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Abstract. The morphologies of copper dendritic forms obtained in both poten-
tiostatic and galvanostatic regimes of electrolysis with various amounts of the
electricity were analyzed by the scanning electron microscopy (SEM) tech-
nique. Irrespective of amount of passed electricity, 3D (three dimensional)
pine-like dendrites with sharp tips were formed in the potentiostatic regime of
electrolysis. On the other hand, the amount of passed electricity had a strong
effect on the shape of the 3D pine-like dendrites formed in the galvanostatic
regime of electrolysis. Dendrites with sharp tips were formed with smaller
amount of passed electricity, while dendrites with globular tips were formed
with larger amounts. The change in the shape of the galvanostatically synthe-
sized 3D pine-like dendrites was explained by comparison with copper deposits
obtained potentiostatically at overpotentials that corresponded to the final over-
potentials during galvanostatic regime of electrolysis for the analyzed amounts
of electricity. Based on the similarity of the obtained morphologies at the
macro level, it was concluded that the overpotential plays a crucial role in the
formation of the electrolytically synthesized dendrites and that the controlled
conditions of electrolysis could represent a suitable way for a synthesis of
spherical Cu particles by electrolysis.

Keywords: electrolysis; copper; powder; dendrite; scanning electron micro-
scope (SEM).

INTRODUCTION

Due to its excellent electrical and thermal conductivities, copper in the form
of powder has found wide application in oil lubrication, electric conductive
pastes, medicine, biologic filters, and for other purposes.!-2 Although Cu powder
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1210 NIKOLIC et al.

can be obtained by different methods of synthesis, such as evaporation depo-
sition, plasma approach, mechano-chemical approach, electrical explosion, micro-
-emulsion, mechanical commuting, chemical reduction and liquid metal atomiz-
ation, the processes of electrolysis are widely used for the production of Cu pow-
ders. The advantages of electrolysis processes relative to the other synthesis pro-
cesses are the low equipment and product costs, one-step, environmentally
friendly, formation of the high purity products, low energy consumption, etc.2~4

Copper in the form of powders can be obtained by the both constant and
periodically changing regimes of electrolysis. The potentiostatic’ and galvano-
statict0-8 regimes of electrolysis are widely used for the production of Cu in
powder form. From periodically changing regimes of electrolysis, the following
regimes are used for Cu powder production: pulsating overpotential,?-10 pulsating
and reversing current regimes.!!:12 Although sulfate electrolytes are the most
often used type of electrolytes,!-3:10:12 some other types of electrolytes, such as
nitrate,!3 are also used. Significant effects on the morphology of Cu powder par-
ticles can be achieved by the addition of specific substances, known as additives,
to the electrolytes for Cu electrolysis.!1:14.15 The design of the experiments also
plays an important role in the production of Cu powder by electrolysis.!>1¢ From
the other relevant parameters and factors of electrolysis affecting morphology of
the particles, it is necessary to indicate temperature, circulation rate, type of
working electrode, etc.10:17.18

A decisive effect on the morphology of Cu powder particles has the quantity
of generated hydrogen as a parallel reaction to Cu electrolysis in the powder
production region.>-%-10 Depending on a quantity of evolved hydrogen, two types
of particles can be produced: a) dendrites, this particle type is formed when the
quantity of evolved hydrogen is insufficient to achieve any effect on the hydro-
dynamic conditions in the near-electrode layer, and b) cauliflower-like particles,
these particles are produced under conditions of vigorous hydrogen evolution
sufficient to achieve a strong effect on the hydrodynamic conditions in the near-
-electrode layer.

Comparison of Cu powder production in the potentiostatic and galvanostatic
conditions onto different electrodes was presented by Popov et al.19 The critical
conditions for the initiation of dendritic growth and powder formation in these
two constant regimes of electrolysis have also been compared.20 However, in
spite of numerous investigations concerning the morphology of Cu dendritic par-
ticles, there is no clear evidence related to comparison of their morphology
obtained in the potentiostatic and galvanostatic conditions of electrolysis. Simul-
taneously, a novel type of Cu dendrite obtained by a galvanostatic regime of elec-
trolysis was recently presented.® Having these facts in mind, with this investig-
ation, comparative experiments were performed with the formation of Cu den-
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THE SHAPE OF DENDRITES AND REGIME OF ELECTROLY SIS 121 1

drites in potentiostatic and galvanostatic regimes of electrolysis, with the aim of
determining the similarity and difference in their morphology.

