Chapter 3
Electrodeposition of Copper Powders
and Their Properties

Nebojsa D. Nikoli¢ and Konstantin I. Popov

3.1 Introduction

A powder is a finely divided solid, smaller than 1,000 pm in its
maximum dimension. A particle is defined as the smallest unit of
a powder. The particles of a powder may assume various forms and
sizes, whereas powders, an association of such particles, exhibit,
more or less, the same characteristics as if they were formed under
identical conditions and if the manipulation of the deposits after
removal from the electrode was the same [1, 2]. The size of particles
of many metal powders can vary in a quite wide range from a few
nanometers to several hundreds of micrometers. The most important
properties of a metal powder are the specific surface, the apparent
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density, the flowability, and the particle grain size and distribution.
These properties, called decisive properties, characterize the behavior
of a metal powder.

Different methods for the production of metal powders including
mechanical commuting, chemical reaction, electrolysis, and liquid
metal atomization are used in practice [1]. Powders of about 60 metals
can successfully be produced by electrolysis. The majority of metal-
lic powders are obtained by molten-salts electrolysis. However, due
to technological advantages and various industrial applications most
of the practically useful powders, e.g., copper, iron, and nickel, are
produced from aqueous solutions [3].

Electrodeposited metallic powders are mainly produced in a den-
dritic form. The dendrites can spontaneously fall off or can be removed
from the electrode by tapping or other similar techniques. Also, the
powders are obtained as flakes or needles, fibrous or spongy forms,
etc., depending on the conditions of electrodeposition and on the
nature of the metal.

The formation of powders by electrolysis is an economical
processing method with a low capital investment and operational
cost. The main advantages of this method in relation to other methods
of metal powder production are high purity of the produced powder,
which can be easily pressed and sintered, and low oxygen content
[1, 2]. It is environmentally a friendly way of powder production
which enables working in a closed circuit [4]. Metal powders can be
formed by both potentiostatic and galvanostatic regimes of electrol-
ysis [2, 5, 6]. In addition, metal powders can be produced under
periodically changing regimes of electrolysis, such as pulsating over-
potential (PO), pulsating current (PC), and reversing current (RC) [5, 6].

3.1.1 Formation of Metal Powders by Electrolysis:
Comparison of Potentiostatic and Galvanostatic
Regimes

All metals which can be electrodeposited exhibit a tendency to
appear in the form of powders at current densities larger than a
certain critical value, j... This value is equal to the limiting diffusion
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current density in galvanostatic deposition, as shown by Hirakoso
[7, 8] and Ibl [9, 10]. At the same time Kudra et al. [11, 12] observed
that the product of the current density used and the square root of
the time of powder formation ¢ is a constant quantity. The time for
powder formation at current densities equal to j., and larger can be
observed visually as the electrode is seen to turn suddenly from a
lustrous to a black appearance. During this induction period a com-
pact deposit is formed. Ibl and Schadegg [13] showed that at suffi-
ciently high deposition times, powdered deposits can be obtained
at all overpotentials which correspond to the limiting diffusion cur-
rent plateau. It is known that the limiting diffusion current plateau
covers a wide range of overpotentials, because of a large change of
overpotential for extremely small changes of current density. There-
fore, as pointed out by Calusaru [3], the formation of electrolytic
powder cannot be localized at a certain point on the current density
versus polarization curve by using only current density measure-
ments. Calusaru et al. [3, 14, 15] showed that there are three ranges
of overpotential which can be determined from studies of deposit
structure. Similar facts were reported by Russev [16] and Theis et al.
[17]. According to Calusaru [3], there are regions of overpotential
in which compact, rough, and really powdered deposits are obtained.
Popov et al. [18] showed that in potentiostatic deposition two critical
values of overpotential can be determined: the critical overpotential
for dendrite growth initiation, 7;, and the critical overpotential for
powder formation, 7.. Simultaneously, it was shown that dendritic
deposits are obtained at all overpotentials between 7; and 7). after a
sufficiently long induction period, which is in agreement with the
findings of Ibl and Schadegg [13]. Also, it was shown [3] that during
potentiostatic deposition with sufficiently long deposition times,
dendritic and powdered deposits can be obtained at current densities
lower than the limiting diffusion value. This is not possible in the
case of galvanostatic deposition.

According to Popov et al. [18], the minimum overpotential at
which dendritic growth, 7;, is possible at a macroelectrode is given by
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and the minimum overpotential at which instantaneous dendritic
growth, 7, is possible is given by

bc JL5
=—In=+A 3.2
e =753 nj0h0+ 7, (3.2)

where b, is the cathodic Tafel slope, ji is the limiting diffusion
current density, jo is the exchange current density, J is the diffusion
layer thickness, and /g is the initial protrusion height.

An in Egs. (3.1) and (3.2) represents the difference in the revers-
ible potential of the tip of the dendrite and a planar surface [19], and
it is presented by Eq. (3.3):

20V

TR (3.3)

An =

where nF is the number of Faradays per mole of consumed ions, R is
the molar gas constant, V is the molar volume of deposited metal, and
o is the interfacial energy between metal and solution. A7 is the order
of a few millivolts and it can be neglected in the consideration of both
n; and 7. overpotentials. Also, the following forms of Egs. (3.1) and
(3.2) are often found in the literature: [5]

bc jL
L=~ In"= 3.4
=53 njo 3.4
and
bc ]L5
=—In+—. 3.5
e =53 ioh (3-5)

The relationship between overpotential and current density in
mixed controlled metal electrodeposition is given by

Pl ° 3.6
3 njo (1 —Jj/i) G0

be  j 1

where j is the current density of electrodeposition.
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Current densities j; and j., which correspond to 7; and 7, can be
obtained by eliminating 7 from (3.1), (3.2), and (3.6) as’

Ji = 0.3jL 3.7)
and
. Ju(6/ho)
Jor = 1+ ( 8/ho) 3.8)
or
Ji=JL (3.9)

for d/hy > 1. Hence, it can be concluded that dendritic growth is not
possible at [19]

J<li (3.10)
but growth is possible after an induction time at
Ji <J<ju (3.11)
and instantaneous growth is possible at
JZ (3.12)

in potentiostatic electrodeposition. The fact that dendritic growth in
potentiostatic deposition is possible at n < 7., and hence j < ji,
(regardless j ~ ji ), was explained by the effect of nondendritic sur-
face roughness amplification during the induction time of dendritic
growth [18].

This effect in galvanostatic electrodeposition will be in the oppo-
site direction. It was shown by Maksimovié et al. [20, 21] that the

'The elimination n from Egs. (3.4) to (3.6), j; = 0.5 j., and this dependence can
also be found in the literature.
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S>> h

Fig. 3.1 Schematic representation of a rough electrode surface area

surface roughness amplification of a protrusion with an initial height,
hg, in galvanostatic deposition (for ¢+ < t) obeys the same relation
as in the case of potentiostatic electrodeposition [22-27], i.e.,

h = hoexp(t/7), (3.13)

where © = (8°/V,,DCy), if the condition 6> h is satisfied. In
Eq. (3.13), D is diffusion coefficient and C, is the bulk concentration.
It is easy to show that for the electrode surface presented in Fig. 3.1,
the real electrode surface area will increase with time according to

S = Soexp(t/7) (3.14a)
since
N
S=k> h (3.14b)
i=1
and
N

So = kth. (3.14¢)
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Obviously, the real current density will decrease according to

j=1j"exp(—t/7), (3.15)

where ;° is initial current density, while the overpotential will
decrease according to

be | Jexp(—1/Ti

== 3.16
2.3 " joljL —j Oexp(—t/7)]’ (3.16)

n

where Eq. (3.16) is obtained by substitution of j from Eq. (3.15) into
Eq. (3.6).

The critical overpotential for instantaneous dendritic growth is
given by Eq. (3.5) for protrusions with an initial height /. In poten-
tiostatic deposition, an overpotential lower than 7. can belong to the
limiting diffusion range. Nondendritic surface roughness amplifica-
tion in the limiting diffusion current density range does not depend
on overpotential, leading to an increase of height of the protrusion.
Substitution of 4 from Eq. (3.13) in Eq. (3.5) shows the change of
critical overpotential of instantaneous dendritic growth with time
caused by nondendritic surface roughness amplification as

ey, 2l 3.17
lex =53 M in = 237 3.17)

b JLO . b t
2.

Hence, the overpotential of deposition remains constant and the
critical overpotential of instantaneous dendritic growth decreases,
and at ¢ = t; these values become equal and dendritic growth starts.
In galvanostatic conditions, nondendritic amplification causes a
decrease in the critical overpotential for dendritic growth according
to Eq. (3.17), but at the same time the overpotential of deposition
decreases according to Eq. (3.16). The time # in which these two
overpotentials become equal can be obtained by the elimination of
from Eqgs. (3.16) and (3.17) as

f=—231 log‘j% (3.18)
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if 0 > hg. Hence, t; = 0 for jO = j. and instantaneous dendritic
growth is possible; at j° < ji, for f; < 0 dendritic growth is not
possible. In this way, the induction period for the dendritic growth
becomes equal to the transition time.

The above discussion is valid for galvanostatic powder electrode-
position. Due to the increase in real surface area of the electrode, the
working current density should be many times larger than limiting
diffusion one [28]. In this way, the decrease in the current density
below the limiting diffusion one can be avoided. Hence, hydrogen
codeposition in galvanostatic powder electrodeposition is inevitable.
The situation is somewhat different under the potentiostatic condi-
tions. In this regime, dendrites of deposited metal also appear in the
limiting diffusion current density range. For some metals, however,
hydrogen codeposition is not a necessary factor influencing the
powder formation [5, 29]. In the absence of vigorous hydrogen
evolution, powder particles are well-developed dendrites or parts of
them. At overpotentials larger than that of vigorous hydrogen evolu-
tion, the conditions of the powder formation become similar to those
in galvanostatic deposition.

There are at least two basic consequences of the vigorous hydrogen
evolution during the metal powder particle formation. First, the hydro-
dynamic regime in the vicinity of the electrode can be changed due to
stirring of the solution by evolved hydrogen, thus resulting in the
increase of the limiting diffusion current density [30]. This causes the
formation of morphological forms appearing before dendrite growth
initiation at specified overpotential. Second, the formation of hydrogen
bubbles strongly influences the current density distribution over elec-
trode surface and hence the powder particle formation [31, 32].

