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I. INTRODUCTION

The creation of open porous structures with an extremely high
surface area is of great technological significance because such
structures are ideally suited for electrodes in many electrochemi-
cal devices, such as fuel cells, batteries, and chemical sensors.! The
open porous structure enables the fast transport of gases and liquids,
while the extremely high surface area is desirable for the evalua-
tion of electrochemical reactions. The electrodeposition technique
is very suitable for the preparation of such structures because it is
possible to control the number, distribution, and pore size in these
structures by the choice of appropriate electrolysis parameters.
These metal structures can be formed in both potentiostatic and
galvanostatic regimes of electrolysis and their formation are always
accompanied by strong hydrogen co-deposition. Hydrogen evolution
is the second reaction which occurs at the cathode during electrode-
position processes from aqueous solutions; in some cases it can be
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ignored while in other cases it cannot.”> Co-deposition of hydrogen
during chromium electroplating is the best documented system,>*
because the cathode current efficiency for chromium electrodeposi-
tion is 10-25%. Generally, the effect of hydrogen co-deposition dur-
ing metal electrodeposition processes can be manifested through:?

1. Hydrogen absorption which occurs in the substrate metal as H
atoms, not Hy molecules, but may gather as molecule bubbles
in voids or vacancies, thus leading to hydrogen embrittlement.

2. Hydrogen bubbles which cling to the surface in an adsorbed
state; this leads to the growth of pores as the deposition con-
tinues around the bubbles before they are released.

3. Hydrogen bubble evolution can provide a stirring effect and
lead to a substantial bubble raft at the free surface of the
solution.

The most often employed electrolytes for the electrodeposition
of copper are those based on aqueous solutions of sulfuric acid
(H2S804) and cupric sulfate (CuSO4).> The main species present in
aqueous sulfuric acid solutions containing Cu(ll) are: bisulfate ions
(HSO47), cupric ions (Cu*t), aqueous cupric sulfate (CuSOy(ag)),
hydrogen ions (HT), and sulfate ions (S04%—).%8 In an aqueous
solution of sulfuric acid and cupric sulfate, two weak electrolytes,

HSO4™ and CuSO4(aq), are formed according to the following
reactions:
H* + 80427 = HSO,4~ (1)
Cu?t 48047 2 CuSO4yg) ()

Pitzer’s model’ was used to calculate the ionic equilib-
rium in the CuSO4—H;SO4—H>O system over a wide range
of concentrations and temperatures.® Using Pitzer’s model, the rela-
tive concentrations of hydrogen ions (H™) as a function of the total
copper concentration and solution acidity were calculated, and this
dependence is presented in Fig. 1. From Fig. 1 it can be clearly seen
that increasing the copper concentration produces a sharp decrease
in the hydrogen ion concentration, while increasing the concen-
tration of sulfuric acid produces an increase in the hydrogen ion
concentration.

According to (1) and (2), the addition of sulfuric acid to the so-
lution decreases the concentration of free sulfate ions due to the
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Figure 1. Relative concentration of hydrogen ions as function of sulfuric acid
and total copper concentrations, at 25°C (Crygy = [HT1/[HT]). (Reprinted
from Ref. 8 with permission from Elsevier).

formation of bisulfate ions. The addition of cupric sulfate to the
solution increases the concentration of bisulfate ions and decreases
the concentration of hydrogen ions.

In the case of copper electrodeposition,'® as opposed to other
metals such as nickel and cobalt,'!-1? there are well-defined ranges
of current densities and overpotentials without and with hydrogen
co-deposition. The beginning of the hydrogen evolution reaction,
as the second reaction, corresponds to some overpotential belong-
ing to the plateau of the limiting diffusion current density, being
higher than the critical overpotential for the initiation of dendritic
growth and lower than that for instantaneous dendritic growth.!3 In-
creasing the overpotential intensifies the hydrogen evolution reaction
and at some overpotential outside the plateau of the limiting diffu-
sion current density, hydrogen evolution becomes vigorous enough
to change the hydrodynamic conditions in the near-electrode layer.
This offers the possibility of detailed investigations and comparison
of the morphologies of copper, and consequently, of any other met-
als, obtained without and with hydrogen co-deposition.

In the case of copper, electrodeposition at low overpotentials
produces large grains with relatively well-defined crystal shapes.
Further 'increasing the overpotential leads to the formation of
cauliflower-like and carrot-like protrusions, and finally, dendritic de-
posits are formed in the absence of strong hydrogen co-deposition. '3
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Strong hydrogen co-deposition leads to a mixing of the solution and
changes the mass transfer limitations at an electrode surface. At the
same time, the evolved hydrogen bubbles exert substantial effects
on mass and heat transfer, limiting current density and ohmic re-
sistance,'416 as well as on the morphology of the deposit, leading
to the formation of open porous structures with an extremely high
surface area.!»10-17-19

Electrodeposition of copper under conditions of a vigorous hy-
drogen co-deposition is of high technological significance, because
open porous structures of copper with an extremely high surface area
are suitable for the construction of nanocomposite anodes (consist-
ing of Cu and CeO,) for solid oxide fuel cells.! Also, copper shows
a high activity for nitrate ion reduction,?” as well as for a reaction in
which nitrate is reduced to ammonia in high yield in aqueous acidic
perchlorate and sulfate media.?!

Bearing in mind the great practical significance of copper de-
posits obtained under the conditions of hydrogen co-deposition, as
well as the fact that detailed investigations at high current densities
and overpotentials have been performed only from the point of view
of the formation of metal powders,'3-227?> a better understanding of
the effect of hydrogen evolution on the electrodeposition of copper
at high overpotentials is necessary.

The morphology of electrodeposited copper in the presence of
vigorous hydrogen evolution was described recently,! and the mech-
anism of the formation of this type of morphology was established
by Nikoli¢ et al.!?

The aim of this chapter was to give comprehensive treatment of
the morphology of copper electrode posited at high overpotentials,
especially in the presence of hydrogen co-deposition, obtained in the
potentiostatic conditions from different electrolytes and at different
temperatures.

II. THE CONCEPT OF “THE EFFECTIVE
OVERPOTENTIAL”

1. The Definition of the Concept and Mathematical Model

The polarization curve for copper electrodeposition from 0.15M
CuSOy4 in 0.50 M HSOy4 is shown in Fig. 2. The average current ef-
ficiencies for hydrogen evolution reaction, n,y(H2), in potentiostatic
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Figure 2. Polarization curve for the cathodic process of copper deposition from
0.15M CuSOy in 0.50 M HSOy. Temperature: 18.0 £ 1.0°C. (Reprinted from

Ref. 10 with permission from Elsevier).

deposition are derived from the dependences of the current of copper
electrodeposition on time and the dependences of the volume of the
evolved hydrogen on time'? using procedure described in Ref. 2°

The average current efficiency for hydrogen evolution reaction
at an overpotential of 700 mV was very small (near 2.0%),' and at
lower overpotentials it even cannot be observed. The average current
efficiency for the hydrogen evolution at an overpotential of 800 mV
was 10.8%, while at an overpotential of 1,000 mV was 30.0%.1° The
critical overpotential for the beginning of the hydrogen evolution can
be estimated to be about 680 mV.!?

The morphologies of copper electrodeposits obtained potentio-
statically, onto vertical stationary copper wire electrodes previously
covered by copper thin films'® from a copper solution containing
0.15M CuSO4in 0.50 M H»SOyq4, at a temperature of 18.0 £ 1.0°Cin
different hydrogen co-deposition conditions are shown in Figs. 3—10.

The deposits obtained at an overpotential of 550 mV with
different quantities of electricity are shown in Figs.3-6. At this
overpotential, there is no hydrogen co-deposition at all. The deposit
obtained with a quantity of electricity of 2.5 mAhcm™2 is shown
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Figure 3. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 2.5mAh cm~2. (Reprinted
from Ref. 10 with permission from
Elsevier).

Figure 4. Copper deposit obtained at
an overpotential of 550 mV. Quantity of
electricity: 5.0mAh em™2, (Reprinted
from Ref. 10 with permission from
Elsevier).

in Fig. 3. The surface film is completed, the grains grown by elec-
trodeposition on the initially formed nuclei practically touch each
other and there is no new nucleation on already existing grains.
The difference in size between grains can also be observed. This
is due to the fact that the nucleation does not occur simultaneously
over the whole cathode surface, but it is a process extended in time,
so that crystals generated earlier may be considerably larger in the
size than ones generated later. These differences increase with an
increased quantity of electrodeposited metal, what can be seen from
Fig.4 presenting the copper deposit obtained with a quantity of
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AQ2 Figure 5. Copper deposit obtained at an overpotential of 550 mV. Quantity of electric-
ity: l0mAh em™2, (Reprinted from Ref. 10 with permission from Elsevier).

Figure 6. Copper deposit obtained at
an overpotential of 550 mV. Quantity of

electricity: 20mAh cm 2. (Reprinted
from Ref. 17 with permission from
Elsevier).

Figure 7. Copper deposit obtained at an overpotential of 700 mV. Quantity of elec-
tricity: 2.5mAh em 2. (Reprinted from Ref. 10 with permission from Elsevier).
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Figure 8. Copper deposit obtained at
an overpotential of 700 mV. Quantity of
electricity: 5.0mAh cm™2. (Reprinted
from Ref. 10 with permission from
Elsevier).

Figure 9. Copper deposit obtained at an overpotential of 800 mV. (a, b) quantity of
electricity: 5.0mA h cm~2 and (c) quantity of electricity: 10 mA h cm~2. (Reprinted
from Ref. 10 with permission from Elsevier).

electricity of 5.0mAhcm™2. These enlarged differences are also
the consequence of the fact that some smaller grains are consumed
by the larger ones,?” as can be deduced from Figs.3 and 4. This
is also illustrated by Fig. 5a. The increase of the quantity of the
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Figure 10. Copper deposits obtained with a quantity of the electricity of 20 mAh
cm ™2 and at overpotentials of: (a) 550 mV, (b) 700 mV, (¢) 450 mV, (d) 800 mV, and
(e) 1,000 mV. (Reprinted from Ref. 10 with permission from Elsevier).

electrodeposited metal led to the formation of a cauliflower-like
structure (Fig. 5a, b). Furthermore, from Fig. 5a it can be seen that
the spherical diffusion layers inside linear diffusion layer of the
macroelectrode are formed around these cauliflower-like particles.
Finally, further increase of the quantity of the electrodeposited metal
produces dendritic deposit (Fig. 6).
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On the other hand, it is well known that the induction time of
dendrite growth initiation strongly decreases with increasing overpo-
tential of electrodeposition.?® The situation on the electrode surface
after deposition with 2.5 mA hecm=2 at 700 mV (Fig. 7) is very simi-
lar to the situation after 10 mA hem™2 at 550 mV (Fig. 5). The most
important difference is in the shape and size of growing grains, being
less globular and smaller in electrodeposition at 700 mV. Besides,
the interparticle distances are relatively equal which indicate that
these distances are not due to appearance of hydrogen co-deposition,
which is still very small at 700 mV. Dendrites appear at 700 mV after
deposition with 5.0 mA h cm~2 (Fig. 8).1°

The electrodeposition at 800 mV with the quantity of the elec-
tricity of 5.0 mA h cm™2 (Fig. 9) did not lead to the formation of cop-
per dendrites as at previously analyzed overpotential of 700 mV. The
agglomerates of small copper grains become dominant form of the
copper morphology electrodeposited at this overpotential (Fig. 9a)
being similar to that from Fig. 7b. Also, there are large holes or
craters between the agglomerates of these grains, which is proba-
bly due to the hydrogen co-deposition (Fig. 9b). This copper deposit
is denoted as a honeycomb-like structure with craters as main char-
acteristic,'? as was shown earlier for copper and tin deposits in Ref. !
The honeycomb-like structure is formed at 800 mV and with twice
the quantity of electricity (Fig. 9¢), as well as at an overpotential of
1,000mV.!'? (see also Sect. III).

It is known that the hydrogen evolution effects onto the hydro-
dynamic conditions inside electrochemical cell.?*! The increase
in hydrogen evolution rate leads to the decrease of the diffusion
layer thickness and, hence, to the increase of limiting diffusion cur-
rent density of electrode processes. It was shown?’ that if the rate
of gas evolution at the electrode is larger than 100 cm?/cm? min
(>5A/cm?), the diffusion layer becomes only a few micrometers
thick. It is also shown? that a coverage of an electrode surface with
gas bubbles can be about 30%. If the thickness of the diffusion layer
in conditions of natural convection is ~5 x 1072 ¢cm and in strongly
stirred electrolyte ~5 x 1073 cm,3? it is clear that gas evolution is the
most effective way to decrease mass transport limitations for electro-
chemical processes in mixed activation — diffusion control.

