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Abstract. Electrodeposition of copper in the hydrogen co-deposition range by the regime of
reversing current (RC) in the second range has been investigated by determination of the average
current efficiency for hydrogen evolution reaction and by scanning electron (SEM) and optical
(OM) microscopic analysis of the obtained deposits. Keeping the cathodic current density, the
cathodic and the anodic pulses constant in all experiments, the anodic current density (ja) values
were varied: 40, 80, 160, 240 and 320 mA cm. The Cu deposits produced by the RC regimes
with different anodic current density values were compared with that obtained in a constant
galvanostatic regime (DC) at the current density equal to the cathodic current density in the RC
regimes. The honeycomb-like structures were formed in the DC regime and by the RC regimes
with ja of 40 and 80 mA cm2. The hole size in them was in the 60—70 um range. Due to the
decrease of quantity of evolved hydrogen with increasing anodic current density, the larger dish-
like holes with dendrites at their bottom and shoulder were formed with ja values of 160, 240 and
320 mA cm2. The maximum number of holes, and hence, the largest specific surface area of the
honeycomb-like electrodes was obtained with j, = 80 mA cm, that can be ascribed to a
suppression of coalescence of neighboring hydrogen bubbles. Application of the RC regime also
led to the increase of uniformity of structures, what is concluded by cross section analysis of the
formed honeycomb-like electrodes. For the first time, mechanism of Cu electrodeposition in the
hydrogen co-deposition range by the RC regime in the second range was proposed and discussed.



Keywords: copper; hydrogen; reversing current (RC) regime; scanning electron microscope
(SEM); optical microscope (OM).

1. Introduction

Formation of the honeycomb-like or 3D (three dimensional) foam structures by
electrolysis represents a significant way for synthesis of open porous structures of the very high
surface area [1-5]. Due to open porous structure, the 3D foam or the honeycomb-like structures
are very suitable to be used as electrodes in many electrochemical devices, such as fuel cells,
batteries and sensors, [1, 6, 7] as well as in catalytic purpose [8]. The open porous structure
allows rapid transport of gas and liquid, while the extremely high surface area is desirable for
electrochemical reactions. The main advantage of these 3D structures is determined by the orders
of magnitudes higher specific surface area compared to the surface area of other one or two
dimensional nano and micro structures. The method of formation of these structures by
electrolysis is known as gas bubble dynamic template method or dynamic hydrogen bubble
template (DHBT) method where hydrogen bubbles generated by electrodeposition at high
overpotentials or current densities act as dynamic template around which metal electrodeposition
occurs [3, 4, 6]. The main characteristics of these structures are macro-sized holes formed from
detached hydrogen bubbles surrounded by nano porous cauliflower-like agglomerates of metal
grains or dendrites formed around them [1, 2, 9]. The specific surface area of these structures is
determined by number and size of holes, as well as by wall width among them [10]. Factors
affecting the specific surface area are: regime of electrolysis, current density or overpotential
applied for production, kind and composition of electrolyte, the type of working electrode,
temperature of electrolysis, the addition of additives, etc. [3, 4].

There are a lot of studies on the formation of micro porous mono metal honeycomb-like
structures with nano porous walls, like Cu [1, 2, 4, 9-14], Ag [15, 16], Au [17, 18], Pt [19], Pb
[20], Sn [1], Ni [21-23], Pd [24] and Ru [25]. Some bimetallic systems have been performed
with NiSn [26], NiCu [27, 28], NiCo [29], CuSn [6], CuPd [30], CuAu [31], CuAg [32], CuPt
[33], CuFe [34], AuPt [35], PtPd [36], PdNi [37] and AgPd [38]. One research group published

results on the production of the honeycomb-like NiCoFe ternary electrodes [39].



From all metals and alloys which can be obtained in the honeycomb-like form, copper is
the most studied system [1, 2, 4, 9-14, 40-42]. The both galvanostatic [1, 10, 11] and
potentiostatic [2, 4, 9, 14, 41, 42] regimes of electrolysis are widely used for production of Cu in
the honeycomb-like form. The improvement of micro and nano structural characteristics of the
Cu honeycomb-like electrodes can be achieved by addition of additives, such as acetic acid [10],
chloride ions [10], (NH4)+, polyethylene glycol and 3-mercapto-1-propane sulfonic acid [43]. In
the last ten years, it was shown that the effects attained by use of additives on the increase of the
specific surface area and the improvement of the structural stability of the honeycomb-like
structures can be also achieved by application of periodically changing regimes of electrolysis in
the millisecond range, such as pulsating overpotential (PO) [44-46], pulsating current (PC) [47—
50] and reversing current (RC) [50, 51]. Some of advantages of application of periodically
changing regimes of electrolysis in relation to the constant regimes of electrolysis are savings of
chemicals because more electrolytes of different CuSO4 and H2SO4 concentrations can be
replaced by only one electrolyte by appropriate selection of parameters of square waves PO, PC
and RC regimes, saving of place in the plating plants due to the reduced number of needed
electrochemical cells, easier regulation of electrolyte composition due to avoidance of use of
additives, prevention of contamination of electrolytes, etc [4]. The only limiting factor for
commercial application of these regimes is considerably higher cost of pulse rectifier than
conventional DC units [52]. However, pulse rectifiers using second range are simpler for
construction, and hence cheaper for production, making them more suitable for production of the
honeycomb-like structures than those working in the millisecond range. From all periodically
changing regimes of electrolysis, the only RC regime is used in the second range [4]. For that
reason, the aim of this study is formation of Cu honeycomb-like structures applying the reversing