3.2 Copper Powdered Deposits

3.2.1 Basic Facts

The most often employed electrolytes for the electrodeposition of
copper are those based on aqueous solutions of cupric sulfate (CuSO,4)
and sulfuric acid (H,SOy4) [33]. There is an ionic equilibrium of a
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Fig. 3.2 Relative concentration of hydrogen ions as a function of sulfuric acid
and total copper concentrations, at 25°C (Cru. = [H']/[Ht]) (Reprinted from
[36] with permission from Elsevier and [38] with permission from Springer.)

lot of species, such as bisulfate ions (HSO,4 ), cupric ions (Cu2+),
aqueous cupric sulfate (CuSOy,q)), hydrogen ions (H"), and sulfate
ions (SO427), in the CuSO4,~H,SO,~H,0O system [34-36]. Using
Pitzer’s model [37], the ionic equilibrium of these species over a
wide range of concentrations and temperatures was calculated [36],
and the dependence of the relative concentration of hydrogen ions
(H") on H,SO,4 concentration for different copper concentration is
shown in Fig. 3.2. From Fig. 3.2, it can be seen that increasing the
copper concentration produces a sharp decrease in the hydrogen ion
concentration, while increasing the concentration of sulfuric acid
produces an increase in the hydrogen ion concentration [36].

Irregular or powdered copper deposits are formed by electrodepo-
sition from acid sulfate solutions at current densities and overpoten-
tials corresponding to the plateau of the limiting diffusion current
density and at higher ones. At these overpotentials and current densities,
parallel to copper electrodeposition processes, hydrogen evolution
reaction occurs [30]. Hence, it is very clear that the formation of
powdered copper deposits is closely related with hydrogen evolution
reaction as the second reaction in copper electrochemical deposition
processes at high overpotentials and current densities [38].

Due to the ionic equilibrium of the species in the CuSO,~H,S0,~H,0
system (Fig. 3.2), the quantities of evolved hydrogen and hence
morphologies of powdered copper deposits depend strongly on the
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Fig. 3.3 Copper deposits obtained at an overpotential of 800 mV from
(a) 0.075 M CuSO, in 0.50 M H,SO4; (b)—(d) 0.30 M CuSO, in 0.50 M
H,SOy; and (e) 0.60 M CuSO, in 0.50 M H,SO, (Reprinted from [39] with
permission from Elsevier and [38] with permission from Springer.)

used concentrations of CuSO, and H,SO, [39, 40]. Figure 3.3 shows
copper deposits obtained by potentiostatic electrodepositions at an
overpotential of 800 mV from copper solutions containing 0.075,
0.30, and 0.60 M CuSOy in 0.50 M H,SO,. For all these solutions,
an overpotential of 800 mV was about 50 mV outside the plateau
of the limiting diffusion current density [31, 39]. The quantities of
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hydrogen generated during electrodeposition processes at 800 mV
from these solutions corresponded to the average current efficien-
cies of hydrogen evolution, 7y ,,(H»), of 42.2% for 0.075 M CuSO, in
0.50 M H,SOy (the ratio of CuSO4/H,SO,4 = 0.15), 3.5% for 0.30 M
CuSOQy in 0.50 M H,SO, (the ratio of CuSO4/H,SO, = 0.60), and
0.66% for 0.60 M CuSO, in 0.50 M H,SO, (the ratio of CuSO,/
H,SO, = 1.2) [39].

The honeycomb-like structure was formed by electrodeposi-
tion from 0.075 M CuSQ, in 0.50 M H,SO, (Fig. 3.3a). A mixture
of dendritic forms (Fig. 3.3b), degenerate dendrites (Fig. 3.3¢c), and
holes formed due to the attached hydrogen bubbles (Fig. 3.3d) was
obtained by electrodeposition from 0.30 M CuSO, in 0.50 M H,SO,.
Finally, very branchy dendrites were formed by electrodeposi-
tion from 0.60 M CuSO, in 0.50 M H,SO, (Fig. 3.3e). It is very
clear that the change of morphology of electrodeposited copper with
the increasing Cu(Il) ions concentration is a consequence of the
decrease of effectiveness of solution stirring by evolved hydrogen
caused by the decrease of the relative concentration of H' ions with
the increase of Cu concentration (Fig. 3.2). The critical quantity of
evolved hydrogen which causes the effective solution stirring and
leads to the change of hydrodynamic conditions in the near-electrode
layer was estimated to correspond to 7y ,,(H») of 10.0% [31]. For the
H,SO, concentration of 0.50 M, the maximal concentration of Cu(II)
ions enabling the formation of the honeycomb-like structures is
estimated to correspond to 0.15 M CuSOy [31].

This is a vertical analysis of the ionic equilibrium of species in
the CuSO,4—H,SO4—H,O system. Horizontal analysis of this equilib-
rium is made keeping the Cu(Il) ions constant and varying H,SO,
concentrations. Morphologies of electrodeposited copper obtained
at an overpotential of 800 mV from 0.15 M CuSOQO, in 0.125, 0.25,
and 1.0 M H,SO, are shown in Fig. 3.4. For these solutions, an
overpotential of 800 mV was about 50 mV outside the plateaus of
the limiting diffusion current density [41]. The average current
efficiencies of hydrogen evolution, 7y ,,(H,), were 4.83% (for the
copper solution containing 0.15 M CuSQOy in 0.125 M H,SO,; the
CuSO4/H,SO,4 ratio = 1.2), 9.05% (for the copper solution
containing 0.15 M CuSO, in 0.25 M H,SO,4; the CuSO4/H,SO,
ratio = 0.60), and 23.3% (for the copper solution containing
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Fig. 3.4 Copper deposits obtained at an overpotential of 800 mV from: (a)—(c)
0.15 M CuSOy, in 0.125 M H,SOy; (d) 0.15 M CuSO, in 0.25 M H,SOy; and (e)
0.15 M CuSO4 in 1.0 M H,SO, (Reprinted from [39] with permission from
Elsevier and [38] with permission from Springer.)

0.15 M CuSOy, in 1.0 M H,SOy; the CuSO4/H,SO, ratio = 0.15) [39].
Please note that the same CuSO,4/H,SO, ratios were analyzed in both
cases.

A channel structure (Fig. 3.4a), degenerate dendrites (Fig. 3.4b),
and cauliflower-like forms (Fig. 3.4c) were formed by copper electro-
deposition from 0.15 M CuSO, in 0.125 M H,SO,. Holes originating
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from attached hydrogen bubbles were formed by electrodeposition
from 0.15 M CuSO,4in 0.25 M H,SO, (Fig. 3.4d). Degenerate dendrites
and cauliflower-like forms, similar to those shown in Fig. 3.4b, c,
were also formed by electrodeposition from this solution. Finally,
the honeycomb-like structure, constructed from holes formed due
to attached hydrogen bubbles and cauliflower-like agglomerates of
copper grains between them, was formed by the electrodeposition
from 0.15 M CuSOQOy, in 1.0 M H,SO, (Fig. 3.4e).

The observed morphologies of copper deposits were in a good
agreement with the prediction of the ionic equilibrium of the species
in the CuSO4~H,S0,4—H,0 system. The addition of excess H,SO, to
the electroplating solution increases the H ion concentration, which
is confirmed by the higher values of the average current efficiencies
of hydrogen evolution from the solutions with higher concentrations
of H,SO, and by the change of copper morphology from cauliflower-
like forms and degenerate dendrites to the honeycomb-like structure.
For a constant H,SO, concentration, the H* ion concentration decreases
with increasing copper concentration, which is manifested by the
smaller quantity of evolved hydrogen from solutions with higher
CuSO, concentrations and by the change of morphology of electro-
deposited copper from the honeycomb-like structure to dendrites [39].

The effect of CuSO4 and H,SO,4 concentrations on both hydrogen
evolution rate and morphology of electrodeposited copper was also
observed during electrochemical deposition processes at overpoten-
tials of 650 and 1,000 mV [31, 41, 42]. During electrodeposition
processes at 650 mV, the branching of dendrites decreased with the
increasing CuSO, concentration [31], while the number of formed
dendritic forms as well as their branching increased with the decrease
of H,SO, concentration [41]. Although holes originating due to
detachment of hydrogen bubbles were obtained by electrodepositions
at 1,000 mV from all analyzed solutions, the number, shape, and size
of holes strongly depended on the CuSO, and H,SO, concentrations
used [42].

It is necessary to note that effects on morphology of powdered
deposits similar to those obtained by the use of more solutions of
different CuSO,4 and H,SO, concentrations can be attained by the use
of the only one solution if electrodeposition processes were
performed at a periodically changing rate.
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3.2.2 The Application of Periodically Changing
Regimes of Electrolysis in the Formation
of Powdered Deposits

Electrodeposition at a periodically changing rate is based on the
periodic repetition of current or overpotential waves [27, 43]. The
application of periodically changing regimes of electrolysis, such
as pulsating overpotential (PO), pulsating (PC), and reversing current
(RC), in metal electrodeposition processes is of great academic and
practical significance [5, 43]. The most important regime from the
theoretical point of view is obviously pulsating overpotential. On the
other hand, the most important regime from practical point of view
is the reversing current.

Deposition at a periodically changing rate offers a number possi-
bilities for changing the deposition conditions at one and the same
deposition rate [43]. Deposits with desired composition, structure,
porosity, and hydrogen content, the enhanced throwing power espe-
cially in the holes, and the reduction of the use of additives are some
of advantages of the use of pulse regimes of electrolysis. From the
point of view of powder formation, powder particles with different
grain size and morphology can be obtained by varying the wave of
periodically changing current or overpotential [6].

In the hydrogen codeposition range, the effect of the PO regime on
microstructural characteristics of the honeycomb-like structures was
similar to those attained by the application of additives in electrode-
position processes [44—46]. Some of conveniences of the application
of these regimes of electrolysis on the formation of various disperse
morphological forms of copper can be presented as follows: in this
section, the presented copper morphologies were obtained by electro-
depositions from 0.15 M CuSO, in 0.50 M H,SO, by the regime of
pulsating current (PC). Electrodepositions were performed at the room
temperature using cylindrical copper wires as working electrodes.
The current density amplitude of 0.20 A cm 2 was used [47].