The overpotential 1 and the current density i are related by

be i be 1
n=-5n—

B PO 3
23 T 23 T G ©)
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where io, iL, and b, are the exchange current density, the limiting
diffusion current density and cathodic Tafel slope for electrochemi-
cal process in mixed activation — diffusion control.!> The first term
in (3) corresponds to the activation part of deposition overpotential
and the second one is due to the mass transfer limitations. If one
and the same process takes place under two different hydrodynamic
conditions, characterized by two different values of the limiting
diffusion current densities i1 1 and ir 2, (3) can be rewritten in the

forms: b ) b 1
c 1] c
L N N . 4
L R X S e E @
and b . b 1
c 2 c
O T L L S 5
2 2.3 ni0 +2.3 nl—(iz/iL,z) ©)

where 11 and n, and iy and i, are the corresponding values of
overpotentials and current densities. The same degree of diffusion

control is obtained if
i i2
T (©)
L1 IL2
or, .
. L IL2
i =i1—= (7
L1
and substitution of i from (7) in (5) and further rearranging gives
b ] b 1 b ]
me=—sht 4 Bm (g
23 i, 23 1—(1/iL1) 23 iLa
and
if (4) is taken into account:
bc L2
=N+ —In—=. 9
M=ot oS ©))
Hence, if
L2 > L (10)

in order to obtain the same degree of diffusion control in two hydro-
dynamic conditions, (9) must be satisfied, meaning that

m > n. (11)
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The results presented here can be then explained as follows. In
the absence of strong hydrogen evolution, the diffusion layer is due
to the natural convection and does not depend on the overpotential
of electrodeposition. As excepted, for deposition times lower than
the induction time for dendritic growth initiation, the same type of
deposit at larger overpotential (Fig. 7) is obtained as at lower overpo-
tential (Fig. 5), being somewhat different in grain sizes and particle
shapes.

The vigorous hydrogen evolution changes the hydrodynamic
conditions and decreases the degree of diffusion control. Hence, (9)

should be rewritten in the form:
be | iL2
=n — —In——, 12
=15 i (12)
where 11 becomes the effective overpotential, n; = nefr, related
to conditions of natural convection at which there is the same de-

gree of diffusion control as at overpotential 7, with the hydrogen
co-deposition. Hence, the dendritic growth can be delayed or com-
pletely avoided, as can be seen from Fig.9c, meaning that there
is a really lower degree of diffusion control at an overpotential of
800 mV with the hydrogen co-deposition than at an overpotential of
700 mV where the hydrogen co-deposition is very small.

Hence, on the basis of presented results, we can propose a con-
cept of “effective overpotential” for a metal electrodeposition. This
concept is proposed — thanks to morphologies of copper deposits ob-
tained at high deposition overpotentials (300 mV and more)!? where
the hydrogen evolution occurs. These copper deposits are probably
the consequence of the stirring of electrolyte in the near-electrode
layer by evolving hydrogen. This process leads to a decrease of the
thickness of diffusion layer, and consequently, up to an increase of
the limiting current density. According to (12), the increase of the
limiting current density leads to a metal deposition at an overpo-
tential, which is effectively lower than the specified one. Then, the
obtained morphologies of copper deposits become similar to the
ones obtained at some lower overpotential at which the hydrogen
co-deposition does not exist.

The better understanding of the concept “effective overpotential”

can be realized by taking into account the fact that the time of den-
dritic growth initiation depends on used deposition overpotentials.
Increasing deposition overpotentials lead to decreasing times for
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the beginning of dendritic growth.?® Observing deposits obtained
at overpotentials belonging to the limiting diffusion current den-
sity plateau (550 and 700 mV), one can notice that cauliflower-like
forms are obtained at an overpotential of 550 mV (Fig. 5a), and den-
dritic forms at an overpotential of 700 mV (Fig. 8). Meanwhile, the
electrodeposition with a quantity of the electricity of 20 mA h em ™2
leads to the formation of degenerate dendritic structure at 550 mV
(Figs.6 and 10a). Copper dendrites remain a main characteris-
tic of the electrodeposition at 700mV (Fig. 10b). On the other
hand, it can be shown that copper dendrites are not formed by the
electrodeposition at lower overpotential (for example, at 450 mV
where the hydrogen evolution was also zero) with a quantity of the
electricity of 20mA hcm™2 (Fig. 10c). The main forms of the cop-
per deposit obtained at this overpotential are copper globules. Also,
dendritic forms are not formed with a quantity of the electricity
of 20mA hcm™2 and during electrodepositions at overpotentials of
800 and 1,000mV (Fig. 10d, e). The agglomerates of copper par-
ticles remain the main characteristics of the structure of deposits
obtained at these overpotentials. The macromorphology of these
deposits will be discussed later.

Anyway, the structure of copper deposits obtained at over-
potentials of 800 and 1,000mV with a quantity of the electricity
of 20mAhcem™2 was similar to those obtained at lower overpo-
tentials before the beginning of dendritic growth. The absence of
copper dendrites at overpotentials of 800 and 1,000mV after the
electrodeposition with 20mAhcm™2, as well as the similarity of
the obtained morphologies of copper deposits with those obtained
at lower overpotentials before dendritic growth initiation clearly
indicates that there is really lower degree of diffusion control at
these overpotentials than at overpotentials of 550 and 700 mV,
respectively.

The concept of “effective overpotential” can be probably ap-
plied in other cases where there is a change of hydrodynamic
conditions in the near-electrode layer. The change of hydrody-
namic conditions, and consequently, of metal morphologies can be
caused by stirring of plating solutions in ultrasonic field,’* in an
imposed magnetic field (magnetohydrodynamic effect - MHD ef-
fect),¥3? as well as by stirring of solution by RDE (rotating disk
electrode).
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2. The Concept of “Effective Overpotential” Applied
for Metal Electrodeposition Under an Imposed
Magnetic Field

Nickel deposits obtained at a cathodic potential of —1,300 mV/SCE
without and with a parallel orientation of magnetic field of 500 Oe,
are shown in Fig. 11a, b, respectively. Figure 11a shows that the
nickel deposit obtained without an imposed magnetic field consisted
of bunch of nickel grains, while it can be seen from Fig. 11b that
the nickel deposit obtained under a magnetic field with a parallel
orientation to the electrode surface was a porous structure and with-
out bunch of nickel grains.

Figure 12 shows copper deposits obtained at a cathodic poten-
tial of —500 mV/SCE without and with a magnetic field of 500 Oe
applied to be parallel to the electrode surface. It can be seen from

Figure 11. Nickel deposits obtained at a cathodic potential of —1,300 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 3 with permission from the Serbian Chemical Society).

Figure 12. Copper deposits obtained at a cathodic potential of —500 mV/SCE:
(a) without and (b) with a magnetic field of parallel orientation of 500 Oe.
(Reprinted from Ref. 3 with permission from the Serbian Chemical Society).
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this figure that the copper deposit obtained without the parallel field
(Fig. 12a) had dendritic structure, while the copper deposit obtained
with the parallel field (Fig. 12b) had cauliflower-like structure.

The application of the concept of “effective overpotential” for
the case of the change of hydrodynamic conditions caused by mag-
netic field effects means that morphologies of nickel and copper
deposits obtained under parallel fields (the largest magnetohydro-
dynamic (MHD) effect) should be, at macro level, similar to those
obtained at some lower overpotentials or potentials without imposed
magnetic fields. This assumption can be confirmed by the following
consideration:

Figure 13a shows the nickel deposit obtained at a cathodic po-
tential of —1,200 mV/SCE without an applied magnetic field. It can
be noticed that there is similarity at a macro level between the mor-
phology of this nickel deposit and the morphology of nickel de-
posit obtained at a potential of —1,300 mV/SCE under the paral-
lel field (Fig. 11b). The both nickel deposits are without dendritic

Figure 13. Nickel deposits obtained at a cathodic potential of —1,200 mV/SCE:
(a) without, (b) with a magnetic field of parallel orientation of 500 Oe, and (¢) the
nickel deposit obtained at a cathodic potential of —1,000 mV/SCE without an
applied magnetic field. (Reprinted from Ref. 39 with permission from the Serbian
Chemical Society).
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and globular parts and with clearly visible nickel grains. The only
difference is in compactness of deposits, which is a consequence of
larger nucleation rate and more intensive hydrogen evolution at a po-
tential of —1,300 mV/SCE than at a potential of —1,200 mV/SCE.

Also, the concept of “effective overpotential” can be illustrated
and by the comparison of the nickel deposit obtained at a cathodic
potential of —1,200 mV/SCE under the parallel field with the nickel
deposit obtained at —1,000 mV/SCE without an imposed magnetic
field. Morphologies of these nickel deposits are shown in Fig. 13b, c.
Figure 13b shows the morphology of the nickel deposit obtained at
a potential of —1,200mV/SCE under a parallel field of 500 Oe,
while Fig. 13c shows the morphology of the nickel deposit ob-
tained at —1,000 mV/SCE without an applied magnetic field. From
Fig. 13b, c it can be observed that there is similarity at a macro
level between these nickel deposits. The boundaries between adja-
cent nickel grains cannot be observed. Anyway, the nickel deposit
obtained at —1,200 mV/SCE under the parallel field (Fig. 13b) was
more similar to that obtained at — 1,000 mV /SCE without an applied
magnetic field than to that obtained at —1,200 mV/SCE without an
imposed magnetic field (Fig. 13a).

This concept can be also applied for the case of the electrodepo-
sition of copper. As mentioned earlier, the morphology of the copper
deposit obtained at cathodic potential of —500 mV/SCE under the
parallel field was of cauliflower-like structure (Fig. 12b), while the
morphology of the copper deposit obtained without the applied mag-
netic field had very dendritic structure (Fig. 12a). It is known that
dendritic structures are main characteristic of electrodeposition in
conditions of full diffusion control, while cauliflower-like structures
are a characteristic of a dominant diffusion in mixed control of elec-
trodeposition process. >

Anyway, it can be seen that the application of a parallel field of
500 Oe led to shifting of the formation of characteristic morpholog-
ical forms toward lower cathodic potentials for about 100-200 mV.

Of course, the influence of magnetic field appears to be
restricted to the diffusion-limited regions. During electrolysis un-
der parallel fields, the Lorentz force induces convective flow of
the electrolyte close to electrode surface. A magnetically stimu-
lated convection leads to a decrease of the diffusion layer thickness
thus increasing the diffusion-limited current density.’ As a rule,
it was adopted that the limiting diffusion current density depends
on magnetic field, as iy co B'/3.4! Anyway, the increase of the
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limiting current density caused by the effect of applied magnetic
fields with a parallel orientation leads to a decrease of the degree of
diffusion control of the deposition process, and than, the electrode-
position process occurs at some overpotential which is effectively
lower. This overpotential at which a metal electrodeposition occurs
when the change of hydrodynamic conditions is caused by the ef-
fect of imposed magnetic fields (i.e., by the magnetohydrodynamic
effect) also represents “effective overpotential” of electrodeposition
process.

Similar effects can be observed during electrodeposition in an
ultrasonic field.>3> Copper deposits obtained in an ultrasonic field
were compact and more ordered structure than copper deposits ob-
tained without an effect of ultrasonic fields.

It is very clear from previous consideration that the proposed
concept can be applied and for the case of electrodeposition of
nickel. This concept is usable for all cases where there is the change
of the hydrodynamic conditions in the near-electrode layer, which
can be induced by the agitation of electrolyte by evolving hydrogen,
ultrasonic and magnetic fields, or simply by vigorous stirring of an
electrolyte.

III. PHENOMENOLOGY OF A FORMATION OF A
HONEYCOMB-LIKE STRUCTURE DURING COPPER
ELECTRODEPOSITION

The initial stage of the electrodeposition at an overpotential of
1,000mV corresponding to the electrodeposition time of 10s is
given in Fig. 14a—d. These and other experiments whose results are
presented in this section (Figs. 14—19) were performed potentiostat-
ically from 0.15M CuSO4 in 0.50 M H,SO4 at a temperature of
18.0 £ 1.0°C, onto vertical stationary copper wire electrodes which
were not previously covered by copper thin films. The parallelism
between the process of the copper electrodeposition and the hydro-
gen evolution can be easily seen in Fig. 14a. From this figure, both
the sites of the formation of hydrogen bubbles (i.e., sites at which the
hydrogen evolution starts) and the agglomerates of copper grains be-
tween them can be noticed.

It can be seen from Fig. 14b that the hydrogen evolution re-
action, as well as the copper electrodeposition are initiated at
irregularities at an electrode surface. The irregularities at an elec-
trode surface represent the most convenient sites (active centres)
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Figure 14. Copper deposit obtained at an overpotential of 1,000 mV. Time of elec-
trolysis: 10s. (Reprinted from Ref. 18 with permission from Springer).