EXPERIMENTAL

Electrolysis of copper was performed from 0.10 M CuSOy4 in 0.50 M H,SO4 at room
temperature using both potentiostatic and galvanostatic regimes of electrolysis. In the poten-
tiostatic regime, the electrolysis was performed at overpotentials of 400 mV with an amount
of the electricity (Q) of 9.6 mA h cm2, of 625 mV with a O of 2.4, 4.8 and 9.6 mA h cm?2,
and of 700 mV with a Q of 2.4 mA h cm2. In the galvanostatic regime of electrolysis, a
current density of 14.4 mA cm? was used for the production of Cu powder particles. The
times of electrolysis of 10.3, 20.6 and 41.2 min corresponded to the amounts of passed elec-
tricity of 2.4, 4.8 and 9.6 mA h cm2, respectively.

In the both regimes of electrolysis, the working, reference and counter electrodes were of
pure copper. The working electrode was cylindrical in shape with an overall surface area of
0.50 cm?. The counter electrode was Cu foil with a surface area of 144 ¢cm?. The counter
electrode was situated close to the wall of the cell, while the working electrode was in the
middle of the cell. The tip of reference Cu electrode was situated at 2 mm from the surface
area of the working electrode. Analytical grade chemicals and doubly distilled water were
used for the preparation of the electrolyte for Cu electrolysis.

The morphologies of Cu deposits were characterized by scanning electron microscopy
(SEM) using a Tescan digital microscope, model VEGA3.

RESULTS AND DISCUSSION

In the potentiostatic regime of electrolysis, the overpotentials responsible for
formation and growth of Cu dendrites were in the plateau of the limiting dif-
fusion current density. For Cu solution containing 0.10 M CuSO4 in 0.50 M
H>SOy4, the plateau of the limiting diffusion current density corresponded to a
range of overpotentials between 300 and 750 mV.10.21 For synthesis of Cu den-
drites in the galvanostatic regime of electrolysis, the current densities should be
larger than the limiting diffusion current density, but not too large owing to the
hydrogen evolution reaction as parallel reaction to Cu electrolysis that could have
a strong effect on the hydrodynamic conditions in the near-electrode layer, and
consequently, inhibit dendritic growth. The hydrogen evolution reaction, as a
parallel reaction to Cu electrolysis, commences at some overpotential inside the
plateau of the limiting diffusion current density, and intensification of this react-
ion occurs with increasing overpotential.l0 For this system, an overpotential of 590
mV corresponds to the beginning of hydrogen evolution as a parallel reaction.2!

The dependence of the current density on the time of Cu electrolysis at an
overpotential of 625 mV is shown in Fig. 1a. The increase in the current density
after an electrolysis time of 15 min indicates to the formation and growth of den-
drites.22 The real current density remains constant, while the electrode surface
area increases with time and as a result, the current density increases with time in
the potentiostatic regime of electrolysis.!9-23 The attained amounts of electricity
of 2.4 and 4.8 mA h cm2 are denoted by vertical lines in Fig la. The chrono-
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potentiometric dependence obtained at a current density of 14.4 mA cm™2 is
shown in Fig. 1b. After the initial increase, the overpotential decreases with elec-
trolysis time reaching a value of about 400 mV after a passed amount of elec-
tricity of 9.6 mA h cm=2. This decrease in overpotential could be ascribed to an
increase in the surface area of the electrode, and hence, to a decrease in the real
current density with electrolysis time.!® The vertical lines in Fig. 1b denote
attained amounts of electricity of 2.4 and 4.8 mA h cm=2.
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Fig. 1. a) The chronoamperometric curve obtained at an overpotential of 625 mV, and
b) the chronopotentiometric curve obtained at a current density of 14.4 mA cm2.
In the both cases, the amount of passed electricity was 9.6 mA h cm™2.