The first set of experiments was done applying square-waves PC
with a constant pause duration, #,, of 10 ms, and deposition pulses, 7.,
of 1,2, and 50 ms (pause to pulse ratios, p, where p = t,/t. were 10, 5,
and 0.2, respectively). The average current efficiencies for hydrogen
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evolution reaction, 7y,,(H,), determined using the experimental
procedure adapted to the PC regime were 5.5, 10.3, and 27.2% for
pause to pulse ratios of 10, 5, and 0.2, respectively [47].

Morphologies of copper deposits obtained with deposition pulses
of 1, 2, and 50 ms and a pause duration of 10 ms are shown in
Fig. 3.5. Holes formed by attached hydrogen bubbles, very branchy
dendrites, and small agglomerates of copper grains are formed when
the applied deposition pulse was 1 ms (Fig. 3.5a, b). The mixture of
holes and degenerate dendrites was formed with a deposition pulse of
2 ms (Fig. 3.5¢, d). Honeycomb-like copper structure constructed of
holes and cauliflower-like agglomerates of copper grains formed
around them was obtained with a deposition pulse of 50 ms
(Fig. 3.5e, 1).

In the second set of experiments, the constant deposition pulse of
10 ms and pause durations of 100, 50, and 2 ms were analyzed (pause
to pulse ratios: 10, 5, and 0.2, respectively). In this case, the average
current efficiencies for hydrogen evolution reaction, 7y ,,(H,), were
5.6, 12.4, and 26.8% for duration of pause of 100, 50, and 2 ms,
respectively [47]. Morphologies of copper deposits obtained with a
deposition pulse of 10 ms and pause durations of 100, 50, and 2 ms
are shown in Fig. 3.6. Holes which the walls were constructed of
dendrites and dendritic particles formed between holes were primar-
ily formed by square-wave PC with a pause of 100 ms (Fig. 3.6a, b).
These copper dendrites were considerably smaller and formed over
the whole electrode surface in relation to those formed by the PC
regime of the same pause to pulse ratio (p = 10) but with a deposi-
tion pulse of 1 ms and a pause of 10 ms (Fig. 3.5b). The shortening of
pause duration from 100 to 50 ms led to the increase of number of
holes formed by attached hydrogen bubbles (Fig. 3.6c), and the
change of morphology of electrodeposited copper from dendritic
particles to agglomerates consisted of copper grains and rare small
dendrites on them (Fig. 3.6d). Finally, the typical honeycomb-like
structure is formed with a pause of 2 ms (Fig. 3.6e, f). The increase of
the number of holes, as well as the change of morphology of
electrodeposited copper from dendrites to agglomerates of copper
grains, is a result of the increasing quantity of evolved hydrogen and
the increased effectiveness of solution stirring by evolved hydrogen
with the shortening of pause duration.
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Fig. 3.5 Copper deposits obtained by the PC regimes with pause duration of 10 ms
and deposition pulses of (a) and (b) 1 ms; (¢) and (d) 2 ms; and (e) and (f) 50 ms
(Reprinted from [47] with permission from Elsevier.)
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300 um 2

Fig. 3.6 Copper deposits obtained by the PC regimes with a deposition pulse
of 10 ms and pause durations of (a) and (b) 100 ms; (c) and (d) 50 ms; and
(e) and (f) 2 ms (Reprinted from [47] with permission from Elsevier.)
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The selected parameters of square-wave PC enabled a comparison
of the obtained morphologies of electrodeposited copper with those
obtained by electrodepositions in the hydrogen codeposition range
at the constant overpotential from six solutions of different concen-
trations of CuSO,4 and H,SO, (see Figs. 3.3 and 3.4) [39]. It is clear
that the effect of increasing concentration of Cu(Il) ions was equiva-
lent to the effect of the decreasing deposition pulses, while the
constant pause duration was equivalent to H,SO, concentration
used. In a similar way, the effect of different H,SO, concentrations
(for the constant CuSO, concentration) can be correlated with the
effect of different pause durations. The effect of increasing H,SO,
concentration was equivalent to the effect of decreasing the pause
duration, while the constant CuSO,4 concentration is equivalent to the
constant deposition pulse used [47]. Of course, the constant over-
potential used corresponds to the amplitude current density used [47].

Hence, effects attained by the choice of appropriate parameters of
square-wave PC were equivalent to those obtained by electrodeposi-
tion at the constant overpotential in the hydrogen codeposition range
from solutions of different concentrations of CuSO, and H,SO,.
In this way, the ionic equilibrium in the CuSO4—H,S04—H,O system,
determined by the dependence of the relative concentration of H*
ions on H,SO, concentration for different copper concentration, was
successfully simulated. Also, the substitution of more different elec-
trodeposition solutions by the one solution was achieved. This is of
potential high technological significance because it enables saving
of chemicals for the preparation of electrodeposition baths, as well as
saving of place in the plating plants due to the reduced number of
needed electrochemical cells.

The presented disperse or irregular morphological forms of
copper may be useful in the production of powders [6, 32], while
the honeycomb-like deposit type is due to an open porous structure
with the extremely high surface area ideally suited to be used as
electrodes in many electrochemical devices, such as fuel cells,
batteries, and sensors [48].

It is easy to use the pulsating overpotential in laboratory-scale
cells, but difficulties arise on a practical scale because of the demands
for higher power and a high-speed potentiostat. It is easier to obtain
pulsating or reversing currents on a practical scale, and, because of
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this, the deposition of metal powders with the desired properties
obtained by pulsating and reversing currents is of greater practical
importance than that obtained by the pulsating overpotential.

3.3 Copper Powder Particles

3.3.1 Basic Facts

Pure copper powder is used in the electrical and the electronics
industries because of its excellent electrical and thermal conduct-
ivities [49]. Alloyed with tin, zinc, nickel, and other elements, copper
in powder form is used in structural parts and friction materials.
Brasses, bronzes, and other copper alloys produced by powder met-
allurgy methods have the physical and mechanical properties of their
cast or wrought counterparts. Copper is also used as an alloying
element in iron powder components to enhance the mechanical pro-
perties and control dimensional changes during sintering, the addition
being made either by mixing or by infiltration.

Probably the best known application of copper powder is the
self-lubricating bearing which was the first major application and
still accounts for about 70% of the granular copper powder used. This
application takes advantage of the ability to produce a component
with controlled interconnected and surface-connected porosity.
The production of metallic filters also takes advantage of this ability.

In addition to the above applications of granular copper powder, a
large quantity of copper and copper alloy powder is used in flake
form, i.e., as a powder whose thickness is small in relation to its other
dimensions. Such powders are used, for example, in antifouling
paints, decorative and protective coatings, and printing inks.

Copper and copper alloy powders are also used in such nonstruc-
tural applications as brazing, cold soldering, and mechanical plating,
as well as for medals and medallions, metal-plastic decorative
products, and a variety of chemical and medical purposes.

Due to the ionic equilibrium of species in the CuSO,—~H,S0O,—~H,O
system, the formation of copper powder particles by electrolytic
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technique is closely related to the quantity of hydrogen generated at
the cathode surface during electrolysis. The shape and size of electro-
litically formed powder particles strongly depend on concentrations
of deposition ion and supporting electrolyte (that are CuSO, and
H,SO, concentrations for acid sulfate solutions), temperature of
electrolysis, the applied current density or overpotential of electrode-
position, as well as of the time of removal of powder from the
electrode surface, the type of working electrode used, rotation
speed of cathode, and electrolyte circulation rate [4, 6, 50-53].

On the other hand, due to the fact that morphology of a deposit
is determined by overpotential of electrodeposition, the structure of
powder particles will not depend on electrolysis time in the poten-
tiostatic conditions of electrodeposition. In the galvanostatic regime
of electrolysis, overpotential of electrodeposition changes with elec-
trolysis time, and for that reason, this regime of electrolysis is not
suitable for basic experiments required for a theoretical consideration.

3.3.2 Correlation Between Morphology of Powder
Particles Obtained by the Different Regimes
of Electrolysis and the Quantity of Evolved
Hydrogen

3.3.2.1 Morphologies of Powdered Deposits and Powder
Particles Obtained by the Constant Potentiostatic
Regime

In the dependence of the quantity of evolved hydrogen, the two types
of powdered deposits are formed [32, 54]. The typical powdered
deposits electrodeposited from 0.075 M CuSO, in 0.50 M H,SO, at
an overpotential of 650 mV (plateau of the limiting diffusion current
density) and at an overpotential of 1,000 mV (about 250 mV above
the plateau) are shown in Fig. 3.7a, b, respectively.

Very branchy dendrites and cauliflower-like agglomerates of
copper grains were formed during electrodeposition at an over-
potential of 650 mV (Fig. 3.7a). The amount of hydrogen evolved
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Fig. 3.7 Macrostructures of copper powdered deposits electrodeposited at
overpotentials of: (a) 650 mV and (b) 1,000 mV (Reprinted from [54] with
permission from Electrochemical Society.)

for the formation of this deposit type corresponds to an average
current efficiency of hydrogen evolution of 7.5% [31], and it was
below the critical value for the change of hydrodynamic conditions in
the near-electrode layer [31]. The electrodeposition, where the for-
mation of highly branched dendrites takes place, is rather diffusion
than electron transfer controlled process [5].

The second type of powdered deposits is formed by electro-
deposition at an overpotential of 1,000 mV (Fig. 3.7b). As expected,
it is a typical honeycomb-like structure composed of holes formed
by attached hydrogen bubbles and cauliflower-like agglomerates
of copper grains formed around them. An average current efficiency
of hydrogen evolution of 68.7% for this case was reported [42],
and it was above the critical value for the change of hydrodynamic
conditions in the near-electrode layer. The amount of evolved hydro-
gen was enough to cause effective solution stirring in the near-
electrode layer leading to a decrease of the cathode diffusion layer
thickness and to an increase of the limiting diffusion current
density [30].

The dendritic particle obtained by tapping of the copper deposit
presented in Fig. 3.7a is shown in Fig. 3.8a. The dendritic character
of this particle is made of the corncob-like elements as shown in
Fig. 3.8b. The ultrasonic treatment of copper dendrites showed that
the corncob-like forms were the basic elements of which copper
dendrites are composed [32]. A further analysis of the corncob-like
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Fig. 3.8 (a) Dendritic particle obtained by tapping of the copper deposit
electrodeposited at an overpotential of 650 mV, (b) corncob-like elements of
which dendrites are composed; and (c¢) microstructure of the corncob-like element
(Reprinted from [54] with permission from Electrochemical Society.)

elements at the microlevel found that they are composed of small
agglomerates of copper grains (Fig. 3.8c).