Figure 15. Copper deposit obtained
at an overpotential of 1,000mV.
Time of electrolysis: 30s. (Reprinted
from Ref. 18 with permission from
Springer).

for the beginning of hydrogen evolution, i.e., for the formation of 403
hydrogen bubbles. The true position of the formation of a hydrogen 404
bubble can be seen from Fig. 14c showing a bare part of the copper 405
electrode (part in circle in Fig. 14c). 406
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Figure 16. Copper deposit obtained at an overpotential of 1,000 mV. Time of elec-
trolysis: 60 s. (Reprinted from Ref. 18 with permission from Springer).

Figure 17. Copper deposit obtained at an
overpotential of 1,000 mV. Time of elec-
trolysis: 120s. (Reprinted from Ref. 18
with permission from Springer).

The mechanism of formation of bubbles at an electrode sur-
face has been described for a long time.>? 3142 The gas formed at
the electrode dissolves in the electrolyte, which becomes supersat-
urated. At the nucleation sites on the electrode, small bubbles are
formed, grow to a certain size and are then detached. The higher the
current density, the more the solution becomes saturated; more and
more nucleation sites become active, and also the rate of growth of
the bubbles increases.! Jenssen and Hoogland3! also pointed out
that at lower current densities, only the irregularities at the edges
(formed by the cutting of the foil) are active, and the amount of bub-
bles formed at the lower edge is sufficient to take up all the hydrogen
formed. This is no longer the case at higher current density, and then
bubbles are also formed at the less deformed surface.
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Figure 18. Copper deposits obtained at an overpotential of 1,000 mV. Time of
electrolysis: (a) 10, (b) 30, (¢) 60, (d) 120, and (e) 150s. (Reprinted from
Ref. 18 with permission from Springer).

Figure 14d shows typical agglomerates consisted of rela- 420
tively small copper grains and situated between the bubbles (parts 421
in ellipses in this figure). The different size and periodicity of 422
agglomerates of copper grains can be explained as follows: It was 423
assumed® that the active centres have different activity or different 424
critical overpotential with respect to the formation of nuclei. The 425
nuclei can be formed on those centres whose critical overpotential 426
is lower or equal to the overpotential externally applied to the cell. 427
The higher the applied overpotential, the greater the number of 428
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Figure 19. The dependence of average diameters of the surface holes,
D (open circles), number of “regular holes” per square millime-
ter surface area of copper electrodes (open triangles) and number
of “irregular holes” per square millimeter surface area of copper
electrodes (inverted traingles) on electrolysis times. (Reprinted from
Ref. 13 with permission from Springer).

active sites take part in nucleation process. The active sites are
mainly placed on the irregularities at an electrode surface,** as can
be seen in Fig. 14b. On the other hand, nucleation does not occur
simultaneously over the entire cathode surface, but it is a process
extended in time so that crystals generated earlier may be consider-
ably larger in size than the ones generated later. Besides, in the case
of fast electrodeposition processes, the nucleation exclusion zones
around already existing nuclei are formed,*>4¢ and in the case of
the slower ones, there is an effect on the nucleation rate distribu-
tion around growing grains.*’-4® This causes the periodicity in the
surface structure of polycrystalline electrolytic deposits.*? !

The copper deposit obtained with the electrodeposition time of
30 s is given in Fig. 15, from which can be seen two characteristic
groups of holes or craters. The origin of one group of holes is due
to the attachment of hydrogen bubbles at surface area of an elec-
trode. These holes have regular circular shapes and, in Fig. 15 they
are given in circles. The second group of holes have irregular shapes,
and these holes are given in ellipses in Fig. 15. The formation of
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these irregular craters is not associated with the process of hydrogen
evolution, and it can be assumed that the origin of these holes is of
the agglomerates of relatively small copper grains shown in Fig. 14d.

The formation of craters or holes as a consequence of the
hydrogen evolution can be explained by the analysis of Figs. 14a, ¢
and 15 in the following way: In the initial stage of the electrodepo-
sition, hydrogen bubbles are formed at active sites at an electrode
surface (Fig. 14a, b), and copper growth is blocked at these sites.
These hydrogen bubbles grow with a time of electrodeposition, and
in one moment, they get detached from an electrode surface realiz-
ing a fresh electrode surface for a new copper nucleation. This can
be seen from Figs. 14c and 15, showing a bare copper electrode at a
position where the formation of a hydrogen bubble begins (Fig. 14c)
and a position of already formed hole covered with a thin copper film
(parts in circles in Fig. 15). Anyway, the processes of the formation
of hydrogen bubbles at active sites, their detachment from an elec-
trode surface when critical size is reached as well as their repeated
formation at growing electrode represent successive steps that led to
the formation of this type of holes. The typical crater or hole formed
due to the attachment of hydrogen bubbles (“regular hole”), which is
obtained with the electrodeposition time of 60 s, is shown in Fig. 16a.

The explanation for the formation of the second group of craters
can be given as follows: as already pointed out, at an overpotential of
1,000 mV, the process of hydrogen evolution is competitive with the
process of copper electrodeposition. As a consequence of a parallel
evaluation of these processes, both the sites of a formation of hydro-
gen bubbles and the agglomerates of copper grains between them
were obtained (Fig. 14). The agglomerates of these copper grains
exactly represent nucleation centres for the formation of craters or
holes belonging to the other group (parts in ellipses in Fig. 14d). The
further electrolysis process leads to copper nucleation and growth
primarily at these agglomerates owing to the concentration of current
lines at them, which will lead to a joining closely formed agglomer-
ates and a formation of hole in one moment. This effect of current
distribution at growing surface will be enhanced by the additional
physical blocking of copper growth by the hydrogen bubbles pre-
venting nucleation processes at lateral sides of the agglomerates and
enhancing the nucleation processes at the top of the agglomerates.
In addition, these agglomerates initiate walls, which will limit the
growth of hydrogen bubbles. Hence, as a result of all these parallel
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processes, holes of “irregular” shapes are formed. These holes are
situated among those formed due to the attachment of hydrogen
bubbles, and these craters are deeper than those obtained due to
the attachment of hydrogen bubbles. The typical “irregular hole” is
given in Fig. 16b, presenting a hole obtained with the electrodeposi-
tion time of 60 s.

Mechanisms describing the formation of holes of this type are
based on the amplification of electrode surface coarseness’>>? in
diffusion-controlled electrodeposition and to the tip>* and edge>” ef-
fects of current density distribution at electrode surface. More about
these mechanisms can be found in Ref. 13

With the evaluating electrodeposition process, a coalescence of
closely formed hydrogen bubbles was observed. The typical coa-
lesced hydrogen bubble obtained at an overpotential of 1,000 mV
with electrolysis time of 120s is shown in Fig. 17. The number of
holes formed of coalesced hydrogen bubbles increases with time of
electrolysis. In Fig. 17, it can be seen that a structure of hole formed
of coalesced hydrogen bubbles consisted of smaller holes which
were mutually separated by a “bridge” of copper agglomerates.
Agglomerates of copper grains that separate smaller holes inside a
large hole are at a lower level than the agglomerates of copper grains
around a large hole.

The decrease in a number of formed holes can be easily ob-
served in Fig. 18, showing morphologies of copper deposits obtained
with times of electrolysis of 10, 30, 60, 120, and 150 s. This decrease
can be primarily ascribed to a coalescence of a closely formed hy-
drogen bubbles. On the other hand, the number of craters formed of
an initially formed copper agglomerates also decreases with electrol-
ysis times, and it can be expected that these craters will completely
disappear with a longer time of electrolysis. This is due to the cur-
rent distribution at a copper growing surface; that is, the fact that a
new copper nucleation and growth primarily takes place at the edges
of these holes, which will lead to totally closing and losing of holes
from this group with longer electrolysis times. In this way, only the
holes formed due to the hydrogen evolution will remain at a surface
area of electrode.

Figure 19 shows the dependence of average diameters of craters
or holes, D, formed due to the attachment of hydrogen bubbles on
electrolysis time, from which the increase in average diameters of
holes with the electrolysis time can be clearly seen. The dependences
of the number of craters or holes formed due to the attachment
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of hydrogen bubbles per square millimeter surface area (“regular
holes) and those formed due to the effect of current distribution
(“irregular holes”) on the electrolysis time are also shown in Fig. 19.
The decrease in the number of both groups of craters or holes can be
observed in this figure.

The logarithm of the number of “regular holes” per square mil-
limeter surface area of copper electrode as a function of electroly-
sis time gives the straight line, which points out that the decrease
in number of holes with electrolysis time follows the first-order re-
action low.!® This can be very useful in the determination of the
mechanism of the formation and growth of holes during metal elec-
trodeposition in the presence of hydrogen evolution, as well as in the
investigation of the different parameters that affects the honeycomb-
like copper structure formation.

IV. THE EFFECT OF DEPOSITION CONDITIONS
ON COPPER DEPOSITS MORPHOLOGY

1. The Surface Preparation

The initial stage of electrodeposition of copper from 0.15M CuSOy4
in 0.50M H>SO4 at an overpotential of 1,000mV, onto stationary
vertical copper wire electrodes previously covered by thin copper
films is shown in Fig. 20. The detailed description of the formation of
this type of cylindrical copper electrodes is described in Refs. >%-37
In this case, for the difference of that observed in Fig. 14b, irregu-
larites or active centres at an electrode surface were “killed” by the
electrodeposition of uniform thin copper film at an overpotential of
300mV during 2 min.!” Then, a higher energy was needed for the
formation of hydrogen bubbles. From Fig. 20, it can be seen that a
number of formed bubbles was considerably smaller than number of
bubbles formed onto the electrode with active centres (Fig. 14b). Si-
multaneously, the diameter of the formed holes was larger, and they
were random oriented at electrode surface.

Figure 21 shows copper deposits obtained at an overpotential of
1,000mV with different quantities of the electricity, onto stationary
vertical copper wire electrodes previously covered by thin copper
films. The dependences of average diameters of craters or holes, D
formed due to the attachment of hydrogen bubbles and number of
craters or holes formed due to the attachment of hydrogen bubbles
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Figure 20. Copper deposit obtained
at an overpotential of 1,000 mV. Time
of electrolysis: 10s. Solution: 0.15M
CuSOy4 in 0.50 M H,SOy4; temperature:
18.0+£ 1.0°C; working electrode: copper
electrode previously covered by copper

thin film. (Reprinted from Ref. 18 with
permission from Springer).

per square millimeter surface area (“regular holes”) on electrolysis
time, formed on this type of cylindrical copper electrodes is shown
in Fig. 22.

Analyzing the data in Figs. 19 and 22, we can notice that av-
erage diameters of holes formed at stationary vertical copper wire
electrodes which were not previously covered by copper thin films
were about two times smaller than those obtained by electrodepo-
sition onto copper electrodes previously covered with a thin copper
film. On the other hand, the number of the formed holes per square
millimeter surface area (“regular holes”) was approximately five to
ten times larger than the number of holes per square millimeter sur-
face area obtained by electrodeposition onto copper electrodes with
uniform thin copper films.

The obtained differences clearly point out the significance of
preparing a working electrode for electrodeposition processes at
high overpotentials, at which there is a parallelism between the pro-
cess of the copper electrodeposition and the hydrogen evolution. The
observed differences in average diameters of the formed holes or
craters as well as in the number of the formed craters or holes can
be explained as follows: the surface area of copper electrodes which
were not previously covered by copper thin films consisted of a large
number of irregularities, which presented active sites (centres), that
is, energetic the most convenient sites for the formation of hydrogen
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Figure 21. Copper deposits obtained potentiostatically at an overpotential of
1,000 mV. Quantities of electricity: (a) 2.5mAh cm™2, (b) 10mAh cm™2,
(¢) I5mAh cm™2, (d) 20mAh cm™2. Solution: 0.15M CuSO4 in 0.50M
H,SO0y4; temperature: 18.0 £+ 1.0°C; working electrode: stationary vertical cop-

per wire electrode previously covered by copper thin film. (Reprinted from Ref. 17

with permission from Elsevier).

bubbles. In the initial stage of electrodeposition process, the number
formed hydrogen bubbles at such electrode was considerably larger
than the number of holes formed at the electrode with “killed” active
centres. Then, in the growth process, the same quantity of evolved
hydrogen is distributed over larger number of hydrogen bubbles,
resulting in the formation of honeycomb-like structure with larger
number of holes with smaller diameters.