current (RC) regime in the second range with the special accent on mechanism of their formation.
2. Experimental

2.1. Electrochemical measurements

Electrodeposition of copper in the hydrogen co-deposition range was performed from
0.15 M CuSOs4 in 0.50 M H2SOq4 in an open cell of cylindrical shape at the room temperature. Cu

was electrodeposited galvanostatically at a current density of 320 mA cm (DC mode) and by the



regime of reversing current (RC) in the second range. In all RC regimes, the cathodic current
density, jc of 320 mA cm, a cathodic pulse, tc of 10 s and an anodic pulse, t, of 5 s were applied.
The values of the anodic current density, j. were: 40, 80, 160, 240 and 320 mA cm™.
Electrodeposition of Cu was performed with a quantity of the electricity of 10 mA h cm™.
Doubly distilled water and analytical grade chemicals were used for the preparation of the
solution for electrodeposition of copper. The working and counter electrodes were of pure Cu.
The Cu working electrode was cylindrical shape of the overall surface area of 0.50 cm? (the
length: 1.0 cm, diameter: 0.080 cm) situated in the middle of the cylindrical cell. The counter

electrode was copper foil of 0.80 dm? surface area placed close to the walls of the cell.
2.2. The determination of the average current efficiency of hydrogen evolution (7,av(H2))

For the determination of the average current efficiency of hydrogen evolution, 7a/(H2) an
electrochemical cell with the same arrangement of copper electrodes as that used for the
preparation of the copper deposits for SEM analysis was employed. The electrodes were situated
under a burette with the surface facing up so that the total amount of hydrogen evolved during the
electrodeposition processes went into the burette. In these measurements, the surface area of Cu
working electrode situated under the burette was 0.63 cm?. A drawing of the experimental setup
for a measurement of volume of evolved hydrogen is presented in Fig. 1a. Before the beginning
of the electrodeposition process (t = 0), an electrolyte in the burette was leveled up to upper line
(Fig. 1b). When electrolysis is started, the electrolyte being suppressed by evolved hydrogen, and
after certain time, t;, it will reach some lower level, as schematically represented in Fig. 1b fort =
ti. The difference between the levels of electrolyte before the beginning of electrolysis and after
certain time tj represents a volume of evolved hydrogen V(H>) in a time ti.

Then, the current efficiency of hydrogen evolution in a time ti, 771i(H2), in %, is given by
Eq. (1):
m(Hy) =V H2) 00 ™

ﬂ(Hz)So jcti

where
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and nF is the number of Faradays per mole of consumed ions, V is the molar volume of a gas at a
temperature of 21.0 °C (i.e. 24120 cmq), So is surface of working electrode, and j is the cathodic
current density in the RC regimes, or the current density in the constant galvanostatic regime (DC

mode).
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Figure 1. a) A drawing of the experimental setup for a measurement of volume of evolved
hydrogen. WE — the working electrode; RE — the reference electrode; CE — the counter

electrode, and b) schematic representation of hydrogen evolution fort =0 and t = t;.

The average current efficiency of hydrogen evolution, m,a(Hz2) is determined after
t
graphical integration 7,i(H2) —tas 7,,,(H,) = (1/t)_|.77,’i(H2)dt.
0

Alternatively, for the DC mode, the current efficiency for hydrogen evolution reaction,

1,1, €an be determined by a measurement of amount of electrodeposited Cu using Eqg. (3) [22]:

mnF
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where m is mass of electrodeposited Cu, j is a current density applied in the DC mode, t is time,
and M(Cu) is molar mass of copper.

Due to a dissolution effect during anodic pulses, this alternative method is no suitable for
determination of the current efficiency for hydrogen evolution reaction for the RC regime in the

second range.
2.3. Characterization of the produced deposits

Morphologies of Cu deposits obtained by DC regime and the RC regimes in the second
range with various ja values were characterized by the technique of scanning electron microscopy
(SEM) using TESCAN Digital Microscopy - model VEGAS3, Brno, Czech Republic.