In the dependence of concentration of Cu(Il) ions, and hence
the quantity of evolved hydrogen, the corncob-like elements can be
grouped the different forms of dendritic particles from tree-like to
those formed as flowers (Fig. 3.9a, b) or alternatively can be formed
individually at the electrode surface (Fig. 3.9¢) [31].

A particle obtained by tapping of the copper deposit electro-
deposited at an overpotential of 1,000 mV is shown in Fig. 3.10a.
Channel structure generated through the interior of the particle by
the simultaneous copper nucleation and strong hydrogen evolution
in situ can easily be seen from Fig. 3.10a. This type of powder consists
of an aggregate of small cauliflower-like particles (Fig. 3.10b).
Top view of the powder shown in Fig. 3.10a clearly revealed its
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Fig. 3.9 Copper dendrites electrodeposited at an overpotential of 650 mV
from (a) 0.075 M, (b) 0.30 M; and (c¢) 0.60 M CuSO, in 0.50 M H,SO, (Reprinted
from [32] with permission from Elsevier and [38] with permission from
Springer.)

cauliflower-like character (Fig. 3.10c). An analysis of the cauliflower-
like forms at the microlevel showed that they were composed of small
agglomerates of copper grains (Fig. 3.10d). When this powder was
ultrasonically treated the results showed that the basic element of these
particles has the shape of a degenerate dendrite [32].

Anyway, the macrostructure of the formed powdered deposits
was very different (Fig. 3.7). On the other hand, the similarity of
the deposits at the microlevel is evident (Figs. 3.8c and 3.10d). The
obvious difference is in the size of the individual copper grains of
which the particles are comprised. The smaller size of the individual
copper grains produced at an overpotential of 1,000 mV in compari-
son with the size of those deposited at 650 mV is attributable to the
higher nucleation rate at an increased overpotential.
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Fig. 3.10 (a) Powder particle obtained by tapping of the copper deposit electro-
deposited at an overpotential of 1,000 mV, (b) and (c) cauliflower-like character
of this type of the powder particle, and (d) microstructure of the cauliflower-like
particle (Reprinted from [54] with permission from Electrochemical Society.)

The special case was the formation of powder by electrolysis from
0.30 M CuSO, in 0.50 M H,SO, at an overpotential of 1,000 mV.
This solution was denoted as transitional one between solutions
with higher and lower concentrations of Cu(Il) ions (in 0.50 M
H,SO,4) [42]. This deposit (Fig. 3.11a) contains characteristic of
both types of powdered deposits: holes formed by attached hydro-
gen bubbles (Fig. 3.11a) and very branchy dendrites formed around
them (Fig. 3.11b, c) [55]. The amount of evolved hydrogen spent
for the formation of this deposit corresponded to the average current
efficiency of hydrogen evolution of 16.0% [42]. The typical den-
dritic particle obtained by the tapping of this deposit is shown in
Fig. 3.11d.
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Fig. 3.11 Morphology of the copper deposit obtained by electrodeposition from
0.30 M CuSOy in 0.50 M H,SO, at an overpotential of 1,000 mV: (a) top view,
(b) and (c) magnified parts from (a); and (d) dendritic particle obtained by the
tapping of the powdered deposit shown in (a)

3.3.2.2 Morphologies of Powdered Deposits and Powder
Particles Obtained by the Regime of Pulsating
Overpotential

Figure 3.12a, b shows the honeycomb-like structures electrodeposited
from 0.15 M CuSOy in 0.50 M H,SO, by the regimes of pulsating
overpotential (PO) with the overpotential amplitude of 1,000 mV, a
pause duration of 10 ms, and deposition pulses of 3 ms (Fig. 3.12a) and
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Fig. 3.12 Powdered deposits electrodeposited by the pulsating overpotential
(PO) regime with a deposition pulse of (a) 3 ms, (b) 20 ms, (¢) magnified part
from (a), and (d) magnified part from (b). Pause duration: 10 ms. Overpotential
amplitude: 1,000 mV. Solution: 0.15 M CuSOy, in 0.50 M H,SO,4

20 ms (Fig. 3.12b). Electrodepositions were performed at the room
temperature using cylindrical copper wires as working electrodes. The
amount of hydrogen generated during the formation of these powdered
deposits corresponded to the average current efficiencies of hydrogen
evolution of 16.4% for a deposition pulse of 3 ms and 28.1% for a
deposition pulse of 20 ms [56]. The increased details from Fig. 3.12a, b
which reveal the surface morphology around holes are shown
in Fig. 3.12c, d, respectively. Very branchy dendrites are formed
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Fig. 3.13 Dendritic particle obtained by tapping of the powdered deposit
electrodeposited by the pulsating overpotential (PO) regime with a deposition
pulse of 3 ms (a) top view and (b) magnified part from (a). Pause duration: 10 ms.
Overpotential amplitude: 1,000 mV. Solution: 0.15 M CuSO, in 0.50 M H,SO,

with a deposition pulse of 3 ms (Fig. 3.12c), while cauliflower-like
agglomerates of copper grains were formed with a deposition pulse
of 20 ms (Fig. 3.12d).

Dendritic particle obtained by tapping of the powdered deposit
obtained with a deposition pulse of 3 ms is shown in Fig. 3.13a.
Copper dendrites are constructed from corncob-like elements. Micro-
analysis of corncob-like elements revealed that they are composed
of small agglomerates of copper grains (Fig. 3.13b).

The SEM micrograph of the particle obtained by tapping of the
powdered deposit obtained with a deposition pulse of 20 ms is shown
in Fig. 3.14a. A channel structure formed by in situ by the simulta-
neous processes of copper nucleation and strong hydrogen evolution
can be easily noticed in this structure. Analysis of this particle at
the higher magnification (Fig. 3.14b) showed that the particle is
constructed from aggregates of small cauliflower-like agglomerates
of copper grains.

Hence, the applied parameters of square-waves PO strongly
affected hydrogen evolution reaction and hence morphology of cop-
per powder particles. At the first sight, the effect of the shortening
of deposition pulse duration was equivalent to the decrease of the
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Fig. 3.14 Cauliflower-like particle obtained by tapping of the powdered deposit
electrodeposited by the pulsating overpotential (PO) regime with a deposition
pulse of 20 ms (a) top view and (b) magnified part from (a). Pause duration: 10 ms.
Overpotential amplitude: 1,000 mV. Solution: 0.15 M CuSO, in 0.50 M H,SO,

overpotential of electrodeposition in the potentiostatic regime of
electrolysis [32, 54]. It was shown [32, 54] that very branchy dendrites
were electrodeposited from the same solution at overpotentials of
650 mV (Fig. 3.7a) [54] or 700 mV [32, 38], while aggregates
of small cauliflower-like particles were obtained at an overpotential
of 1,000 mV [32, 38].

3.3.2.3 Comparison of Morphologies of Powdered Deposits
and Powder Particles Obtained by the Constant
Potentiostatic Regime and by the Regime of Pulsating
Overpotential

Considering the strong effect of parameters of the PO regime
on both hydrogen evolution reaction and copper electrodeposition
rate (Figs. 3.12-3.14), equivalence between morphology of copper
powder particles obtained by the regime of PO and those obtained
by electrodeposition in the potentiostatic regime from solutions
of different concentrations of CuSO,4 and H,SO, can be made and
presented in the following way.
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From Figs. 3.11 and 3.12, it is very clear that macromorphologies
of deposits electrodeposited from 0.30 M CuSQOy in 0.50 M H,SO4
at 1,000 mV and by the PO regime with a deposition pulse of 3 ms
were very similar to each other; in both cases, holes formed by
attached hydrogen bubbles surrounded by very branchy dendrites
were formed.

It is necessary to note that both the powdered deposits were
formed with approximately the same average current efficiency of
hydrogen evolution (7 ,v(Hy) of 16.0% for the deposit obtained in the
potentiostatic deposition and 7 ,,(H,) of 16.4% for the deposit
obtained by square-wave PO with a deposition pulse of 3 ms).

In the PO regimes, the average current efficiency for hydrogen
evolution reaction increases with the prolongation of deposition
pulse duration approaching to the one obtained at the constant over-
potential [56]. Then, copper electrodeposition from 0.15 M CuSO,
in 0.50 M H,SO, by the PO regime with a deposition pulse of
20 ms (nr.v(Hp) = 28.1%) should compare with the one from the
same solution at an overpotential of 1,000 mV (7 ,,(H>) = 30.0%).
Meanwhile, having in view the fact that macrostructures of the
honeycomb-like deposits obtained with the average current efficen-
cies of hydrogen evolution of 30.0% and with higher ones were
consisted of holes formed by attached hydrogen bubbles and cauli-
flower-like agglomerates of copper grains around them [38], powder
particles formed with a deposition pulse of 20 ms can be compared
with those formed by electrodeposition from 0.075 M CuSOy in
0.50 H,SO, at an overpotential of 1,000 mV (Figs. 3.7b and 3.10).
In both cases, particles composed of small caulifiower-like agglo-
merates of copper grains were formed.

Comparing morphologies of powder particles (as well as the
powdered deposits) obtained by the PO regimes with the different
length of deposition pulse with those obtained by electrodeposition in
the potentiostatic regime at 1,000 mV from solutions of different
concentrations of CuSO, and H,SO,, it is clear that effect of the
increase of deposition pulse duration on both hydrogen evolution
reaction and copper electrodeposition rate was equivalent to the one
observed by the decrease of CuSO, concentration (for the constant
H,SO,4 concentration). The effect of the constant pause duration
(t, = 10 ms) was equivalent to the constant H,SO,4 concentration.
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Of course, the overpotential amplitude in the PO regimes
corresponded to the overpotential of electrodeposition in the constant
regimes of electrolysis.

3.3.2.4 General Discussion

In the dependence of solution composition, regime of electrolysis and
preparing of the working electrode, the copper surface morphologies
can be grouped into the three hydrogen codeposition range:

(D The range of the average current efficiencies of hydrogen evo-
lution, 7y ,,(Hy), between 0 and 10.0%—the dominant presence
of branchy dendrites, independently formed cauliflower-like
forms, and the possible formation of individual holes of
detached hydrogen bubbles (dish-like hole) [30, 31, 38, 41].