2. The Effect of Concentration of Cu(Il) Ions

Figure23 shows the polarization curves for the copper elec-
trodeposition from 0.075M CuSOg4 in 0.50M H>SOg4 (solution
(1)), 0.30M CuSO4 in 0.50M H,SO4 (solution (II)) and 0.60 M
CuSOy4 in 0.50M H,SOy4 (solution (111)). All experiments whose
results are presented in Figs.23-30 and Table 1 were performed
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Figure 22. The dependence of average diameters of the surface holes, D,
(open circles) and number of “regular holes” per square millimeter surface
area of copper electrodes (closed squares) on the quantity of the electricity.
(Reprinted from Ref. 7 with permission from Elsevier).
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Figure 23. Polarization curves for the cathodic process of copper deposition
from: 0.075M CuSOy in 0.50 M H,SOy4 (solution (1)), 0.30M CuSOy4 in
0.50 M H» SOy (solution (1I)), and 0.60 M CuSOy4 in 0.50 M H SOy (solu-
tion (I11)). (Reprinted from Ref. 19 with permission from MDPI).
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Figure 24. Copper deposits obtained at an overpotential of 650 mV. Quantity
of electricity: 10mA h cm 2, (a, b): solution (1); (¢, d): solution (1l); (e, f):
solution (III). (Reprinted from Ref. 19 with permission from MDPI).

potentiostatically at a temperature of 18.0 & 1.0°C. The beginning 601
of the plateau of the limiting diffusion current density is deter- 602
mined as the intersect of straight lines joining currents in mixed 603
activation — diffusion and diffusion control of electrodeposition, as 604
shown in the Fig.23. The end of this plateau is determined as the 605
overpotential at which current starts to grow with the increasing 606
overpotential. The increase in the concentration of Cu(Il) ions leads 607
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Figure 25. Copper deposits obtained at an overpotential of 800 mV. Quantity of
electricity: 10mAh em™2. (a) solution (I); (b—d) solution (II); (e) solution (III).
(Reprinted from Refs. 15,60 with permissions from MDPI and Elsevier).

to a shift of overpotentials at which the limiting diffusion current
density plateaus initiate toward the larger overpotentials, while the
end of these plateaus remains practically constant (Fig. 23).

The effect of hydrogen evolution on copper electrodeposition
was examined at overpotentials of 550, 650, 800, and 1,000 mV.
For all examined solutions, overpotentials of 550 and 650 mV
corresponded to the plateau of the limiting diffusion current density,
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Figure 26. Copper deposits obtained at an overpotential of 1,000 mV from 0.075M
CuSOy in 0.50 M H,SOy4. Quantity of electricity: (a) 2.5mAh cm™2, (b) 20mAh
em™ 2, (Reprinted from Ref. 58 with permission from Elsevier).

Figure 27. Copper deposits obtained at an overpotential of 1,000 mV from 0.30 M
CuSOy in 0.50M HSOy4. (a) Quantity of the electricity: 2.5mAh cm™2, (b, ¢)

quantity of the electricity: 5.0mA h em™2. (Reprinted from Ref. 58 with permission
from Elsevier).
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a

Figure 28. Copper deposits obtained at an overpotential of 1,000 mV from 0.60 M
CuSOy4 in 0.50 M HSO4. Quantity of the electricity: 2.5 mAh em~2, (Reprinted
from Ref. >3 with permission from Elsevier).

while overpotentials of 800 and 1,000mV were about 50 and
250 mV outside the plateau of the limiting diffusion current density,
respectively (Fig. 23).

The summary of the obtained values of the average current
efficiencies of hydrogen evolution in the dependence of concentra-
tion of Cu(II) ions and overpotential of electrodeposition!®->® are
given in Table 1.

It can be seen from Table 1 that the average current efficien-
cies of hydrogen evolution, n,,(Hy) decreased with the increasing
CuSOy4 concentration at all overpotentials. At the first sight, this
was unexpected because the concentration of HySO4 was same for
all solutions. The explanation for it can be obtained by the analy-
sis of ionic equilibrium of the species in the CuSO4—H>S04—H,0
system (Fig. 1). According to this equilibrium, it is the result of de-
creasing the hydrogen ion concentration with the increasing copper
concentration.>’
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Figure 29. Copper deposits obtained at an overpotential of 1,000 mV from 0.075 M
CuSOy4 in 0.50 M H,SOy: (a, b, e, f) quantity of the electricity: 20 mA h em~2, (c,
d) quantity of the electricity: 5.0mA h cm—2. (Reprinted from Ref. 58 with permis-
sion from Elsevier).

(i) Morphologies of Copper Deposits Obtained
at Overpotentials up to 800 mV

The copper deposit electrodeposited from 0.075M CuSOg4 in
0.50M H,SO04 at an overpotential of 550 mV with a quantity of the
electricity of 10mAhcem™2 was cauliflower-like structure. Copper
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Figure 30. Copper deposits obtained at an overpotential of 1,000 mV from 0.60 M
CuSOy4 in 0.50 M HSOy4: (a) quantity of the electricity: 5.0mA h em~2, (b) quan-
tity of the electricity: 20mAh em~2. (Reprinted from Ref. 38 with permission from
Elsevier).

t1.1 Table 1.
The average current efficiencies of hydrogen evolution in the
function of concentration of Cu(II) ions. (Reprinted from
Refs. 1938 with permissions from MDPI and Elsevier).

tl1.2 The average current efficiencies of

hydrogen evolution, nav(Hp) (in %),
at overpotentials of:

t1.3

tl.4 Solution for copper Electrodeposition 650 mV 800 mV 1,000 mV
t1.5 0.075M CuSOy4 in 0.50 M H»SO4 7.5 422 68.7

t1.6 0.30 M CuSOy4 in 0.50 M H>SO4 0.83 3.5 16.0

t1.7 0.60 M CuSOy4 in 0.50 M H,SO4 0 0.66 4.6

deposits electrodeposited from 0.30 M and 0.60 M CuSOy4 in 0.50 M
H>SO4 at the same overpotential and with the same quantity of the
electricity were globular structures.!® Electrodepositions of cop-
per with two times larger than the quantity of electricity led to the
change of morphology of copper deposits. Copper dendrites were
formed during electrodeposition of copper from solution (I), while
the mixture of cauliflower-like and globular forms was obtained
by electrodeposition from solution (II) and solution (III). At this
overpotential, there was hydrogen evolution only from solution (I)
(the average current efficiency of hydrogen evolution, 7y (H2),
was 1.7%).1

Morphologies of copper deposits obtained at an overpotential of
650mV from 0.075 M, 0.30 M, and 0.60 M CuSOy4 in 0.50 M H,SO4
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are shown in Fig. 24. It can be seen from Fig. 24 that copper dendrites
were formed during copper electrodeposition from all three solu-
tions. Meanwhile, it is very clear from Fig.24 that the shape of
copper dendrites depended strongly on the concentration of Cu(Il)
ions. Very branchy copper dendrites consisting of corncob-like ele-
ments were formed from solution (I) (Fig. 24a, b). Copper dendrites
formed from solution (II) presented a mixture of very branchy
dendritic forms (Fig. 24c) and those shaped like flowers (Fig. 24d).
Finally, the copper deposits obtained from solution (I1l) presented a
mixture of flower-like (Fig. 24¢) and corncob-like forms (Fig. 24f).

Figure 25 shows the morphologies of copper deposits obtained
at an overpotential of 800 mV, from which the strong effect of con-
centration of Cu(II) ions on copper electrodeposition can be seen.

The honeycomb-like structure was formed from solution (I)
(Fig.25a).

A mixture of dendritic forms (Fig. 25b), degenerate dendrites,
(Fig.25¢) and holes formed due to the attached hydrogen bubbles
(Fig. 25d) was obtained by electrodeposition from solution (II).

Finally, only dendritic copper forms are obtained from solution
(III) (Fig.25¢e). These dendritic forms were more branchy structures
than those formed from the same solution by the electrodeposition
at an overpotential of 650mV and with the same quantity of the
electricity (cf. Fig. 24e, f).

The careful analysis of the morphologies of copper deposits
shown in Figs.24 and 25 indicated that an increase in the
concentration of Cu(Il) ions led to a shift of the formation of charac-
teristic morphological shapes of copper deposits toward higher elec-
trodeposition overpotentials by about 100—150mV. This is because
of the increase of a critical overpotential of dendritic growth ini-
tiation with the increase of concentration of Cu(Il) ions.!” For
example, copper dendrites formed at 800mV from solution (I1I)
(Fig. 25e) were very similar to those obtained at 650mV from so-
lutions (I) and (II) (Fig.24a—). The globular forms obtained from
solutions (II) and (IIl) at an overpotential of 550mV were very
similar to ones obtained from 0.15M CuSOg4 in 0.50 M H>SOy4 at an
overpotential of 450 mV.!? The different shapes of copper dendrites
formed at an overpotential of 650 mV from solutions with different
concentrations of Cu(Il) ions (Fig.24) also pointed out the strong
effect of concentration of Cu(II) ions on electrodeposition of copper
at an overpotential of 650 mV.
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(ii) Morphologies of Copper Deposits Obtained
at an Overpotential of 1,000 mV

The copper deposits obtained from 0.075M CuSO4 in
0.50 M H,SO4 at an overpotential of 1,000mV with the quanti-
ties of electricity of 2.5 and 20mAh ¢cm~2 are shown in Fig.26,
from which it can be seen that honeycomb-like structures were
formed by electrodepositions from this solution.

The copper deposits obtained at an overpotential of 1,000 mV
from 0.30M CuSOg4 in 0.50 M HSO4 with quantities of electric-
ity of 2.5 and 5.0mAh cm~? are shown in Fig.27, from which it
can be clearly seen that the structures of the deposits obtained from
0.30M CuSO4 in 0.50 M H,SO4 were completely different from
those obtained from 0.075 M CuSOj4 in 0.50 M H,SOy4 (Fig. 26).

Two types of craters or holes formed due to the attachment of
hydrogen bubbles can be observed by analysis of the copper deposit
shown in Fig.27a. One type of holes is presented in the ellipse in
Fig.27a. These holes are similar to those forming the honeycomb-
like structure during copper electrodeposition from 0.075 MCuSO4
in 0.50 M H,SO4. These holes are grouped and mutually separated
by agglomerates of relatively small copper grains.

The other type of holes is shown in the circle in the same figure.
From Fig. 27a, it can be seen that the shape of this hole is dish or
shell-like. The diameter of dish-like holes is larger than the diameter
of the holes forming the honeycomb-like structure, while their num-
ber is smaller than the number of holes forming the honeycomb-like
structure. A typical dish-like hole electrodeposited with the quan-
tity of the electricity of 5.0mAh cm™2 is shown in Fig.27b. The
bottom of the dish-like hole is covered by almost compact copper
deposit (the part in the circle in Fig.27b), while the wall of this
hole consists of small, very disperse agglomerates of copper grains
(Fig.27c¢). From Fig.27c, it can also be seen that copper dendrites
were formed at the shoulders of the dish-like holes electrodeposited
with this quantity of electricity. Also, cauliflower-like forms were
formed between the holes or craters belonging to these different
types (Fig. 27a).

The electrodeposition processes at an overpotential of 1,000 mV
from 0.60 M CuSOy4 in 0.50 M H,SOy4 led to the formation of dish-
like holes only. The typical dish-like holes formed with the quan-
tity of the electricity of 2.5mAh cm~2 are shown in Fig. 28a, from
which it can be seen that copper dendrites were formed at their
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shoulders. The bottom of the dish-like holes was almost compact
(Fig. 28b), while the interior of the hole was constructed of disperse
agglomerates of copper grains (Fig. 28c). Very branched copper den-
drites and small cauliflower-like forms were formed among the dish-
like holes during the electrodeposition of copper from this solution
(Fig. 28d).

On the basis of the presented analysis of the electrodeposition
processes at an overpotential of 1,000 mV (Figs. 26-28), it is obvi-
ous that increasing the concentration of Cu(II) ions leads to a change
in the shape of the holes from those forming a honeycomb-like struc-
ture to dish-like holes.