A Cu deposit potentiostatically electrodeposited at an overpotential of 625
mV with an amount of the electricity of 2.4 mA h cm~2 is shown in Fig. 2, from
which it could be seen that cauliflower-like agglomerates of Cu grains were
formed with this amount of electricity. An increase in the amount of passed elec-

b)

- 10 um
Fig. 2. The cauliflower-like Cu particles obtained by potentiostatic electrolysis at an
overpotential of 625 mV, with an amount of electricity (Q) of 2.4 mA h cm™2.
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tricity led to formation of dendrites, as shown in Fig. 3. The very branchy three
dimensional (3D) pine-like dendrites (Fig. 3a and b) constructed from corncob-
-like forms (Fig. 3c) with relatively sharp tips (Fig. 3d) were formed with an
amount of the electricity of 4.8 mA h cm™2. Aside from the 3D pine-like den-
drites, individual holes formed from detached hydrogen bubbles and small cauli-
flower-like agglomerates of Cu grains were also formed (Fig. 3¢). The amount of
generated hydrogen at 625 mV corresponded to an average current efficiency of
hydrogen evolution (771 ay(Hp2)) of 2.0 %.24 No further difference in the surface
morphology of Cu was obtained with a further increase of passed amount of the
electricity (Fig. 4). Growth of the 3D pine-like dendrites, cauliflower-like forms
and hole size were observed on increasing the amount of passed electricity from
4.8t09.6 mA h cm2.

2L

Fig. 3. Morphologies of Cu potentiostatically electrodeposited at an overpotential of 625 mV
with a O of 4.8 mA h cm2: a) the top view, b) dendrite, c) the corncob-like form as a con-
structive element of a dendrite, d) the tip of dendrite and e) top view with holes formed from
detached hydrogen bubbles and cauliflower-like agglomerates of Cu grains.

A Cu deposit obtained in a galvanostatic regime of electrolysis using a cur-
rent density of 14.4 mA cm2 and an amount of passed electricity of 2.4 mA h
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cm2 is shown in Fig. 5. The rare holes formed from the detached hydrogen bub-
bles (Fig. 5a and b) and cauliflower-like agglomerates of Cu grains (Fig. 5a and
c¢) were obtained with this amount of the electricity. The amount of evolved hyd-
rogen at this current density corresponded to 77 ay(Hp) of 6.6 %.8 The value of
the overpotential at the end of the passed amount of the electricity was about
700 mV.

200 um 50 um

Fig. 4. Morphologies of Cu potentiostatically deposited at an overpotential of 625 mV with a
0 0f 9.6 mA h cm2: a) dendrite and b) hole formed by detached hydrogen bubble and
cauliflower-like agglomerates of Cu grains.

200 pm ' 50 pm 10 um

Fig. 5. Morphologies of Cu galvanostatically deposited at a current density of 14.4 mA cm™
with a O of 2.4 mA h cm2: a) top view, b) hole formed by a detached hydrogen bubble and
¢) cauliflower-like agglomerates of Cu grains.

Double the amount of passed electricity (4.8 mA h cm2) at this current
density led to the formation of 3D pine-like dendrites (Fig. 6a and b). At first
sight, the 3D pine-like dendrites were very similar to those obtained at an over-
potential of 625 mV (Fig. 3b). This is understandable because the overpotential at
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the end of passed amount of the electricity of 4.8 mA h cm2 was about 620 mV.
Both the stalk and the corncob-like forms as the basic element constructing this
dendrite type had relatively sharp tips (Fig. 6c). The increase in the amount of
passed electricity did not affect the hole size (Fig. 5b and 6d), which could be
ascribed to suppression of the hydrogen evolution reaction with a decrease of
overpotential in the galvanostatic regime of electrolysis.

2 um
Fig. 6. Morphologies of Cu galvanostatically deposited at a current density of 14.4 mA cm™
with a O of 4.8 mA h cm™2: a) top view, b) dendrite, c) tip of dendrite and d) hole formed by a
detached hydrogen bubble.

The non-uniformity of the electrode surface produced at a current density of
14.4 mA cm 2 increased with a further increase in the passed amount of electri-
city (Fig. 7a). A mixture of 3D dendrites (Fig. 7a and b), cauliflower-like agglo-
merates of Cu grains (Fig. 7a and c¢) and holes formed by detached hydrogen
bubbles (Fig. 7a and d) was formed at this current density. At first sight, it is
necessary to note that the shape of dendrites differed from those obtained with an
amount of passed electricity of 4.8 mA h cm2 (Fig. 6), and of those synthesized
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in the potentiostatic regime of electrolysis (Figs. 3 and 4a). Instead of relatively
sharp tips (Figs. 3d and 6c), the tips of this dendrite type were globular (Fig. 7e).
The globules were also the main constructive element of the corncob-like forms
(Fig. 7f). The overpotential at end of the passed amount of electricity of 9.6 mA h
cm2 was about 400 mV.