(II) The range of the average current efficiencies of hydrogen evo-
lution, 7y ,,(H,), between 10.0 and 20.0%—the mixture of dish-
like holes and holes constructing the honeycomb-like structure
with independently formed copper grains agglomerates among
them [42], as well as the mixtures of holes and cauliflower-
like forms [30, 38], and holes and branchy dendrites (Figs. 3.11a
and 3.12a).

(III) With 7y ,,(H,) above 20.0%—the mixture of holes and cauli-
flower-like copper grains agglomerates formed around holes
without the appearing of dendrites [30, 31, 38, 41, 42].

In general, the number of holes increased with intensification of
hydrogen evolution reaction while the shape of holes changed from
dish-like holes to holes constructing the honeycomb-like structure.
The honeycomb-like structures are formed with 7 ,,(H,) larger than
10.0% [30, 38]. The quantity of the evolved hydrogen corresponding
to the average current efficiency of hydrogen evolution, 7y ,,(H>), of
10.0% was just denoted as the critical quantity leading to the forma-
tion of the honeycomb-like structures [31]. This critical quantity of
generated hydrogen is mostly spent for the creating of holes in the
honeycomb-like type of structure and it does not cause a stirring of
the solution, and hence it does not affect hydrodynamic conditions
in the near-electrode layer. On the other hand, with the increasing
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quantity of evolved hydrogen, the change of surface morphology from
dendrites to cauliflower-like agglomerates of copper grains formed
around holes was observed.

The analysis of the copper surface morphologies classified in all
three hydrogen codeposition ranges indicates that the overall quantity
of evolved hydrogen can be divided into two parts. The one part of
evolved hydrogen is spent for the creating of holes and their increase
with electrolysis time, while the other part of evolved hydrogen
(or the rest of the overall quantity of evolved hydrogen) determines
morphology of deposits. This can be explained as follows.

In the initial stage of electrodeposition, both hydrogen evolu-
tion and copper nucleation occur at the most active energy sites of
the electrode surface [38, 57]. The formed hydrogen bubbles isolate
substrate and current lines are concentrated around them forming
rings composed of agglomerates of copper grains. Simultaneously,
small agglomerates of copper grains are formed at the electrode
surface of copper nucleus formed in the initial stage of electrodepo-
sition among hydrogen bubbles. In the growth process, due to the
effect of current density distribution, further copper nucleation and
hydrogen evolution primarily occur at top of both groups of copper
grains agglomerates. Some of new, freshly formed hydrogen bubbles
will coalesce with hydrogen bubbles formed in the initial stage
of electrodeposition leading to their growth with electrolysis time.
When the critical size of these hydrogen bubbles to detach from the
electrode surface is attained, they will detach forming holes at the
electrode surface. This quantity of evolved hydrogen does not con-
tribute to stirring of solution and to the change of hydrodynamic
conditions in the near-electrode layer.

Meanwhile, some of new, freshly formed hydrogen bubbles at the
top of agglomerates around initially formed hydrogen bubbles will
not coalesce with them, because they are situated between freshly
formed copper nuclei which represent barrier to find a path and to
coalesce with initially formed hydrogen bubbles. Also, they cannot
develop in large hydrogen bubbles for the same reasons. The similar
situation occurs at top of those copper grains agglomerates which are
formed of initially formed copper nuclei. These hydrogen bubbles
will detach from the electrode surface very fast forming “current of
hydrogen” which cause stirring of the solution and strongly affect
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hydrodynamic conditions in the near-electrode layer. Morphology of
copper deposits is determined by this quantity of evolved hydrogen.

The fact that morphology of electrodeposited copper is deter-
mined by the difference between the overall quantity of evolved
hydrogen and those spent for the creating of holes can be confirmed
by the following consideration.

As already mentioned, the following disperse copper structures
were formed in the range of 7y ,,(H») between 10.0 and 20.0% (group
(II)): the mixture of dish-like holes and holes constructing the hon-
eycomb-like structure [42], as well as the honeycomb-like structures
constructed from holes surrounded by relatively compact cauli-
flower-like agglomerates of copper grains (1 ,,(Hz) = 10.8%) [30]
or branchy dendrites (Figs. 3.11a and 3.12a). Making the difference
between the overall quantity of evolved hydrogen and the critical
quantity of evolved hydrogen spent for the formation of the honey-
comb-like structures (7 ,,(H,) of 10.0%), the excellent agreement
between the morphological forms obtained in this hydrogen
codeposition range and those obtained in the hydrogen codeposition
range between 0 and 10.0% was observed. Very compact copper
grains cauliflower-like agglomerates, branchy dendrites, and individ-
ual dish-like holes are obtained with a quantity of evolved hydrogen
in the range of the average current efficiencies of hydrogen evolution
between 0 and 10.0%. The diffusion layer of the macroelectrode was
not disturbed by the formation of these morphological forms
indicating that these quantities of evolved hydrogen are insufficient
to cause the solution stirring and to the change of hydrodynamic
conditions in the near-electrode layer.

Meanwhile, dendrites are not formed by electrodeposition pro-
cesses accompanied by 7y,,(H,) larger than 20.0%. Honeycomb-
like structures consisted of holes and very disperse cauliflower-like
agglomerates of copper grains were formed by these electrodeposi-
tion processes [38]. The difference between the overall quantity of
evolved hydrogen and the critical value for the creating of holes in the
honeycomb-like ones gives the effective quantity of evolved hydrogen
larger than 10.0%. This quantity of evolved hydrogen was sufficient to
cause effective solution stirring leading to the change of hydrodynamic
conditions in the near-electrode layer.
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3.4 Analysis of Decisive Properties of Powders

As stated in Introduction, some properties, called the decisive
properties, characterize the behavior of metal powder. The most
important of them are the specific surface, the apparent density, the
flowability, the particle grain size, and the particle size distribution
[1]. These properties were analyzed by Popov et al. [S8-73] which
showed that some of them can be mutually related, as well as that the
specific surface of copper powder can be related to the overpotential
of electrodeposition [58, 59].

3.4.1 Correlation Between Specific Surface
and Overpotential of Electrodeposition

The specific surface of a powder and a powdered deposit is deter-
mined as the surface per unit of the mass of powder.

It is well known [74, 75] that the surface coarseness during
potentiostatic electrodeposition in the mixed activation—diffusion con-
trol increases with the increase of the current density of electrode-
position. The surface coarseness also increases during potentiostatic
electrodeposition at the limiting diffusion current density with an
increase of overpotential [18, 76], resulting in the formation of
dendrites. In metal electrodeposition in the limiting diffusion current
density range, the real current density remains constant regardless of
the overpotential used. Simultaneously, the larger overpotential of
electrodeposition is used, the more disperse deposit characterized
by the increased specific surface is formed.

The last effect can be qualitatively discussed as follows.

The overpotential of electrodeposition, 7, in the region of mixed
activation—diffusion control is given by Eq. (3.19):

(3.19)
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The activation part of electrodeposition overpotential required for
the charge transfer, 7, is given by Eq. (3.20):

be

J
Nact = ﬁ ln,— (320)

Jo

and the rest of the overpotential, 74, given by Eq. (3.21) is due to
mass transfer limitations:

b. 1
Maitt = 53 11171 7 (3.21)
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being equal to the critical overpotential for the initiation of dendritic
growth [5, 27]. Simultaneously, for j — ji

Naigr — O0- (3.23)

It is obvious that a very small increase of current density in the
limiting diffusion current density range causes a large increase in
deposition overpotential. Hence, the charge transfer overpotential
and the ohmic drop in the solution remain the same for all over-
potentials belonging to the limiting diffusion current density plateau,
regardless of electrodeposition overpotential. This is due to the fact
that both the charge transfer overpotential and the ohmic drop only
depend on the current density. On the other hand, an increase of the
deposition overpotential in the limiting diffusion current density
range causes a strong increase of the dispersity and hence an increase
of the specific surface area of metal deposits. Hence, it seems reason-
able to assume that the difference in overpotential of electrodeposi-
tion can be related to the increase of the specific surface of the
deposited metal by the relation [58, 59]
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!

2(S2 — §1) = (s —m) Jofdr, (3.24)

where [ is a current of electrodeposition, ¢ is a time of electrode-
position, f(; Idt is the quantity of passed electricity, 7, and 7n; are
overpotentials of electrodeposition belonging to the limiting diffu-
sion current density range, S, and S are the surface area of disperse
deposits at the overpotentials 7, and 7y, respectively, and y is the
surface energy of disperse deposit formation.

Equation (3.24) can be rewritten in the form

(m, — 771) f(;ld’

3.25
S =) (3.25)

’)):

for the direct determination of the energy of disperse solid copper
surface formation in sulfate solutions.

The energy of disperse solid copper surface formation, y, calculated
by Eq. (3.25) includes all energetic loss during electrodeposition in
the range of the limiting diffusion current densities.

For the estimation of the surface energy of disperse deposits
formation, ), according to Eq. (3.25), it is necessary to determine
surface area of deposits, S, and S, at overpotentials 7, and 7, belong-
ing to the limiting diffusion current density range. Obviously, the
surface area of a deposit S, corresponds to an overpotential 7,
at the beginning of the limiting diffusion current density plateau,
while the surface area of a deposit S, corresponds to an overpotential
7, at the end of the limiting diffusion current density plateau. During
the depositions, /-t dependences were recorded and the quantity of
electricity, Jg Idt was determined by a graphical integration.

Due to very high surface areas of powdered (or disperse) deposits,
the determination of real surface area of this deposit type can repre-
sent serious problem [71]. The determination of the real surface area
of disperse metal deposits by some common methods, such as the
use of STM and AFM techniques (using the option surface area diff.,
in the accompanying software package), is not possible, because
these techniques are suitable for the determination of the real surface
area of only compact and relatively smooth surface area [77, 78].
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For that reason, the new and relatively easy way for the estimation of
the real surface area of disperse deposits was proposed by Popov
et al. [58, 59, 71]. For copper solution containing 0.15 M CuSOy in
0.50 M H,S0,, this estimation can be presented in the following way:
working electrode (copper or platinum) of surface area Sy ; is covered
by a thin copper film by electrodeposition at an overpotential of
300 mV during 2 min. After a relaxation of the diffusion layer
for 15 min, current at an overpotential of 50 mV, [, is recorded,
being proportional to the original electrode surface area Sp;. The
overpotential is then adjusted to the desired value, and electrode-
position is carried out. After the determined quantity of electricity
had been reached, the overpotential is decreased to 50 mV, and after
relaxation of the diffusion layer for 15 min, the current /,,, corres-
ponding to the surface area S; generated during electrodeposition, is
determined. The surface area of the deposit is then calculated using
Eq. (3.26):

I, I,
St = S0+~ — Soi = Soji (—] — 1). (3.26)

It is well known [6] that dendrites are not formed at overpotentials
of electrodeposition lower than a critical overpotential for dendritic
growth initiation, 7;, and that powdered deposits characterized by a
very large surface area are formed at overpotentials higher than some
critical value 7.