It should be noted that the honeycomb-like structure was
formed from 0.075M CuSO4 in 0.50 M H,SO4 at an overpoten-
tial of 1,000 mV, with a considerably larger quantity of co-deposited
hydrogen (1,y(H2) = 68.7%) than that formed by electrodeposition
at 800 mV from the same solution (175, (Ha) = 42.2%),'?) or from
0.15M CuSOy in 0.50 M H,SO4 at 800 mV (1ay(H2) = 10.8%) and
1,000mV (nay(Hz) = 30.0%).!0 It was found!®>® that the maxi-
mum CuSO4 concentration (in 0.50 M H,SO4) which enabled the
formation of the honeycomb-like structure was 0.15 M. The critical
quantity of evolved hydrogen leading to the change of the hydrody-
namic conditions in the near-electrode layer for this solution group
was estimated to correspond to 1, (Hz) of 10.0%.19

The more vigorous hydrogen evolution at this overpotential
from 0.075 M CuSOy4 in 0.50 M H,SO4 makes a more visible chan-
nel structure formed through the interior of the deposit. A typical
channel structure is shown in Fig.29a, which was obtained by ma-
nipulation of the copper deposit in order that the cross section view
could be seen. The top view of a part of the copper deposit shown in
Fig.29a is shown in Fig. 29b, from which it can be seen that irregular
channels are distributed over the surface area of the deposit among
disperse agglomerates of copper grains. These channels were gen-
erated in situ by the simultaneous processes of copper growth and
vigorous hydrogen evolution. It is also known®! that a channel or
a stream copper structure can be formed ex situ by the use of an
acoustically excited Ar gas bubble.

Naturally, both the formation holes and channels through the in-
terior of the deposit occur simultaneously, and these processes can
not be observed separately. As already stated, in the initial stage of
the electrodeposition process, both nuclei of copper and “nuclei”
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of hydrogen bubbles are formed at the active sites of the electrode
surface.!® The hydrogen bubbles isolate the substrate and then the
current lines are concentrated around these hydrogen bubbles mak-
ing rings consisted of agglomerates of copper grains around them.
The current lines are also concentrated at the nuclei of copper
formed in the initial stage between the hydrogen bubbles. Anyway,
the bubbles cause an increase of the local current density around
them, resulting in a faster growth of the copper deposit around the
growing bubbles, as well as in increasing rate of hydrogen evolution.

As a result of the current distribution at the growing copper
surface, new copper nucleation and hydrogen evolution will occur
primarily at the top of these agglomerates. Some of the new, small,
freshly formed hydrogen bubbles which are formed at agglomer-
ates around previously formed large hydrogen bubbles will coa-
lesce with them, leading to their growth with electrolysis time as
already shown.'® This is confirmed by the very porous structure of
the interior of walls of the holes (Fig.29c), which consist of dis-
perse agglomerates of copper grains among which numerous irregu-
lar channels are present. A typical hole formed of growing hydrogen
bubbles is shown in Fig.29d. In the growth process, the coales-
cence of closely formed large hydrogen bubbles can also be observed
(Fig.29e).

Meanwhile, some of the freshly formed hydrogen bubbles will
not find a way to coalesce with the large hydrogen bubbles be-
cause they are situated among copper nuclei which initiate a bar-
rier for their development into large hydrogen bubbles. This effect,
with already discussed current density distribution will lead to the
formation of a porous channel structure through the interior of the
copper deposit (Fig. 29a).

Simultaneously, holes of irregular shapes (Fig.29f) were
formed from nuclei of copper formed in the initial stage of the
electrodeposition between the hydrogen bubbles.!® The current dis-
tribution at the growing copper surface was responsible for the
formation of this type of hole.

Anyway, there are two effects of hydrogen evolution on copper
electrodeposition leading to the formation of the honeycomb-like
structures. The first effect is a stirring of the solution in the near-
electrode layer caused by a vigorous hydrogen evolution leading
to the decrease of the diffusion layer thickness and the increase of
the limiting diffusion current density.!? The second effect concerns
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the morphology of the copper deposits due to the effect of hydro-
gen bubbles on the current density distribution on the growing elec-
trode surface. The uniform distribution of morphological forms on
the electrode surface means the same hydrodynamic conditions exist
over the whole electrode surface and the honeycomb-like structure
indicates to the local effect of hydrogen bubbles.

Dish-like holes were formed from the more concentrated
solution (0.60 M CuSOy4 in 0.50 M H,SOy4), accompanied by a con-
siderably lower quantity of evolved hydrogen (7, (H2) = 4.6%) than
was the case with the holes forming a honeycomb-like structure
(0.075M and 0.15M CuSOg4 in 0.50 M H2SOy).

On the basis of the obtained value of the average current effi-
ciency of hydrogen evolution of 4.6% and morphologies of copper
deposits shown in Fig. 28 (very branchy copper dendrites developed
between dish-like craters or holes), it is clear that the hydrogen evo-
lution was insufficient to produce effective stirring of the solution
in the near-electrode layer, which would lead to a decrease of the
diffusion layer thickness, and consequently, no change in the hy-
drodynamic conditions and no inhibition of dendritic growth. The
electrodeposition process was primarily controlled by the diffusion
of ions to the electrode surface, rather than the kinetics of the elec-
trodeposition.!3-23

The initial stage of the formation of dish-like holes was the same
as the initial stage of the formation of the honeycomb-like structure.
The nuclei of copper and the “nuclei” of hydrogen bubbles were
formed at active sites on the electrode surface and the formed hy-
drogen bubbles isolate the substrate causing a concentration of the
current lines about them. Meanwhile, because of the low hydrogen
co-deposition current density, the number of the formed “nuclei”
of hydrogen bubbles was smaller than the number which led to the
formation of the honeycomb-like structure. In the growth process,
they have enough space to develop into large bubbles, making holes
with a dish-like shape at the surface area of electrode. Dendrites
formed at their shoulders (Fig. 28a) as well as very developed den-
drites between them (Fig. 28d) clearly indicate the insufficiency of
the evolved hydrogen to disturb the diffusion layer of the macroelec-
trode. Further copper nucleation and hydrogen evolution primarily
occur at the shoulders of the growing holes and the copper den-
drites between them. Most of the freshly formed hydrogen bub-
bles at the shoulder of the dish-like holes coalesce with previously
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formed large hydrogen bubbles, leading to their growth with the
electrolysis time (Fig.30a) and making the interior of holes very
porous and constructed of cauliflower- or raspberry-like forms. At
the same time, the almost compact deposit at the bottom of the dish-
like holes represents the position of the formation of the initial bub-
ble (Fig. 28b), and it can be supposed that its origin is the thin copper
film previously electrodeposited at 400 mV. It is of interest to note
that regardless of the quantity of electricity passed, or the deposi-
tion time, the dendrites grew only at the edges of the dish-like holes.
This is due to the fact that the electrodeposition of copper occurs
on the dendrite branches in the same way as on any other part of
the electrode surface, except on the tip of the dendrite protrusions
themselves, where the process is under activation control, resulting
in regular dendritic forms (Fig. 30b).2%* At larger deposition times,
the growth of dendrites become dominant and the dish-like protru-
sion cease to grow. Also, it can be seen from Figs. 28a and 30a that
in the “shadow” of the dish-like holes there is a lower density of
grains on the initial substrate relative to the overshadowed parts of
electrode, which is the consequence of the concentration of current
lines at them.

In dependence on the quantity of electricity, the average diam-
eter of the dish-like holes was in the range of 200-360 um. The
number of dish-like holes was estimated to be 2.5 holes/mm? sur-
face area of the copper electrode, and it did not change with the
quantity of the electricity, which can be explained by the absence
of coalescence of the formed hydrogen bubbles. The comparative
dependences of the average diameters, D, and the number of holes
per square millimeter surface area of copper electrodes on the quan-
tity of the electricity for both, dish-like holes and holes making the
honeycomb-like structure during the electrodeposition at 1,000 mV
from 0.075M CuSOg4 in 0.50 M H,SO4 are shown in Fig. 31, from
which it can be seen that the number of formed dish-like holes per
square millimeter surface area of the copper electrode was consider-
ably smaller than the number of holes forming the honeycomb-like
structure and that the average diameter of the dish-like holes was
about five times larger than the average diameter of the holes form-
ing the honeycomb-like structure. This illustrates successfully the
fact that a smaller number of “nuclei” of hydrogen bubbles is formed
in the initial stage of electrodeposition of dish-like holes in relation
to the number of formed “nuclei” of hydrogen bubbles leading to the
formation of the honeycomb-like structure.
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Figure 31. The dependence of average diameters of the surface holes, D, (open
style) and number of holes per square millimeter surface area of copper elec-
trodes (solid style) on quantities of electricity, for electrodepositions of copper
from 0.075M CuSOy4 in 0.50M H,SO4 and 0.60 M CuSOy4 in 0.50 M H;SOy4.

(Reprinted from Ref. 58 with permission from Elsevier).

Furthermore, the morphology of the copper deposit obtained
from 0.60M CuSO4 in 0.50 MH,SO4 at an overpotential of
1,000mV consisted of all the morphological forms characteristic for
copper electrodeposition at high overpotentials: holes formed due to
hydrogen evolution (Fig. 28a), dendritic forms (Fig. 28d), and small
cauliflower-like forms (Fig. 28d). The formation of these different
morphological forms which leads to nonuniformity of the elec-
trode surface can be explained by different local electrodeposition
conditions inside the diffusion layer of the macroelectrode. It is
known® that electrochemical processes on microelectrodes in bulk
solution can be under activation control at overpotentials which
correspond to the plateau of the limiting diffusion current density
of the macroelectrode. Bockris et al.®3-%% and Popov et al.®? showed
that electrodeposition to the tip of a dendrite, consequently to a
microelectrode, inside the diffusion layer of the macroelectrode is
under activation control, while the same process is simultaneously
under full diffusion control on the macroelectrode. In the absence
of dendrite precursors, some cauliflower-like forms can be formed
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on the surface of the macroelectrode when the electrodeposition
process is under full linear diffusion control. Then, local spherical
diffusion layers inside the diffusion layer of the macroelectrode are
formed around them.!® Hence, for defined electrodeposition con-
ditions, control of the electrodeposition process at some specified
points of the macroelectrode can be different from the process con-
trol at the macroelectrode in general. This explains and the nonuni-
formity of the electrode surface obtained from 0.60 M CuSO4 in
0.50 M H>SOy4.

The polarization characteristic of a macroelectrode is easy to de-
termine, as well as the kind of mass transfer control on it. It is very
difficult, or even impossible, to do the same for some specified points
on it. On the other hand,'3-%¢ the morphology of metal deposits in-
dicates the conditions under which they were formed. Hence, from
the local morphology of a deposit, the type of process control on
selected points of the macroelectrode can be derived.

The morphology of the copper deposit obtained at an over-
potential of 1,000mV from 0.30 M CuSO4 in 0.50 M H,SO4 pre-
sented a mixture of morphological forms characteristic for copper
deposits obtained from solutions with lower (0.075 M) and higher
(0.60 M) concentrations of Cu(II) ions. Thus, a mixture of both types
of holes was obtained by the electrodeposition at this overpotential
from 0.30 M CuSOy4 in 0.50 M H>SOy4. It was estimated that the per-
cent of holes forming the honeycomb-like structure was about 80%
of the total number of formed holes. On the basis of this fact, it
can be concluded that for a concentration of supporting electrolyte
of 0.50 M HSOy4, the concentration of 0.30 M CuSOy4 presents the
transitional concentration between lower and higher concentrations
of Cu(Il) ions. This could be explained by different hydrodynamic
conditions at different points of the electrode surface.

3. The Effect of Concentration of H;SO4

The polarization curves for the electrodeposition of copper from
0.15M CuSO4 with the addition of 0.125, 0.25, and 1.0 M H,SO4
are shown in Fig.32. All experiments whose results are presented
in Figs.32-37 and Table2 were performed potentiostatically at a
temperature of 18.0 £ 1.0°C. It can be seen from Fig. 32 that the
beginning of the plateau of the limiting diffusion current density
was slightly shifted to higher electrodeposition overpotentials with
the decreasing concentration of HySO4. The ends of the plateau of
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Figure 32. Polarization curves for the cathodic process of copper
deposition from: 0.15M CuSOy4 in 0.125M Hp SOy, 0.15M CuSOy in
0.25M H5S0y4, and 0.15M CuSOy in 1.0M H,SOy. (Reprinted from

Ref. 97 with permission from Elsevier).

the limiting diffusion current density practically do not depend on
the concentration of HySO4 and they correspond to an overpotential
of about 750 mV. The negligible shifting of the end of the plateau
of the limiting diffusion current density to lower electrodeposition
overpotentials can be only observed at a polarization curve obtained
from 0.15M CuSOy4 in 1.0 M H,SOy4. At overpotentials higher than
750 mV, the fastest growth of current with increasing overpotential
is obtained from 0.15M CuSOy4 in 1.0 M H,SO4 and it decreases
with the decrease of the H>SO4 concentration. The limiting diffusion
current density value decreased with the increasing concentration of
H,S0O4. The decrease in the values of the limiting diffusion current
density with increasing H;SO4 concentration is a consequence of
the decrease of the Cu(Il) ion activity with increasing acidity of the
solution.

