitrate electrolyte.
Namely, for the both electrolytes, the increase in
overpotential of the electrodeposition caused branching
of dendrites, resulting in the increase of contributions of
Ag crystallites oriented in the (200), (220) and (311)
planes. The use of ammonium instead of nitrate
electrolyte led to a change in shape of dendrites from the
needle-like and 2D fern-like to the 3D pine-like ones,
with a consequence that the 3D dendrites had more
branchy structure than the 2D ones. The rate of
electrochemical process (J, value) was decreased using
the ammonium electrolyte, and it is manifested in
appearing the spherical morphology in the pine-like
particles.

Then, a degree change of the preferred orientation
of Ag dendrites from a strong (111) to almost random
orientation can be explained as follows: as a
consequence of different surface energies of crystal
planes [9,39], the electrodeposition rates on them are
different, and for the FCC crystal lattice, follow a trend:
(110) > (110) > (111) [47]. Following this fact, the (111)
plane is denoted as a slow-growing plane, while (200),
(220) and (311) planes belong to a group of fast-growing
planes [48]. In the growth process, the (111) plane as the

slow-growing one survives, causing the dominant
orientation of Ag crystallites in this plane, while the
fast-growing (200), (220) and (311) planes disappear.
The Ag crystallites oriented in the (111) planes originate
from the growth centers present in the interior of crystal
faces (“centre type”), while the Ag crystallites, oriented
in the other planes, originate from the growth centers
present on tips, edges and corners of the growing crystals
(“edge” and “corner” type). Then, the increase of
contributions of the Ag crystallites oriented in the (200),
(220) and (311) planes, observed by increase in the
overpotential and the use of the ammonium electrolyte
can be ascribed to the branching of dendrites, i.e., a
larger number of tips, edges and corners and hence, to
the larger contribution of the crystal growth on them. It is
necessary to note that this effect is especially expressed
for the Ag particles obtained in the zone of instantaneous
dendritic growth characterized by a fast increase in the
current density with increasing the overpotential after the
inflection point. As already mentioned, one of the main
consequences of the rate decrease of electrochemical
process is the appearing of spherical morphology which
caused the approaching of the XRD pattern obtained
from the ammonium electrolyte at 925 mV to the Ag
standard for randomly distributed spherical grains.

The SSA values of the Ag powders presenting
collection of the electrolytically produced dendrites are
given in Table 3. The SSA produced powders increased
with a change of electrolyte type from nitrate to
ammonium ones, as well as with increase of the
overpotential of electrodeposition. This can be ascribed
to appearing the spherical morphology, achieved by the
use of ammonium electrolyte and decrease of the grain
sizes with increase the electrodeposition overpotential.

4 Conclusions

1) Depending on the kind of electrolyte and
overpotential of electrodeposition, various forms of
dendrites were obtained. The needle-like dendrites were
formed from the nitrate electrolyte at the overpotential of
90 mV (the plateau of the limiting diffusion current
density). The highly-branched 2D fern-like dendrites
were formed from the same electrolyte at the
overpotential of 150 mV (the zone outside the plateau of
limiting diffusion current density). On the other hand, the
3D pine-like dendrites with spherical grains, as the basic
construction element, were formed from the ammonium
electrolyte at the overpotentials corresponding to the
plateau of limiting diffusion current density (625 mV)
and the zone outside this plateau (925 mV).

2) The needle-like dendrites showed a strong (111)
preferred orientation. The highly-branched 2D fern-like
dendrites showed an increased ratio of Ag crystallites
oriented in the (200), (220) and (311) planes in relation
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to the needle-like dendrites. Finally, the 3D pine-like
dendrites with almost randomly oriented crystallites were
formed from the ammonium electrolyte at the
overpotential outside the plateau of the limiting diffusion
current density. The crystallite sizes in the formed Ag
powders were in the range of 38—50 nm.

3) Morphologies of Ag dendritic nanostructures
were successfully correlated with their crystal structure
at the semi quantiative level that was verified by
determination of the SSA of the obtained powders.
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