For 7, > ne, m1 > myand S, >> S4, Eq. (3.25) can be rewritten in
the form

t
(ny —my) [ 1dt
S=——-2 . (3.27)
v
On the other hand, the quantity of electrodeposited metal m is
given by

1dr, (3.28)

m =

S =
S —_—
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assuming the current efficiency for metal electrodeposition 7;(M)
to be 1, where M is the atomic mass of deposited metal. From
Egs. (3.27) and (3.28), the specific powder (or powdered deposit)
surface Sy, is

Sa _ (my —m)nF
Sp=—=—"—""". 3.29
= M (3.29)
If the current efficiency for metal electrodeposition, n(M), is
lower than 1, Eq. (3.28) becomes

t

M
m=m(M) Jldt (3.30)
0

and Eq. (3.29) becomes:
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Equations (3.30) and (3.31) are valid in the hydrogen codeposition
range at overpotentials lower than the critical one for the change
of the growth of dendrites. The situation is dramatically different in
galvanostatic electrodeposition of powder. In this case, due to the
increase of the surface coarseness, the low increase of the limiting
diffusion current density caused by the increase of the surface area of
a deposit leads to the strong decrease of overpotential of the electro-
deposition in the limiting diffusion current density range even with
the short deposition times. The internal structure of powder particles
does not change with time during potentiostatic electrodeposition,
and it only depends on the presence or the absence of hydrogen
codeposition. In the galvanostatic case, the structure of particles
becomes a more compact with the increasing time of electrodeposi-
tion and it can be changed from dendrites at the beginning of the
electrodeposition process to the compact one with the longer electro-
deposition time, as shown in Fig. 3.15a (Powder A) [60, 66]. In the
hydrogen codeposition range, the overpotential of electrodeposition
is determined by hydrogen reduction and at sufficiently large initial
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Fig. 3.15 SEM photomicrographs of copper powder particles obtained in con-
stant current deposition. c(Cu*) = 15 g/dm3, c(H,SO4) = 140 g/dm3, 0=
0.11 dm*min', t = (5042)°C, fraction (149-177) um: (a) j = 1,800 A/m?,
7, = 1.5 h, apparent density 1.122 g/cm® and (b) j = 3,600 A m?, 7, = 15 min,
apparent density 0.524 g/cm® (Reprinted from [60] with permission from NOVA
publishers, [66] with permission from the Serbian Chemical Society and copied
by permission from the “Electrochemistry Encyclopedia™ (http://electrochem.
cwru.edu/ed/encycl/) on 04/25/2007. The original material is subject to periodical
changes and updates.)

current densities, j > ji, as well as with enough short electrode-
position times, the formation of copper powder in a galvanostatic
deposition becomes similar to the one in potentiostatic electrodepo-
sition, as shown in Fig. 3.15b (Powder B).

The described method for the determination of the specific surface
of electrodeposited copper is applicable if some kind of a Faradaic
cage is not formed on the surface of deposit, i.e., when the formed
structure is “open’ to the bulk of electrolyte solution in potentiostatic
deposition.

According to Calusaru [3], the specific surface of copper powder
is 500-3,000 cm* g~ ' depending on the electrodeposition conditions.
The critical overpotential for the dendritic growth initiation in copper
sulfate acid solution is about 0.30 V, and the critical overpotential for
the instantaneous dendritic growth initiation, which is equal to the
critical overpotential of copper powder formation, is about 0.7 V [18].
Assuming that electrodeposition is carried out at an overpotential of
the instantaneous dendritic growth initiation, we can show the follow-
ing. Using the difference in the actual deposition overpotential and the
overpotential corresponding to the beginning of the plateau of the
limiting diffusion density as 0.40 V, y determined in the presented
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way as 2.7 J cm 2 [58, 59], and 7 (Cu) = 1, the minimum specific
powder surface, S, of 500 em? g~ ! is calculated, which is in good
agreement with the findings of Calusaru [3].

If the electrodeposition overpotential and the overpotential of den-
dritic growth initiation from the examined electrolyte are known, it is
obvious that the specific surface of copper powder can be calculated
by Eq. (3.31) using this value of y and the corresponding value of the
current efficiency for copper electrodeposition. The upper limit of
the value of the copper powder specific surface can be estimated
as follows. Assuming that electrodeposition is carried out at 1.0 V
with the current efficiency for copper electrodeposition of 0.5, Sy, =
2,800 cm? g~ ! is obtained using Eq. (3.31) which is in accordance
with the data of Calusaru. In this way, one of the most important
characteristics of copper powder is related to overpotential of the
electrodeposition and hence to the electrodeposition conditions.

Also, the specific surface of powdered deposits can be related
to morphology of deposits obtained at overpotentials belonging to
the plateau of the limiting diffusion current density, as well as at the
higher ones. This is presented by the analysis of copper electro-
deposition processes from 0.15 M CuSO, in 0.50 M H,SO, at
overpotentials of 550 and 700 mV (the plateau of the limiting diffusion
current density), as well as at overpotentials of 800 and 1,000 mV
which are about 50 and 250 mV outside the plateau of the limiting
diffusion current density [30, 38].

According to Egs. (3.26), (3.30), and (3.31), the specific surface of
the electrodeposited copper, Sqp.m, can be given by Eq. (3.32), where

M) = 1pav(Cu) :

So,i (%’ - 1) NFSy.: 1L
Sspm = — = LR (_, - 1> . (332
o) [l Ma(COM [y1de o

-0
nF M

In this case, the number of electrons involved in the electrodeposi-
tion reaction, 7, is 2, the atomic mass of copper, M, is 63.55 g mol !,
and Faraday constant, F, is 96,485 As mol ™!, In this investigation, the
original electrode surface before electrodeposition, Sy,;, was 0.50 cm?.
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Table 3.1 The average current efficiency for copper electrodeposition, 7y 5, (Cu)
(%) obtained at different overpotentials

Overpotential, 7 (mV) 550 700 800 1,000

The average current efficiency for copper 100 98.03 89.2 70.0
electrodeposition, 1y . (Cu) (%)
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Fig. 3.16 The dependence of the specific surface of the electrodeposited copper
on the quantity of the electricity, Q

Hydrogen evolution at an overpotential of 550 mV was not
observed. The average current efficiencies of hydrogen evolution,
Nav(Hz) in %, at overpotentials of 700, 800, and 1,000 mV were
1.97, 10.8, and 30.0%, respectively [30, 38].

Since 7y ov(Cu) + 114v(Ho) = 1, the average current efficiencies for
copper electrodeposition can be simply calculated and the obtained
values are summarized in Table 3.1.

Current /,, and [, are obtained in an already described way.

Figure 3.16 shows the dependence of the specific surface of the
electrodeposited copper on the quantity of the electricity. Two groups
of the dependence of the specific surface of the electrodeposited
copper on the quantity of the electricity are observed by the analysis
of this figure.

In the first group are inserted the dependences of S, ., on the quantity
of the electricity Q obtained at overpotentials of 550 and 700 mV.
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Fig. 3.17 Cauliflower-like forms electrodeposited at an overpotential of
(a) 550 mV, quantity of the electricity: 10 mAh cm™2 and (b) 700 mV, quantity
of the electricity: 2.5 mAh cm ™2

Fig. 3.18 Copper deposits obtained at an overpotential of (a) 550 mV; the
quantity of the electricity: 20 mAh cm ™2, and (b) 700 mV; the quantity of the
electricity: 10 mAh cm™? (Reprinted from [79] with permission from Elsevier.)

At these overpotentials, there is no hydrogen evolution (550 mV) or it is
very small (700 mV). The characteristic of this group is the existence of
maximum of the specific surface at the determined quantity of the
electricity. The increase of the overpotential led to the decrease
of the quantity of the electricity needed to reach this maximum. The
cauliflower-like forms, as those shown in Fig. 3.17, were obtained with
a quantity of electricity of 10 and 2.5 mAh cm™? at overpotentials
of 550 and 700 mV, respectively.

The mixture of cauliflower-like forms and individual dendrites is
formed at an overpotential of 550 mV with a quantity of electricity of
20 mAh cm 2 (Fig. 3.18a) [79], while very branchy copper dendrites
(Fig. 3.18b) are formed at an overpotential of 700 mV with a quantity
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of larger electricity of 2.5 mAh cm ™2 [71]. Copper dendrites were
consisted of corncob-like elements, and the whole electrode surfaces
were covered with them after electrodeposition with quantities of the
electricity larger (approximately 5.0 mAh cm™?).

Anyway, the values of S, ,, obtained at an overpotential of 700 mV
before initiation of dendritic growth, i.e., with the low quantities
of passed electricity, are similar to those obtained at 550 mV with
the larger quantities of electricity. The further increase of Sgpm
with the increasing quantity of the electricity before dendritic growth
initiation is due to the decrease of grain size of a deposit. After
formation of both the precursors of dendrites and dendrites, Sgpm
strongly increases and remains approximately constant up to the
quantity of electricity at which the overlap of dendrites begins.
With larger quantities of electricity, the Sy, 1, value decreases up to
constant value which probably corresponds to the established front
of dendrites growing to the bulk of the solution.