The effect of hydrogen evolution on copper electrodeposition
was examined at overpotentials of 550, 650, 800, and 1,000 mV.
At an overpotential of 550 mV, there was hydrogen evolution only
from 0.15M CuSOg4 in 1.0 M H2SOy4 (the average current efficiency
of hydrogen evolution, 7n,,(H>), was 0.75%).67 The summary of
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Figure 33. Copper deposits obtained at an overpotential of 650 mV from: (a) 0.15M
CuSOy4 in 0.125M HSO04, (b) 0.15M CuSOy4 in 0.25M HSO04, and (c) 0.15M
CuSOy4 in 1.0M H,SO4. Quantity of electricity: 10mA h em™2, (Reprinted from
Ref. ©7 with permission from Elsevier).

the obtained values of the average current efficiencies of hydrogen
evolution in the dependence of concentration of H,SO4 at overpo-
tentials of 650, 800, and 1,000mV%%67 are given in Table 2. For
all examined solutions, overpotentials of 550 and 650mV corre-
sponded to the plateau of the limiting diffusion current density, while
overpotentials of 800 and 1,000mV were about 50 and 250 mV
outside the plateau of the limiting diffusion current density, respec-
tively (Fig. 32).
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Figure 34. Copper deposits obtained at an overpotential of 800 mV from: (a—c)
0.15M CuSOy in 0.125M HpSOy; (d) 0.15M CuSO4 in 0.25M H,SO4, and

(e) 0.15M CuSOy4 in 1.0M HpSO4. Quantity of electricity: 10mAh em™2,
(Reprinted from Ref. 60 with permission from Elsevier).

(i) Morphologies of Copper Deposits Obtained at Overpotentials
up to 800 mVv

Electrodeposition of copper at an overpotential of 550 mV from
0.15M CuSOy4 in 0.125 M H,S0Oy4, as well as from 0.15M CuSO4
in 0.25 M H,SOy4 led to the formation of dendritic forms with the
quantity of the electricity of 10 mA h cm™2.%7 The number of copper
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Figure 35. The copper deposit obtained at an overpoten-
tial of 1,000 mV from 0.15M CuSOy4 in 1.0M H,SOy4.
Quantity of electricity: 10mAh cm™2. (Reprinted from
Ref. ©7 with permission from Elsevier).

dendrites formed at a surface area of copper electrodes increased
with the decrease of the H>SO4 concentration. Cauliflower-like
forms were obtained by electrodeposition at the same overpoten-
tial from 0.15M CuSOy4 in 1.0 M H>SO4 with the quantity of the
electricity of 10mA h cm~2. Some of them were developed in den-
dritic forms by the electrodeposition with the double quantity of
electricity.

Copper dendrites were formed by electrodeposition processes at
an overpotential of 650 mV from all three solutions (Fig. 33). It can
be seen from Fig. 33 that the number of formed dendritic forms in-
creased with the decrease of H»SO4 concentration. Also, the branch-
ing of these forms increased with the decrease of the concentration
of HySOj4. The corncob-like forms were grouped in flower-like or
tree-like forms, or even formed individually at an electrode surface
(Fig. 33).

The analysis of copper electrodeposition processes at overpo-
tentials of 550 and 650 mV has shown that the decrease of HySO4
concentration led to the shift of the formation of dendritic forms
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200 um

Figure 36. The copper deposit obtained at an overpoten-
tial of 1,000 mV from 0.15M CuSOy4 in 0.25M H,SOy4.
Quantity of electricity: 10mAh em™2, (Reprinted from
Ref. ©7 with permission from Elsevier).

toward higher overpotentials of electrodeposition. This effect was
the same as the one which had been noticed in case of the increas-
ing concentration of Cu(Il) ions,!” as it was discussed considering
minimum overpotential for dendritic growth initiation.

The morphologies of the copper deposits obtained at an
overpotential of 800 mV are presented in Fig.34. A channel struc-
ture (Fig. 34a), degenerated dendrites (Fig. 34b), and cauliflower-like
forms (Fig.34c) were formed by copper electrodeposition from
0.15M CuSOy4 in 0.125 M H»SO4. Holes originating from attached
hydrogen bubbles were formed by electrodeposition from 0.15M
CuSO4 in 0.25MH,S04 (Fig.34d). Degenerate dendrites and
cauliflower-like forms, similar to those shown in Fig. 34b, 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 CuSOy in 1.0 M H,SO4 (Fig. 34e).
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Figure 37. The copper deposit obtained at an overpotential of 1,000 mV from
0.15M CuSO4 in 0.125M HSOy4. Quantity of electricity: 10mAh em™ 2,
(Reprinted from Ref. 97 with permission from Elsevier).

t2.1 Table 2.
The average current efficiencies of hydrogen evolution in the
function of HySO4 concentration. (Reprinted from Refs. 60-67
with permissions from Elsevier).

2.2 The average current efficiencies of
hydrogen evolution, nay(Hp) (in %),
at overpotentials of:

2.3

t2.4 Solution for copper Electrodeposition 650 mV 800 mV 1,000 mV
t2.5 0.15M CuSOy4 in 0.125M H,SO4 0 4.83 20.3

t2.6 0.15M CuSOy4 in 0.25M H>SO4 0.32 9.05 26.4

t2.7 0.15M CuSO4 in 1.0M H,SO4 33 233 45.7
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(ii) Morphologies of Copper Deposits Obtained
at an Overpotential of 1,000 mV

Morphologies of copper deposits obtained at an overpotential
of 1,000mV from these copper solutions are shown in Figs. 35-37.
The honeycomb-like structure was formed by the electrodeposition
from 0.15M CuSOy in 1.0 M H>SO4(Fig. 35). From Fig. 35 it can be
seen that holes were lined up in parallel rows. The average diameter
of formed holes was 50 um, while the number of formed holes was
71/mm? surface area of the copper electrode.

The honeycomb-like structure was also formed by electrodepo-
sition at 1,000mV from 0.15 M CuSOy in 0.25 M H,SO4 (Fig. 36).
However, in contrast to parallely lined up holes formed from 0.15 M
CuSO4 in 1.0 MHSOy4, holes which made this honeycomb-like
structure were random oriented at the electrode surface. The number
of the formed holes was 14/mm? surface area of the copper electrode
and it was about five times smaller than the number of holes formed
from 0.15M CuSOy4 in 1.0 M HSO4. The decrease of concentration
of HySOy4 led to the increase of the diameter of holes, and the aver-
age diameter of holes formed from this solution was estimated to be
about 110 um.

The random-oriented holes were also formed during copper ele-
ctrodeposition at 1,000mV from 0.15 M CuSOy in 0.125 M H,SO4
(Fig.37a). However, the detailed analysis of the copper deposit
shown in Fig.37a revealed the presence of morphological forms
which were not obtained by electrodeposition processes from 0.15 M
CuSOy4 in both 0.25M and 1.0M H;SO4. Aside from holes and
cauliflower-like agglomerates of copper grains between them, the
presence of degenerate dendrites (Fig. 37b) and irregular channels
formed by evolved hydrogen around dendritic and cauliflower-like
particles (Fig. 37c) were also noticed by the analysis of the copper
deposit electrodeposited from 0.15M CuSO4 in 0.125M H3SO4.
Additionally, degenerate dendrites were formed at the shoulders of
some of holes (Fig. 37d). The average diameter of the formed holes
was 120 pm, while their number was estimated to be 7/mm? surface
area of the copper electrode.
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4. The Effect of Temperature on Electrodeposition
of Disperse Copper Deposits

The polarization curves for the electrodeposition of copper from
0.15M CuSO4 in 0.50M H;SO4 at temperatures of 14.0 &= 0.5,
35.0 £ 0.5 and 50.0 £ 0.5°C are given in Fig.38. It can be seen
from Fig. 38 that increasing the temperature leads to an increase of
the limiting diffusion current density, as well as to a shift of both the
beginning and the end of the plateau of the limiting diffusion current
density toward lower electrodeposition overpotentials.

It is clear from Fig. 38 that an overpotential of 550 mV belongs
to the plateau of the limiting diffusion current density at all analyzed
temperatures. An overpotential of 650mV belongs to the plateau
of the limiting diffusion current density only at a temperature of
14.0 4 0.5°C. This overpotential is about 50 mV outside the plateau
at a temperature of 35.0 £ 0.5°C and about 100 mV outside at a

1004 |7~ 14.08C; 265 - 750 mV
—O— 35.08C; 215 - 600 mV
—A— 50.08C; 190 - 550 mV
80

h/mV

Figure 38. Polarization curves for curves for electrodeposition of copper from
0.15M CuSOy4 in 0.50 M H, SO4 at temperatures of 14.0+0.5°C, 35.0£0.5°C, and
50.0 + 0.5°C. (Reprinted from Ref. 68 with permission from the Serbian Chemical
Society).
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t3.1 Table 3.

The values of the average current
efficiencies of hydrogen evolution,
nav(H2) (in %) in the dependence on
temperature of electrodeposition.
(Reprinted from Ref. ® with permission
from the Serbian Chemical Society).

t3.2 The average current efficiencies
of hydrogen evolution, 1ay(H3)

3.3 (in %), at overpotentials of:

t3.4 Temperature (°C) 550mV  650mV 800 mV

t3.5 14.0£0.5 0 1.6 11.1

3.6 35.0+0.5 0 22 14.2

t3.7 50.0 £ 0.5 0 3.7 18.6

temperature of 50.0 £ 0.5°C. Finally, an overpotential of 800 mV
is outside the plateau of the limiting diffusion current density at all
temperatures.

The average current efficiences for hydrogen evolution reaction,
nav(Hz), at overpotentials of 650 and 800 mV are summarized in
Table 3,°% which also includes the values of the average current effi-
ciences of hydrogen evolution of 0.0% obtained at an overpotential
of 550 mV. It can be clearly seen from Table 3 that the electrodeposi-
tion processes at overpotentials of 650 and 800 mV are accompanied
by the increase of the average current efficiencies of hydrogen evo-
lution with increasing temperature, causing a shift of the end of the
limiting diffusion current density plateau toward lower values of the
overpotential. This is due to the increased rate of hydrogen evolution
with increasing temperature. In totality, the three groups of the aver-
age current efficiences of hydrogen evolution are of significance in
the investigation of the effect of temperture on the electrodeposition
of copper at high overpotentials.

The first group is characterized by electrodeposition of copper
at an overpotential of 550 mV, (potential at which there is no hydro-
gen evolution or hydrogen evolution was below the sensitivity of the
measurement technique).

The second group is characterized by processes of electrodepo-
sition at an overpotential of 650 mV (potential at which the average
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current efficiencies of hydrogen evolution were below the critical
value of the average current efficiency of hydrogen evolution of
10.0%, leading to a change of the hydrodynamic conditions in the
near-electrode layer in this solution).

Finally, the third group includes electrodeposition processes at
800 mYV, which are accompanied by an average current efficiency of
hydrogen evolution above the critical value of 10.0%.

The morphologies of the copper deposits electrodeposited at an
overpotential of 550 mV are cauliflower-like and dendritic ones.®
The size of the cauliflower-like particles did not change with in-
creasing temperature, but the size of sub-particles constituting the
cauliflower-like forms which decreased with increasing temperature
of electrodeposition. The decrease of the size of sub-particles with
increasing temperature can be explained by the well-known depen-
dence of the nucleation rate on temperature,’® which was derived by
Volmer and Weber.”?

The morphologies of the copper deposits obtained at an over-
potential of 650 mV are shown in Fig.39, from which the strong
effect of temperature on the electrodeposition of copper at an over-
potential of 650 mV can immediately be clearly seen. Very branched
copper dendrites were formed during electrodeposition at a temper-
ature of 14.0°C (Fig.39a). They were constructed of corncob-like
elements (Fig.39b). This is in accordance with the position of an
overpotential of 650mV in the limiting diffusion current density
plateau. Dendritic forms were obtained during electrodeposition at
a temperature of 35.0°C (Fig.39c) but holes, the origin of which
was attached hydrogen bubbles, were also formed (the part in the
circle in Fig. 39d). The increased hydrogen evolution at a tempera-
ture of 50.0°C compared to that at 35.0°C led to a change of the
shape of the copper dendrites, which become similar to cauliflower-
like forms (Fig. 39¢) or, probably, degenerate dendrites were formed.
Also, the holes formed due to the attachment of hydrogen bubbles
can be observed in this copper deposit (Fig. 39f). These facts were
unexpected because the current efficiency of the hydrogen evolution
reaction was lower than 10.0%, but it can be explained by the find-
ings of Vogt and Balzer.”' They showed that the bubble coverage of
an electrode surface increased with temperature more than linearly.
Besides, Krenz’? observed an increase in bubble coverage of about
50% as the temperature was raised from 25 to 50°C.
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Figure 39. Morphologies of copper deposits electrodeposited at an overpotential of
650 mV at temperatures of: (a, b) 14.0 £ 0.5°C, (¢, d) 35.0 = 0.5°C, and (e, f)
50.0 + 0.5°C. (Reprinted from Ref. 68 with permission from the Serbian Chemical
Society).