200 i

100 um 20mm o
Fig. 7. Morphologies of Cu galvanostatically deposited at a current density of 14.4 mA cm™
with a O of 9.6 mA h cm2: a) top view, b) dendrite, ¢) cauliflower-like agglomerates of Cu

grains, d) hole formed by detached hydrogen bubble, ) tip of dendrite and f) branches of
dendrites.

This change in the shape of the tip of a dendrite could be explained from
electrochemical point of view as follows: it is known that the velocity of dendrite
growth is maximal for some optimal tip radius.19-25 The optimal tip radius inc-
reases with decreasing overpotential. The difference between the maximal velo-
city and the actual velocities for dendritic growth with tip radius different from
the optimal one becomes smaller with decreasing overpotential. In this way,
because of the decrease in overpotential during galvanostatic electrolysis, a change
in the morphological characteristics of the dendritic particles was expected.
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The similar shape of Cu dendrites obtained in the potentiostatic regime of
electrolysis at an overpotential of 625 mV (Figs. 3 and 4) and in the galvanostatic
regime of electrolysis at a current density of 14.4 mA c¢cm~2 with an amount of
electricity of 4.8 mA h cm2 (Fig. 6), when the overpotential at the end of elec-
trolysis was about 620 mV, clearly indicates that the overpotential plays a crucial
role in the final morphology of Cu dendrites. To prove this, experiments from the
same electrolyte in the potentiostatic regime of electrolysis at an overpotential of
400 mV with an amount of the electricity of 9.6 mA h cm~2, and at an overpot-
ential of 700 mV with an amount of the electricity of 2.4 mA h cm2 were per-
formed. These overpotentials corresponded approximately to the final values of
overpotentials attained in the galvanostatic regimes of electrolysis with the stated
amounts of passed electricity. According to expectation, Cu globules were
formed at an overpotential of 400 mV with an amount of the electricity of 9.6
mA h cm~2 (Fig. 8a and b).

10 ym

Fig. 8. Morphologies of Cu potentiostatically deposited at overpotentials of: a) and b)
400 mV, O = 9.6 mA h cm (globules), and ¢) and d) 700 mV, O = 2.4 mA h cm™
(cauliflower-like agglomerates of Cu grains).
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These globules had the appearance of almost ideal spheres and the similarity
with those obtained in the dendrites produced in the galvanostatic regime with an
amount of electricity of 9.6 mA h cm2 is clear. Furthermore, the cauliflower-like
particles obtained at an overpotential of 700 mV (Fig. 8c and d) were at the
macro level very similar to those obtained in the galvanostatic regime with an
amount of the electricity of 2.4 mA h cm~2 (Fig. 5¢).

Cauliflower-like particles obtained under conditions of vigorous hydrogen
evolution and dendrites are the most frequent shapes of electrolytically produced
Cu particles.10:18 Particles of spherical shape, such as globules, are usually
formed by non-electrolytic methods of synthesis, such as the gas-atomizing pro-
cess,20 the polyol process?’ and ultrasonic spray pyrolysis.28 Copper particles of
spherical shape have been obtained by electrolysis processes only in the presence
of additives, such as a combination of potassium ferrocyanide and 2,2'-dipyri-
dine.!3 In this study, it was shown that it is possible to obtain spherical-shaped
particles under controlled conditions of electrolysis from electrolytes without the
addition of additives by regulation of the duration of the electrolysis time. Cer-
tainly, further investigations in this direction will be continued in the future.

CONCLUSIONS

Comparative analysis of the morphological characteristics of copper dend-
rites formed in potentiostatic and galvanostatic regimes of electrolysis was real-
ized. 3D pine-like dendrites with sharp tips and corncob-like forms, as the basic
element constructing them, were obtained in the potentiostatic regime of electro-
lysis at an overpotential of 625 mV. The corncob-like forms consisted of small
agglomerates of Cu grains. The various amounts of passed electricity did not
affect the shape of the formed dendrites. 3D pine-like dendrites, very similar to
those obtained in the potentiostatic regime of electrolysis, were also obtained in
the galvanostatic regime of electrolysis at a current density of 14.4 mA cm~2 with
an amount of electricity of 4.8 mA h cm2. However, an increase in the amount
of the electricity from 4.8 to 9.6 mA h cm2 led to a change in the shape of the
dendrites. Instead of sharp tips and small agglomerates of Cu grains, the ends and
corncob-like forms in the 3D pine-like dendrites were constructed from globules.