The second group of the dependences of S, 1, on Q is obtained at
overpotentials of 800 and 1,000 mV. As already mentioned, at these
overpotentials hydrogen evolution is vigorous enough to strongly
affects hydrodynamic conditions in the near-electrode layer. From
Fig. 3.16, it can be seen that there is no maximum of the specific
surface in a function of quantity of the passed electricity. Due to the
overlap of the agglomerates of grains during prolonged electrodepo-
sition, the decrease of the specific surface of the electrodeposited
copper with the increasing quantity of the electricity was observed.
With the short electrodeposition times, Sg,  Was very large. Also, it
can be observed from Fig. 3.16 that there is not any difference
between the specific surfaces obtained at overpotentials of 800 and
1,000 mV. SEM analysis of copper deposits obtained at these over-
potentials showed that the honeycomb-like structures are formed at
these overpotentials [30, 38]. The typical agglomerates of copper
grains formed around holes are shown in Fig. 3.19. The decrease of
grain size obtained at an overpotential of 1,000 mV in relation to
those obtained at an overpotential of 800 mV is due to the increase of
nucleation rate with the increase of overpotential. Anyway, copper
dendrites were not formed during electrodepositions at overpotentials
of 800 and 1,000 mV.

Figure 3.20 shows the dependence of the specific surface of the
electrodeposited copper on overpotential of the electrodeposition for
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Fig. 3.19 Copper grain agglomerates obtained with the quantity of the electricity
of 20 mAh cm 2 at an overpotential of (a) 800 mV, and (b) 1,000 mV
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Fig. 3.20 The dependence of the specific surface of the electrodeposited copper
on overpotential of the electrodeposition

different quantities of the electricity. Aside from for quantity of
the electricity of 2.5 mAh cm 2, the maximum of Ssp,m 18 obtained
at an overpotential of 700 mV with all the analyzed quantities of
electricity. The formation of dendrites corresponds to these maximal
values of Sgp .

The decrease of the specific surface with the increase of the
overpotential of the electrodeposition from 700 to 800 mV can be
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explained by the change of the hydrodynamic conditions in the near-
electrode layer caused by hydrogen evolution. Due to the change of
hydrodynamic conditions in the near-electrode layer, copper electro-
deposition occurs at an overpotential which is effectively lower than
the specified one. For that reason, morphologies of electrodeposited
copper obtained at overpotentials of 800 and 1,000 mV are similar to
ones obtained at some lower overpotentials before the initiation of
dendritic growth (the concept of “effective overpotential) [30, 38].

The absence of maximum of the Sy, ., for powdered deposits
obtained with the quantity of the electricity of 2.5 mAh cm™? can
be explained by the fact that morphologies of copper deposits
obtained with this quantity of the electricity did not depend on the
overpotential used. The cauliflower-like agglomerates of copper
grains were electrodeposited at all analyzed overpotentials.

Also, it is necessary to note that copper dendrites formed at
overpotentials of 550 and 700 mV with the quantity of electricity of
20 mAh cm 2 were mutually different. Copper dendrites formed at
an overpotential of 550 mV were very rare, and the copper deposit
obtained at this overpotential represented the mixture of cauliflower-
like forms and individual dendrites (Fig. 3.18a). On the other hand,
the powdered deposit obtained at 700 mV was constructed from very
branchy dendrites (Fig. 3.18b). This clear difference in the surface
morphology of deposits is confirmed by the very different specific
surfaces of these copper deposits.

Hence, it was shown that dendritic deposits showed the largest
electrode surface area, i.e., these deposits are of the largest S sp,m- This
is consistent with Chassaing et al. [80] who showed by impedance
spectroscopy that the electrodeposition of ramified deposits was
accompanied by the large increase of the deposit surface area.

3.4.2 The Representative Powder Particle
and the Particle Size Distribution Curves

As already mentioned, a copper powder is not formed of particles of
identical size and morphology; the individual particles may assume
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various forms and have very different surface areas for the same
average size of granule [3]. For that reason, to relate the powder
properties with the deposition process parameters and the deposition
conditions, a representative particle of metal powder must be defined,
and then, metal powder is defined as a group of identical (i.e.
representative) powder particles.

The representative powder particle must have at least one com-
mon property with powder as a whole. The specific surface is one
such common property characterizing both a metal powder and an
individual (representative) powder particle. The specific surface of an
individual powder particle can be determined only if its form is
approximated by some regular geometric form, such as a cube [60].
On the other hand, numerous methods are available in the literature
for the determination of the specific surface of powder, Sy, [81].

The representative powder particle is characterized by the same
specific surface as a powder consisting of a mixture of different
particles. The specific surface of a powder particle, Syp,p, is given by

S
Sepp = 4, (3.33)
Sp,p my

where Sy, and m,, are the surface and mass of particle, respectively.

The shape of particle size distribution curve can be calculated
assuming that the largest fraction of particles corresponds to the
representative ones [60, 67], and one such calculated curve is
shown in Fig. 3.21. The shape of this curve was in good agreement
with those found in the literature [1, 82].

3.4.2.1 Real Systems

In real conditions, the size and shape of powder particles and hence
the particle size distribution curve depend on a regime of electrolysis,
a composition of solution, deposition time, cathodic material, tem-
perature, hydrodynamic regime, etc.

During electrochemical deposition processes of copper at
overpotentials belonging to the plateau of the limiting diffusion
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Fig. 3.21 The shape of the typical calculated particle size distribution curve
(according to [60, 67])

current density, the shape of powder particles strongly depended on
the applied overpotential of electrodeposition. The reason for it is
relatively wide range of overpotentials belonging to the plateau of the
limiting diffusion current density of about 500 mV. The characteris-
tic of electrodeposition processes in this range of overpotentials is
the absence of vigorous hydrogen evolution. The typical particle size
distribution curves for copper powders obtained by electrodeposition
at overpotentials of 600, 700, and 800 mV on platinum electrodes are
shown in Fig. 3.22 [83]. In all results presented here, copper was
electrodeposited from 0.10 M CuSQO, in 0.50 M H,SO, at the room
temperature. From Fig. 3.22, it can be seen that the increase of
overpotential leads to the formation of smaller particles and to
narrower particles size distribution curves.

The type of cathodic materials used had strong effect on the
shape of particle size distribution curves [6, 83]. For example,
at overpotentials of 600 and 700 mV (i.e., at overpotentials belonging
to the plateaus of the limiting diffusion current density), smaller
particles and narrower distribution curves were obtained for the
electrodeposition on a platinum electrode than on an aluminum
electrode. This is due to fact that aluminum is covered with a
relatively thick oxide film which causes an enlarged ohmic resistance
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Fig. 3.22 Particle size distribution curves for copper powders obtained by
potentiostatic electrodeposition on platinum electrodes (Reprinted from [6, 83]
with permission from Springer.)

of the electrode—solution interface of aluminum than the one for
platinum [83]. At an overpotential of 800 mV (this overpotential is
outside the plateau of the limiting diffusion current density), there
was not any difference in particle size distribution curves obtained on
platinum and aluminum electrodes. The reason for it is the fact that
an overpotential of 800 mV is situated in the hydrogen codeposition
range where the process is dominantly controlled by hydrogen
evolution reaction.

Anyway, increasing overpotential leads to the formation of a more
disperse deposit characterized by the decreased particle size. This can
be explained by the fact that increasing overpotential leads to the
decrease of the height of protrusion, g ;, at which dendrites start to
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Fig. 3.23 Particle size distribution curves for copper powders obtained by
galvanostatic electrodeposition on platinum electrodes. Surface area of the elec-
trode: 0.63 cm? (Reprinted from [6, 83] with permission from Springer.)

grow instantaneously. Hence, increasing overpotential means a larger
number of growth sites suitable for the growth of dendrites. On the
other hand [19], the velocity of dendrite growth is maximum for
some optimal value of the dendrite tip radius. The optimal tip radius
decreases with increasing overpotential. With the dendrite tip radii
larger than the optimal value, the difference between maximal and
actual velocities of dendrite growth increases with the increasing
overpotential. Hence, smaller particles and narrower particle size
distribution curves are expected with the increasing overpotential
of powder formation [6, 83].

The particle size distribution curves for copper powders obtained
on the platinum electrodes in galvanostatic regime at currents of
28.6, 52.0, and 133 mA are shown in Fig. 3.23. The selected currents
corresponded to average currents recorded in potentiostatic electrode-
positions at overpotentials of 600, 700, and 800 mV, respectively [83].
The formation of larger particles and less narrow distribution curves
in the galvanostatic regime than those formed in the potentiostatic
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Fig. 3.24 Particle size distribution curves for copper powders obtained by the
potentiostatic and galvanostatic (the average current in the potentiostatic regime)
electrodepositions on copper electrodes. Surface area of the electrode: 0.63 cm?®
(Reprinted from [83] with permission from Springer.)

regime (Fig. 3.22) can be considered as follows: during electrode-
position in the galvanostatic regime in the hydrogen codeposition
range, overpotential is determined by hydrogen reduction, and for
the difference of overpotentials of the order 100 mV, ten times larger
current of electrodeposition is required. Hence, in real conditions,
smaller differences in size of the particles are expected during elec-
trodeposition by different current densities, as well as less narrow
particle size distribution curves relative to the ones obtained in
potentiostatic electrodeposition. A similar situation was observed
when copper was used as a cathode material (Fig. 3.24).
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Anyway, the effect of the increasing current density in the
galvanostatic electrodeposition is qualitatively same as the increase
of overpotential in potentiostatic electrodeposition, and the essence
of the particle size distribution curve formation is the same in both
the cases.

3.4.3 Correlation Between the Apparent Density
and the Specific Surface

The apparent density or volumetric mass is defined as the mass per
unit volume of powder [1].

It is well known that copper powders characterized with high values
of specific surface exhibit low apparent density. Powder particles from
the same fraction of different powders occupy approximately the same
volume, while the structure of metallic copper can be considerably
different causing different apparent densities and specific surfaces of
powder (Fig. 3.15) [61, 62]. Obviously, the more disperse the powder
particles are, the smaller the apparent density of the copper powder is
and the larger the specific surface is. Factors affecting the apparent
density of copper powders are electrolyte composition (copper and
acid content), electrolyte temperature, electrolyte circulation rate,
current density, and brush-down interval [61].

Using the data of Calusaru [3], the dependence of the apparent
density on the specific surface of a copper powder can be determined
[60, 67]. The correlation between the apparent density p‘ and the
specific surface of a copper powder can be given by (3.34):

p= (3.34)

where K is a constant. This constant is determined from the slope of
the dependence of p’ — 1/S, as K ~ 1,000 cm ™! [67]. The maximal
difference between values of the apparent density determined exper-
imentally and the one calculated using Eq. (3.34) is 20% and less than
10% in other cases. Hence, the apparent density is well correlated
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with the specific surface of a copper powder by the use of Eq. (3.34).
On the other hand, Eq. (3.34) can be rewritten in the form

p'Sp =K, (3.35)

which means that the value of K can be estimated using the values of
specific surface and apparent density of each particular powder.