The morphologies of the copper deposits electrodeposited at an 1127
overpotential of 800 mV are shown in Fig. 40, from which the strong 1128
effect of evolved hydrogen on the morphologies of copper deposits 1129
is visible. Very porous structures, holes formed due to the attach- 1130
ment of hydrogen bubbles, cauliflower-like forms, and the absence 1131
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Figure 40. Morphologies of copper deposits electrodeposited at an overpoten-
tial of 800mV at temperatures of: (a) 14.0£0.5°C, (b) 35.0+0.5°C, and
(¢) 50.0 £0.5°C. (Reprinted from Ref. 68 with permission from the Serbian Chem-
ical Society).

of dendritic forms were the main characteristics of copper deposits
obtained at this overpotential. A decreased number of holes per
square millimeter surface area of copper electrodes and the increased
diameter of the holes with increasing temperature can be observed
from Fig. 40. Also, the portions of the copper structure consisting
of disperse agglomerates of copper grains, among which irregular
channels were formed, increased with increasing temperature of the
solution.

First, it is necessary to note that the decrease of the number
of holes per square millimeter surface area of the copper electrode
with intensification of hydrogen evolution was very surprising. It
is opposed to the already observed phenomena!%!7-18 when it was
shown that intensification of hydrogen evolution reaction leads to
an increase of the number of holes. Thus, the unexpected develop-
ment of the copper structures with intensification of the hydrogen
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evolution reaction clearly highlights the necessity to take into con-
sideration the effect of temperature on some properties of electro-
plating solution, as well as the already mentioned increased bubble
coverage with the increasing temperature. The properties of an elec-
trolyte of importance in metal electrodeposition processes which are
affected by a change of temperature are the viscosity’® and surface
tension of the electrolyte.”!

In Ref.®® are given the values of the viscosity and surface
tension of a copper solution containing 0.15M CuSOj4 in 0.50 M
H>S0O;4 at the examined temperatures. As expected, both the viscos-
ity and the surface tension of this solution decrease with increas-
ing temperature. The decrease of the surface tension of the solution
lowers the break-off diameter of hydrogen bubble from the electrode
surface,’! while the decreased viscosity of the solution probably fa-
cilitates the transport of the detached hydrogen bubbles through the
interior of the deposit, thus forming a channel structure through it.
A typical channel structure formed at an overpotential of 800 mV at
a temperature of 50.0°C is shown in Fig.41a, while the top view of
this deposit shows that very disperse cauliflower-like agglomerates
of copper grains were surrounded by irregular channels (Fig. 41b).

Hence, increase the temperature led to a redistribution of
evolved hydrogen from those creating a honeycomb-like struc-
ture (holes formed due to the attachment of hydrogen bubbles
with cauliflower-like agglomerates of copper grains between them)
to those making a copper structure with the dominant presence
of cauliflower-like forms and irregular channels between them.

Figure 41. Morphologies of copper deposits electrodeposited at an overpotential of
800 mV at a temperature of 50.0 = 0.5°C. (Reprinted from Ref. 68 with permission
from the Serbian Chemical Society).

1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172



Author's Proof

BookID 186658_ChapID 1_Proof# 1 - 17/02/10
Hydrogen Co-deposition Effects on Copper Electrodeposition

This increase of the portion of channel structure to the overall
structure of the deposit in relation to the portion of holes to the
overall structure is probably due to changes of the properties of the
electroplating solution, caused by the dependences of the viscosity
and surface tension of solution on temperature. As a result of this,
the formation of holes becomes less possible and hence large holes
appear only due to the edge effect, as can be clearly seen from
Fig.40c. It is obvious that the probability of the formation of the
nucleus of such a structure decreases with lowering of the break-off
diameter of the bubbles.

Also, it is necessary to note that increasing the temperature led
to the formation of morphological forms of copper deposits char-
acteristic for electrodeposition at higher overpotentials, probably
because of the increase of bubble coverage with increasing tempera-
ture. The effect of temperature was opposite to those observed with
increasing the concentration of Cu(II) ions,!” when increasing con-
centration of Cu(Il) ions led to a the formation of morphological
forms of copper deposits characteristic for electrodeposition at lower
overpotentials.'”

5. Analysis of Deposition Conditions with the Aspect
of the Honeycomb-like Structure Formation

It is obvious that the honeycomb-like structures can be considered
as possible electrodes in electrochemical devices such as fuel cells
and sensors due to their very open and porous structure. Analysis of
the effect of different parameters of electrolysis given in this section
enables to be systematized electrodeposition conditions leading to
the formation of this structure type.

The acceleration of electrochemical processes through the
increase of concentration of Cu(Il) ions above 0.15M CuSO4
(in 0.50 M H>S0O4) showed an unfavorable effect to the formation of
the honeycomb-like structure due to the formation of dish-like holes
with the higher concentrations of Cu(II) ions.>®

The formation of degenerate dendrites (Fig.37b), a channel
structure around dendritic and cauliflower-like particles (Fig. 37c)
and holes with the shoulders of degenerated dendrites (Fig.37d)
clearly points out that hydrodynamic conditions in the near-electrode
layer were not changed by electrodeposition of copper from 0.15M
CuSOy4 in 0.125M H;SO4. This was very surprising having in mind
a relatively high average current efficiency of hydrogen evolution
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of 20.3% by which this deposit was formed. Anyway, it is very
clear that the quantity of evolved hydrogen is not the only parameter
responsible for the formation of the honeycomb-like structures, and
therefore, the analysis of the composition of electrodeposition solu-
tions and electrodeposition conditions is very important. In order to
explain different morphological forms obtained under hydrogen co-
deposition, Fritz equation,’* modified by Stephan,”> for the bubble
break-off diameter at zero current, dy will be used.
This bubble break-off diameter, dy, can be presented by (13):

do=1200 |— Y sug (13)
g (oL — pG)

where ¥ is contact angle, y is surface tension, pr is a density of
liquid phase, and pg is a density of gaseous phase.

The bubble break-off diameter depends on a current density
and as it was shown by numerous experiments,’!-7%77 it decreases
with increasing current density. The fact that break-off diameter de-
creases with increasing current density is the result of varying elec-
trode potential which affect the wettability and, hence, the contact
angle supports the conclusion that (13) is a basic relationship to ex-
plain the dependence of the break-off diameter on the current den-
sity. ;I‘lhen, the bubble break-off diameter, d can be presented by
(14):

—0.45
d 1/8 ) (14)

7 (1 + O.ZAm_2
where 1/S is the superficial current density.

Using (13) and (14) as well as the fact that a contact angle de-
creases with lowering surface tension,’® the formation of morpholo-
gies of copper deposits shown in Figs. 35-37 can be considered as
follows. In Table4 are given the values for a density and a surface
tension of the examined solutions. As expected,’” the density of cop-
per solutions increased with the increase of concentration of HySOy4,
while the increasing concentration of HySO4 lowered the surface
tension values of the examined solutions. The use of electroplating
solution with lower surface tension generates more hydrogen bub-
bles during copper electrodeposition,”® which is definitely confirmed
in this investigation. It can be seen from Table 4 that the change of
the density and the surface tension with increasing H»SO4 concen-
tration was less than 5%.
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t4.1 Table 4.
The values of the density, p, and the surface tension, y, of copper
solutions containing 0.15M CuSOy4 in 0.125, 0.25 and 1.0 M
H,S04. (Reprinted from Ref. %7 with permission from Elsevier).

t0.2 Solution for copper electrodeposition pkg dm—>) y x 10° J m=?)
t0.3 0.15M CuSOy4 in 0.125 M H»SO4 1.033 100.2
t0.4 0.15M CuSO4 in 0.25 M H»SO4 1.038 98.7
t0.5 0.15M CuSO4 in 1.0M H,SO4 1.081 97.6

In order to apply (14) to potentiostatic conditions of electrode- 1246
position, an average current density, /,,/S should be taken into con- 1247
sideration. An average current density, /,,/S can be presented by 1248
(15), and it was shown that the average current density increased 1249
with the increasing concentration of Hy S04.07 1250

L/S = fotidt/t (15)

Hence, according to (13), the increase of a density and the 1251
decrease of a surface tension of solution lead to a decrease of the 1252
bubble break-off diameter. According to (14) and (15), at the same 1253
deposition overpotential, copper electrodeposition by the higher av- 1254
erage current density in addition decreases the break-off diameter 1255
of hydrogen bubbles. It is very clear from the above consideration 1256
that the contribiution of the average current density to the decrease 1257
of the break-off diameter is larger than the contribution of the den- 1258
sity and the surface tension of the solutions. It can be concluded 1259
that the change of the break-off diameter of hydrogen bubbles with 1260
the change of HySO4 concentration is consequence of synergetic 1261
effect of electroplating solutions properties and electrodeposition 1262
conditions. Anyway, the analysis of densities and surface tensions 1263
of the examined solutions, as well as the average current densities 1264
of electrodeposition successfully explains the change of the size of 1265
holes formed under the described hydrogen co-deposition conditions 1266
(Figs.35-37). 1267

Finally, the analysis of the break-off diameter (or the diame- 1268
ter of the detached hydrogen bubble) can give an explanation why 1269
the change of hydrodynamic conditions in the near-electrode layer is 1270
achieved from the copper solution with the lower quantity of evolved 1271
hydrogen (i.e. from 0.15M CuSO4 in 0.50 M H,SO4 at 800mV 1272
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with the quantity of evolved hydrogen corresponding to 1,y (Hp) of
10.8%, but not from 0.15M CuSOy4 in 0.125M H,SO4 where the
quantity of evolved hydrogen corresponded to n,y,(H2) of 20.3%).

An increase of the density and the lowering of surface tension
of the solution decreases the break-off diameter of bubble ((13) and
(14)), and consequently, reduce the time needed for its detachment
from an electrode surface. After the detachment of hydrogen bubble,
the further electrodeposition process occurs by the formation of new
hydrogen bubbles at an energetically active sites of electrode surface.
A successive processes of the formation of hydrogen bubbles at an
energetically active sites of electrode surface and their ability to rela-
tively fast achieve the critical size for the detachment from electrode
surface, produces an sufficient amount of hydrogen bubbles which
can cause an effective stirring of solution in the near-electrode layer.
This will lead to the decrease of the cathode diffusion layer thick-
ness and the increase of the limiting diffusion current density, and as
a result of this, the change of hydrodynamic conditions in the near-
electrode layer is achieved. In this way, copper structures constructed
of holes and agglomerates of copper grains between them, as well as
without dendritic forms (denoted as the honeycomb-like structure)
are formed.

On the other hand, the use of an electroplating solution of lower
density and higher surface tension increases the break-off diam-
eter of hydrogen bubbles. It means that during electrodeposition
process from such a solution, newly formed hydrogen bubbles co-
alesce primarily with hydrogen bubbles formed in the initial stage of
electrodeposition, increasing their diameter and prolonging a time
needed for their detachment from electrode surface. In this way, the
number of formed hydrogen bubbles will not be sufficient to cause
an effective stirring of solution in the near-electrode layer. As a re-
sult of insufficient change of hydrodynamic conditions in the near-
electrode layer, dendritic growth is not inhibited completely and
degenerate dendrites as well as dendritic particles inside channels
formed of evolved hydrogen were obtained.

The analysis of a number of holes formed per square millime-
ter surface area of copper electrodes and the average diameter of
holes obtained from 0.15M CuSO4 in 0.50M H;SO4 at 800 mV
and from 0.15M CuSOy4 in 0.125M H,SO4 at 1,000mV confirms
above consideration. The number of holes formed due to the attached
hydrogen bubbles from 0.15M CuSOy4 in 0.50M H,SO4 at 800 mV
was 10/mm? surface area of copper electrode,!” while their average
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diameter was approximately 98.7 um. This number was for about
40% larger than the number of holes formed from 0.15M CuSOy4 in
0.125M H,S0y4 at 1,000 mV. The average diameter of holes formed
from 0.15M CuSOy4 in 0.125M H»SO4 at 1,000 mV was for about
20% larger than the average diameter of those formed from 0.15M
CuSO4 in 0.50 M H2SO4 at 800 mV.

Anyway, the results of the performed qualitative consideration
clearly indicate that Fritz equation’* modified by Stephan’® can be
applied for the examination of copper electrodeposition processes
under hydrogen co-deposition in potentiostatic conditions.