The explanation for the change in the shape of dendrites is ascribed to con-
trol of the overpotential in the formation and growth of dendrites during the gal-
vanostatic process of electrolysis. This was concluded by comparison with the
copper deposits obtained in the potentiostatic regime of electrolysis at overpot-
entials of 400, 625 and 700 mV, which corresponded to the final overpotentials
in the galvanostatic regimes of electrolysis with amounts of the electricity of 2.4,
4.8 and 9.6 mA h cm2. Furthermore, it follows that the controlled conditions of
galvanostatic electrolysis represent a suitable way for obtaining spherical par-
ticles (globules) in electrolysis.
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U3BOL
IMMPEHAIIETOCT KOHTPOJ/IMIIE MOP®OJIOTHUIY EJTEKTPOJIMTUYKH ITPOU3BEJEHNX
OJEHOPUTUYHHUX ®OPMU BAKPA

HEBOJIIA JI. HAKOJIUR', IPEAPAT M. )XWNBKOBHUR’, MUOMMP T. TTABJIOBHUR' 1 3BE3[IAHA BAIIYAPEBUR’

HXTM — Llentuap 3a enexiupoxemujy, Ynusepsuineini y beoipagy, Fbeiowesa 12, Beoipag, “Texnomowro—
Metianypwxu paxyniieii, Ynueep3uieiii y beoipagy, Kapneiujea 4, Beoipag u 3anmuu7yu7 3d
MYyTUUGUCYUTTUHAPHA UCTApAXcU8ara, Ynusepsuiueii y beoipagy, Knesa Buwecnasa 1a, beoipag

Mopdonoruje neHApUTHYHUX (POpPMH Dakpa [0OHMjeHE MOTEHLUOCTATCKHM M TajBaHO-
CTaTCKUM DEXHMHMa €JIEKTPOJIM3E Ca Pa3/IMUUTUM KOJIMYMHAMa HaeJeKTpHUcawa Cy Ouie
aHa/lM3MpaHe TEXHUKOM CKeHMpajyhe enexkrtpoHcke mukpockonuje (CEM). Bes od3upa Ha
KOJIMYMHY NPOIYLITEHOT HaeaeKTpucawa, 3D (TpooMMeH3NOHAIHM) NEeHIPUTH HalUK CTadiy
Oopa ca oTPUM BDXOBHMA Cy OMIH (POPMHUPaHHU MOTEHIUOCTATCKUM PEXHMOM €JIEKTPOJIH3E.
Ha npyroj cTpaHH, KOMHMYKHA NPONYIUITEHOT HAeIEKTPHCamka je UMasa CTPOT YTULaj Ha OD/IHK
3D menapuTa HaaHK S0Py (OPMUPAHUX raBaHOCTATCKUM DEXXHUMOM €JIEKTPONU3e. JJeHnpuTH
ca OWITPUM BpXOBUMa cy Ounu GOpMHUpaHM Ca MawmOM, NOK NEHIDUTH UYUjU BPXOBU CY
r1odye cy ounn opmupanu ca BehoM KOTHYMHOM NPOMYIUTEHOT HaeleKTpucama. IIpomena
o0yiMKa TaJBaHOCTAaTCKU CHHTeTH30BaHWX 3D peHppuTa Hanmuk dopy je dunma objammeHa
nopehememM ca MOTEHIMOCTATCKU JOOMjeHUM Tajo03uMa Oakpa Ha NPEHANEeTOCTHMa Koje Cy
OOroBapaje KpajibMM MPEHANeTOCTAMa TOKOM TajBaHOCTATCKOI PEXHMa E€JIEeKTPOJIM3E 33
aHajIM3UpaHe KOJMUYHMHE HaejleKkTpucawa. Ha OCHOBY CIMYHOCTH BUXOBUX MOpGOJIOrHja Ha
MaKpO HUBOY, 3aK/by4€HO je Jla TPEHANEeTOCT Urpa IPECYIHY YJIOTY Ha ODIHK €JIEKTPOIMTHYKH
CUHTETU30BaHUX AEHIDPUTA, U [a KOHTPOIUCAHH YCIOBU €IeKTPOJIM3e NPEe/CTaBsbajy MOrofaH
HauuH 33 CUHTE3y C(EPUYHUX YECTHLA DaKpa MOCTYIIKOM €JIEKTPOJIU3E.

(ITpummeno 22. Maja, peBunupaHo 1. jyna, mpuxsaheno 2. jyna 2019)
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