The relation between the apparent density and the specific surface
of powder is very important from the practical point of view. The
experimental determination of S, requires a relatively complicated
equipment and experimental procedure, while p’ can be easily deter-
mined. Sy, and p’ depend on many variables: concentration of
depositing ion, concentration of the supporting electrolyte, tempera-
ture, and stirring rate, and for example, using data from [84], S, can
be satisfactory estimated by the use of Eq. (3.34).

3.4.3.1 The Effect of the Regime of Reversing Current
on the Apparent Density of Copper Powder

The strong effect on the apparent density of copper powder can
be achieved by the application of periodically changing regimes of
electrolysis, such as the reversing current (RC) regime. Generally, the
apparent density of powder increases by the selection of appropriate
parameters of the RC regimes [62]. Figures 3.25-3.27 show compar-
ative inspection of morphologies of powder particles obtained in the
constant galvanostatic regime (DC regime; Fig. 3.25) and by the
different RC regimes (Figs. 3.26 and 3.27). It is necessary to note
that the current density amplitude in the RC regimes corresponded to
the selected current density in the DC regime (j = 3,600 A/m?). The
other parameters of electrolysis were same (15 g dm > CuSO,4-5H,0
inl140 g dm™3 H,SOy; temperature: (50 + 2.0)°C; electrolyte circu-
lation rate: 0.11 dm® min~!) [61]. The decrease of dendritic character
and the increase of compactness of powder particles were observed by
the application of RC regimes. The effect of this regime is less
pronounced in the minute range (Fig. 3.26) than in the second one
when agglomerates of monocrystal subparticles were formed
(Fig. 3.27). The powder particles obtained by the RC regime in the



Fig. 3.25 The powder particles obtained by the galvanostatic electrodeposition.
The current density: 3,600 A/m?. Fraction (149-177) pm and apparent density:
0.524 ¢ cm . (a) x200; (b) x1000, and (¢) x3500. The powder was not sieved
(Reprinted from [62] with permission from Serbian Chemical Society.)

Fig. 3.26 The powder particles obtained by the RC regime. Amplitude current
density: 3,600 A/mz. Cathodic to anodic time ratio: 5. Cathodic pulse duration: 5 min.
Apparent density: 0.644 g/cm?. (a) x200; (b) x 1000, and (¢) x 3500. The powder was
not sieved (Reprinted from [62] with permission from Serbian Chemical Society.)
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Fig. 3.27 The powder particles obtained by the RC regime. Amplitude current
density: 3,600 A/m?. Cathodic to anodic time ratio: 2.5. Cathodic pulse duration:
1 s. Apparent density: 1.624 g em ™. (a) x200; (b) x 1000, and (¢) x3500. The
powder was not sieved (Reprinted from [62] with permission from Serbian
Chemical Society.)

second range were of considerably larger apparent density
(1.624 g/cm3) than those formed in the minute range (0.644 g/cm3)
and in the constant galvanostatic regime (0.524 g/cm”).

The increase of the apparent density of powder particles by the
application of RC regimes can be explained by the effect of the anodic
time in square-waves RC on selective dissolution of the electrode
surface [62]. The selective dissolution of the electrode surface during
the anodic time only occurs at points with a very small radii of
curvature, which dissolve faster than flat parts of the surface or
of points with larger tip radii. In the minute range, the duration
of selective dissolution must be shorter compared to the overall
anodic dissolution time, because the tip radii of dendrites or dendrite
branches very quickly become sufficiently large to make the effect of
selective dissolution negligible and the particles dissolve uniformly.
A decrease of the overall dissolution time leads to a decrease of the
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time in which the particles dissolve uniformly and the effect of
selective dissolution is more pronounced from the point of view of
the Kelvin effect, i.e., the selective dissolution on the particle
“macrolevel,” making the particles less branched.

On the other hand, the adatoms which are not included completely
in the metal lattice will be dissolved faster than those which are
included in it, which has the effect of selective dissolution on the
“microlevel” of the particle which results in the formation of regular
crystal forms. The effect of the decreased dissolution time from
the minute to the second range is the same as in the case of the
particle “macrolevel.” More about the effect of periodically changing
regimes of electrolysis on morphology of powder particles was given
in the chapter considering morphology of lead and silver powder
particles.

3.4.4 The Effect of the Shape and Structure
of the Particle on the Flowability
of Electrolytic Copper Powder

The flowability of a copper powder depends on the interparticle
friction, which is determined by the surface area and surface rough-
ness of the particles. As the surface area and surface roughness
increase, the amount of friction in the powder mass increases and
the powder exhibits less efficient flow. The same appears with the
shape of particle.

The more irregular the shape of particles is, the less efficient the
flow of powder is. Resistance to flow is the main feature of friction
and it decreases as the particles approach to a smooth spherical shape.
The effect of particle size distribution on the powder flowability is
also important. If the powder consists of monosized particles which
are more or less in mutual point contact, making the contact surface
as low as possible, even dendritic deposits can flow. If the powder
consists of different particles, the interstitial voids of the larger
particles can be filled by the smaller ones, the contact surface area
increases, and the flow of the powder is less efficient [1]. As a result
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of this, a nonsieved powder often does not flow, while the fractions of
the same powder flow [61, 62]. Hence, the best conditions for the free
flow of the powder are fulfilled if the powder consists of mono-sized
particles of spherical shape with a surface structure approaching to
the structure of a smooth metal surface.

For the analysis of the flowability of the powder, due to the
existence of nonsieved powders which can flow, the shape and
the structure of the powder particles are more important than particle
size distribution. Flowability of nonsieved powders occurs when the
surface parts of the particles corresponding to the metal segments
are larger than or equal to the pores between them [65].

Typical particles of the fraction 149-177 um of powders A and B
are shown in Fig. 3.15. (Powder A was obtained at 1,800 A m 2, while
Powder B was obtained at 3,600 A/m”.) The fraction of powder A
exhibits excellent flowability, while the fraction of powder B does not
flow. Although the surface structure is very different, in the first
approximation, the shape of both particles can be taken as spherical.

Hence, the powder particles can be approximated to be mono-sized
and spherical ones. The flow time of fraction 149—177 pm of powder A
was about 20 s, which corresponds to excellent flowability [61] but the
nonsieved powder does not flow due to the fact that the surface
structure can allow the jamming of the particles of different fractions.
On the other hand, the structure of the particle of fraction 149-177 um
of powder B from Fig. 3.15 is very porous and such particles can
interweave. Obviously, such behavior leads to the nonflowing powder.

As already shown, the flowability of copper powder is mainly
determined by the structure of the surface of the powder particles.
The effect of the particle shape is also important, but probably it is
not the decisive factor. If the surface structure of powders approaches
the structure of the surface of bulk copper and if the shape of the
particles approaches a sphere, the friction in the powder mass is low
and the flow of the powder is efficient. Besides, in these cases, the
particle size distribution will not have an effect on the flowability of
the copper powder, so nonsieved powders exhibit free flow.
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3.5 Conclusions

There is an important difference between disperse deposits formed in
galvanostatic and potentiostatic conditions. In potentiostatic electro-
deposition, the properties of disperse deposits mainly depend on over-
potential of electrodeposition. The electrodeposition overpotential
remains constant during deposition time, as well as the real current
density, and the structure of disperse deposits does not change with
the electrodeposition time. Hence, it can be expected that both the
structure of powder particles and the properties of powder (as associ-
ation of different powder particles) on the macrolevel do not depend
on the electrodeposition time.

In the formation of disperse metals by galvanostatic electrodepo-
sition [75], the apparent current density is constant, while the surface
area of a deposit increases during electrodeposition leading to the
decrease of both the real current density and the overpotential of
electrodeposition. Then, the change of the structure of disperse
deposits is observed. In this way, in galvanostatic conditions, the
structure of particles can be different in different parts of the one
and the same powder particle [85]. Naturally, due to the change of the
structure of particles, the properties of powder obtained in galvano-
static electrodeposition will depend on the electrodeposition time.
The dependence of the properties of metal powders on the structure
of powder particles, and the dependence of metal coatings on the
structure of the surface [77, 78, 86—88] are examples of the effects of
micro- and submicrostructures on the behavior of the macrosystems.

Electrodeposition at a periodically changing rate offers a number
of possibilities for changing the deposition conditions at one and the
same deposition rate [43]. In this way, powder particles with different
grain size and morphology can be obtained by varying the wave of
periodically changing current or overpotential [6]. Electrodeposition
at a periodically changing rate is based on the periodic repetition of
current or overpotential waves [27, 43]. The most important regime
from the theoretical point of view is the regime of pulsating
overpotential (PO). On the other hand, the most important regime
from a practical point of view is the regime of reversing current (RC).
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Copper powders with different apparent densities and related
properties were obtained by the change of conditions of electrolysis
such as: electrolyte composition (acid and copper content), electro-
lyte temperature, electrolyte circulation rate, current density, and
brush-down interval. Similar effects are expected by changing the
parameters which determine the shape of the deposition reversing
current wave [6]. Besides, it seems that the surface structure of
powder particles obtained in reversing current (RC) electrodeposition
is more compact than in the constant galvanostatic regime permitting
the free flow of powders with considerably lower apparent densities
[62]. This will be considered in more detail in the future.

The relations between the decisive characteristics of metal powder
and the conditions of electrodeposition have not been established so
far in a semiquantitative way. Hence, electrodeposition of metal
powders can be regarded as largely empirical, an activity in which
there is much art and little science. We hope that this will change
with the publication of this chapter.

The specific surface of copper powder is related to the over-
potential of electrodeposition. Also, it is shown that the apparent
density is a function of the specific surface of powder, while the
flowability of powder is a function of the apparent density. In this
way, the most important properties of the powder are related to
both the specific surface and the conditions of electrodeposition.
Additionally the shape of particle size distribution curve is also
discussed qualitatively.

The importance of hydrogen codeposition in copper powder for-
mation is also analyzed in this chapter. Regardless of the fact that all
above relations are done, more or less, in a semiquantitative way, this
chapter can be considered as the initiation of the qualitative analysis
of decisive characteristics of metal powders and their relation with
conditions of electrodeposition.
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