The acceleration of electrochemical processes through the in-
crease of a temperature of electrolysis showed an unfavorable effect
to the formation of the honeycomb-like structures.®® The increase of
a temperature leads to the decrease of number of holes because of
the effect of a temperature on some properties of solutions such as a
viscosity and a surface tension.%%71-73

Hence, the conditions which must be fulfilled in order to get the
honeycomb-like structure are: electrodeposition from the solutions
with lower concentrations of Cu(II) ions (0.15M CuSO4 and less) in
a concentration range from 0.25M to 1.0 M H,SOy4, at a temperature
of 18.0 &+ 1.0°C and at overpotentials outside the plateau of the lim-
iting diffusion current density at which hydrogen evolution is vigor-
ous enough to change hydrodynamic conditions in the near-electrode
layer. The critical quantity of evolved hydrogen enabling the for-
mation of the honeycomb-like structures under the given electrode-
position conditions corresponds to the average current efficiency of
hydrogen evolution, 7,y (H>) of 10.0%.1°

The number of craters or holes forming the honeycomb-like
structure increased rapidly with the quantity of evolved hydrogen, as
can be seen from Fig. 42 which shows the dependence of the number
of holes or craters formed due to the attachment of hydrogen bubbles
on the average current efficiency of hydrogen evolution.

V. INFLUENCE OF IONIC EQUILIBRIUM IN THE
CUSO4-H,;S04-H,0 SYSTEM ON THE FORMATION
OF IRREGULAR ELECTRODEPOSITS OF COPPER

The most suitable way to analyze the ionic equilibrium in the
CuS0O4—H,>S04—H>0 system was the examination of electrode-
position processes at overpotentials outside the plateau of the
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Figure 42. The dependence of the number of holes formed due to the attachment
of hydrogen bubbles per square millimeter surface area of copper electrode on

the average current efficiency of hydrogen evolution. (Reprinted from Ref. 19 with
permission from MDPT).

limiting diffusion current density, due to the hydrogen evolution
reaction which occurs parallel to the copper electrodeposition. In
order to do it, two sets of acid sulfate solutions were analyzed. In
one set of experiments, the concentration of CuSO4 was the same
(0.15M CuSO0Oy), while the concentration of HoSO4 was different
(0.125, 0.25, and 1.0 M HSO4). The other set of experiments was
performed with a constant concentration of HySO4 and different
concentrations of CuSO4 (0.075, 0.30, and 0.60 M CuSO4 in 0.50 M
H>S04). Then, the volumes of the evolved hydrogen (calculated as
the average current efficiencies of hydrogen evolution) and the mor-
phologies of copper deposits obtained at an overpotential of 800 mV
for the same ratio of CuSO4/H,S04 were mutually compared and
discussed in terms of the relative concentrations of hydrogen ions
(H') as a function of the HySO4 concentration.®

The ratios CuSO4/H,SO4 were: 1.2 (for the copper solutions
containing 0.15M CuSO4 in 0.125M H>SO4 and 0.60M CuSOg4
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in 0.50 M H;S04), 0.60 (for the copper solutions containing 0.15 M
CuSOy4 in 0.25M H3S04 and 0.30 M CuSO4 in 0.50 M H>S0O4), and
0.15 (for the copper solutions containing 0.15M CuSO4 in 1.0M
H>S04 and 0.075M CuSOy4 in 0.50 M HS04).%°

Analyzing the CuSO4/H,SO4 ratio of 1.2 by insight into the
ionic equilibrium of the species in the CuSO4—H>SO4—H; 0O system
(Fig. 1), where the position of the Cu concentration of 0.15M can
easily be calculated, it can be noticed that the relative concentration
of HT ions is larger for the copper solution containing 0.15M
CuSOy4 in 0.125M H,SOy4 than it is for the one containing 0.60 M
CuSO4 in 0.50M H»SOy4. This is confirmed by the larger aver-
age current efficiency of hydrogen evolution from 0.15M CuSOg4
in 0.125M H,S04 (4.83%) than from 0.60 M CuSO4 in 0.50M
H,S04 (0.66%). The obtained morphologies of the copper de-
posits (Figs. 34a—c and 25¢) also were in a good agreement with the
determined average current efficiency of hydrogen evolution and
this ionic equilibrium. The formation of degenerate dendrites from
0.15M CuSOy4 in 0.125M H;,S0y4 is the consequence of the larger
quantity of evolved hydrogen from this solution than from 0.60 M
CuSOy4 in 0.50 M H,SO4 when copper dendrites only were formed.

A similar consideration can also be applied to the CuSOg4/
H,SO4 ratio of 0.60. According to the ionic equilibrium in
CuSO4-H,S04-H;0 system, the relative concentration of H ions
is larger for a copper solution containing 0.15M CuSO4 in 0.25M
H,SO4 than for one containing 0.30 M CuSOy4 in 0.50 M H;SOg4.
The experimentally determined average current efficiency of hydro-
gen evolution and the observed morphologies of the copper deposits
(Figs.34d and 25b, d) were also in good agreement with the cal-
culation of this ionic equilibrium. The presence of dendritic forms
during electrodeposition from 0.30M CuSOy4 in 0.50M H,SO4 at
800mV (Fig.25b) clearly indicates that copper electrodeposition
was accompanied by a smaller quantity of evolved hydrogen from
this solution than from 0.15M CuSO4 in 0.25M H,SOy4.

Finally, the honeycomb-like copper structures were obtained
with a CuSO4/H,S04 ratio of 0.15. The honeycomb-like copper
structure was formed from 0.075M CuSO4 in 0.50M H;SO4 un-
der more vigorous hydrogen evolution than that formed from 0.15 M
CuSOy4 in 1.0M H3SOy4, which is also in agreement with the calcu-
lation of the ionic equilibrium in the CuSO4—H,SO4—H, O system.
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VI. THE SHAPE OF ELECTROCHEMICALLY FORMED
COPPER POWDER PARTICLES AND THEIR
DEPENDENCE ON THE QUANTITY OF EVOLVED
HYDROGEN

In spite of detailed investigations of the formation and properties of
metal powders obtained by electrolysis,'3-227° the first report which
considered the effect of hydrogen evolution on the shape of powder
particles was given recently. 30

It was found®” that two types of powder copper particles are
formed, depending on the quantity of evolved hydrogen. The first
type is formed with a quantity of evolved hydrogen which is insuf-
ficient to change the hydrodynamic conditions in the near-electrode
layer (nay(H2) < 10.0%), whereas the second type is formed when
the quantity of evolved hydrogen is sufficient to change the hydro-
dynamic conditions in the near-electrode layer (n,y(H2) > 10.0%).

The first type of copper powder particles is shown in Fig. 43a.
These particles were obtained by tapping the copper deposit obtained
by electrodeposition from 0.15M CuSO4 in 0.50M H,SO4 at an
overpotential of 700mV which was accompanied by 7,,(Hy) of
1.97%.19 It can be seen from Fig. 43a that the copper particles were
highly branched dendrites. The typical branchy from which these
powder particles are constructed is presented in Fig. 43b.

The basic element from which this type of powder particles
is constructed was obtained by a treatment of the copper powder

Figure 43. SEM photomicrographs of copper powder particles obtained by elec-
trodeposition from 0.15 M CuSOy4 in 0.50 M H, SOy, at an overpotential of 700 mV.

(Reprinted from Ref. 80 with permission from Elsevier).
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Figure 44. SEM photomicrographs of copper powder particles shown in Fig. 43
after treatment in an ultrasonic field. (Reprinted from Ref. 80
Elsevier).

with permission from

particles shown in Fig.43 in an ultrasonic field. The resulting
particles are shown in Fig. 44. From Fig. 44a, b, it can be seen that
the particles obtained had a corncob-like structure. They all took
the form of branches of dendrites but, although they had the same
surface structure, a difference in their size was noticeable. Analy-
sis of these branches at the micro level revealed that the branches
consisted of agglomerates of copper grains (Figs. 43b and 44c¢).
According to Wranglen,®' a dendrite consists of a stalk and
branches (primary, secondary, etc.). It is obvious from Figs.43
and 44 that the corncob-like elements forming the branches consti-
tute the dendritic character of these particles. These corncob-like
elements can be grouped in different forms of dendritic particles
or alternatively can be formed individually at the electrode surface.
This can easily be seen from Fig. 45, which shows disperse deposits
immediately before they were tapped from the electrode surface.
They were all obtained by electrodeposition processes when the
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Figure 45. SEM photomicrographs of the copper powder deposits obtained by elec-
trodeposition at an overpotential of 650 mV from: (a) 0.075M CuSO4 in 0.50 M
H,S04; (b, ¢) 0.30 M CuSOy in 0.50 M H,SO4. (Reprinted from Ref. 30 with per-
mission from Elsevier).

quantities of evolved hydrogen were below the critical value for a
change in the hydrodynamic conditions in the near-electrode layer.
Figure 45a shows the powder deposit electrodeposited at an overpo-
tential of 650 mV from 0.075M CuSOj4 in 0.50 M H2SO4 (17ay(H2)
was 7.5%),!” whereas Fig. 45b, ¢ shows the powder deposits elec-
trodeposited at the same overpotential but from 0.30 M CuSOy4 in
0.50 M H3SO4 (17ay(Ha) was 0.83%).!° The electrodeposition pro-
cess which led to the formation of the highly branched dendritic
particles was controlled by the diffusion of ions to the electrode
surface, rather than electron transfer control.!3

The powder particles belonging to the second type are shown
in Fig.46a. They are obtained by tapping the copper deposit elec-
trodeposited from 0.15M CuSO4 in 0.50 M H,SO4 at an overpo-
tential of 1,000mV at which the electrodeposition of copper was
accompanied by vigorous hydrogen evolution, corresponding to
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Figure 46. SEM photomicrographs of copper powder particles obtained by elec-
trodeposition from 0.15M CuSO4 in 0.50M H,SOy4, at an overpotential of
1,000 mV. (Reprinted from Ref. 80 with permission from Elsevier).

Nav(H2) of 30.0%.19 These powder particles were sponge-like and
the difference between them and those formed when the quantity of
evolved hydrogen was below the critical value for a change in the
hydrodynamic conditions (Figs. 43—45) is clear. For this reason, fur-
ther analysis of these particles is necessary. The parts of the powder
particle denoted with Part (A) and Part (B) in Fig.46a are shown
at higher magnifications in Fig.46b, c, respectively. It can be seen
from Fig.46b that these particles actually have a cauliflower-like
structure. In Fig.46c, a porous, channel structure through the in-
terior of the powder particle can be seen. These channels were
generated in situ by the simultaneous processes of the formation of
copper particles and vigorous hydrogen evolution.

The basic element from which this type of powder particles
is constructed was obtained by treatment of the particles shown in
Fig. 46a in an ultrasonic field. Figure 47 shows the particles obtained

1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476



Author's Proof

BookID 186658_ChapID 1_Proof# 1 - 17/02/10

N.D. Nikoli¢ and K.I. Popov

Figure 47. SEM photomicrographs of copper powder particles shown in Fig. 46
after treatment in an ultrasonic field. (Reprinted from Ref. 80 with permission from
Elsevier).

after treatment in an ultrasonic field. It can be seen that the structure
of the basic element of which these powder particles are com-
posed was completely different to that obtained when the amount
of evolved hydrogen was below the critical value for a change in the
hydrodynamic conditions in the near-electrode layer. In this case,
corncob-like structures were not formed. The particles obtained had
irregular shapes and had the appearance of degenerate dendrites.
This shape is obviously caused by the vigorous hydrogen evolu-
tion, or hydrogen stream, which prevents the growth of the copper
deposit in one direction, resulting in particles with a curvilinear
form. Agglomerates of copper grains can also clearly be seen in
these powder particles (Fig. 47b, c).

Although the powder particles obtained with evolved hydrogen
below and above the critical value for a change in the hydrodynamic
conditions were very different at the macro level, their similarity at
the micro level is very clear. Both types of powder particles consisted
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of agglomerates of copper grains. The only difference lay in the size
of the individual copper grains of which these agglomerates were
constituted — that is, the individual copper grains obtained at an over-
potential of 1,000mV were considerably smaller. This difference
can be explained by the higher nucleation rate at an overpotential
of 1,000mYV than at an overpotential of 700 mV.

The mechanism of electrodeposition of copper under intensive
hydrogen evolution is completely different from that which led to the
formation of dendritic particles. The quantity of evolved hydrogen
corresponding to an average current efficiency of hydrogen evolution
of 30.0% was sufficient to cause mixing of the solution in the near-
electrode layer, decreasing the cathode diffusion layer thickness and
increasing the limiting diffusion current density. The formation of
this type of powder particle can be successfully explained by the
concept of “effective overpotential 10
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