Cross section analysis was performed using optical microscope (Olympus CX41)
connected to the computer. Preparation of the samples for cross section analysis is described

elsewhere [51].
3. Results and discussion
3.1. The determination of the average current efficiency for hydrogen evolution reaction

The regime of reversing current (RC) is defined by Eq. (4) [4]:

jt—jt 4)
Ja\,: ccC aa

t.+1,

where jav is the average current density, jc is the cathodic current density, ja is the anodic current
density, tc is the cathodic time, and ta is the anodic time.

Since

t (5)

EqQ. (4) can be written in the form:
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In the hydrogen co-deposition range, parallel to metal electrodeposition hydrogen
evolution occurs, and the current efficiency for metal electrodeposition (in our case copper) is
less than 1. In this case, the average current density can be presented by Eq. (7):

* _ nl,c(Cu) jc B jar (7)

Jav -

1+r

where jay* is the average current density in the conditions of hydrogen evolution at the cathode,
and 71c(Cu) is the current efficiency for Cu electrodeposition during the cathodic pulses, since

there is no any gas evolution during anodic times [51]. Eq. (7) can be re-written in the form:

LS GRS ®)
Jo” =
1+r
since
me(Cu) + m(H2) = 1 )

The average current efficiency for hydrogen evolution, 7iav(H2) is determined from the
dependencies of the volume of hydrogen evolved during electrodeposition process on time of
electrodeposition according to procedure described in Experimental. Figure 2 shows the
dependencies of volume of evolved hydrogen, V(H>) and the current efficiency of hydrogen
evolution, 7:i(H2) on time of electrodeposition obtained at a current density of 320 mA cm, and
by the RC regimes with ja of 40 and 80 mA cm (Fig. 2a) and with ja of 160, 240 and 320 mA
cm2 (Fig. 2b). The values of the average current efficiency of hydrogen evolution determined as

t
Ma(Hy) = (1/t).|‘77,’i(H2)dt are given in Table 1. The decrease of both the volume of evolved
0

hydrogen and the average current efficiency of hydrogen evolution with increasing the anodic

current density was observed by the application of the RC regimes in the second range.
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Figure 2. The dependencies of the volume of evolved hydrogen and the current efficiency of
hydrogen evolution on the time of electrodeposition obtained at: a) a constant current
density of 320 mA cm (DC mode), and by the RC regimes with ja of 40 and 80 mA
cm?, and b) with ja of 160, 240 and 320 mA cm™.

Table 1. The values of the average current efficiency for hydrogen evolution reaction obtained in
the constant galvanostatic (DC) mode at j = 320 mA cm, and in the RC regimes with the values
of ja of 40, 80, 160, 240 and 320 mA cm™.

ja/ MA cm DC regime 40 80 160 240 320

mav(H2) | % 328 26.6 205 18.0 15.1 12.8

The value of the current efficiency of hydrogen evolution determined by a measurement
of amount of electrodeposited Cu in the DC mode at a current density of 320 mA cm was 32.5

%. The excellent agreement between the values obtained on these two ways was observed.

3.2. Morphological and structural analysis of Cu deposits obtained by the galvanostatic and
reversing current (RC) in the second range regimes

Morphologies of Cu deposits obtained at a constant current density (DC mode) of 320 mA

cm and by the reversing current (RC) regimes in the second range with the anodic current



densities (ja) of 40, 80, 160, 240 and 320 mA cm are shown in Fig. 3. In all RC regimes, the
cathodic current density of 320 mA cm, a cathodic pulse of 10 s and an anodic pulse of 5 s were
applied. The durations of cathodic and anodic pulses were selected to be inside range for which
this regime in the second range should give optimal results [4]:

15<t/ta<5 (10)
or
3s<t.+t;<165s (1)

“200 ym
d) €) f)
Figure 3. Morphologies of Cu deposits obtained by electrodeposition at: a) constant current
density of 320 mA cm (DC mode), and by the RC regimes with ja of: b) 40, c) 80, d)
160, e) 240 and f) 320 mA cm™.
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The dominant presence of holes formed from the detached hydrogen bubbles as
consequence of vigorous hydrogen evolution reaction under these electrodeposition conditions
was characteristic of all shown structures. However, their careful analysis showed a certain
differences among them, indicating the strong effect of the applied anodic current density values
not only on the amount of evolved hydrogen, but to also on the shape, size and distribution of the
holes.

The uniform honeycomb-like structures are formed in the DC mode and by the RC
regimes with j, of 40 and 80 mA c¢m (Fig. 3a—c). The typical holes constructing the honeycomb-
like structure, denoted as “non-coalesced” type of holes [4], obtained in the DC mode and with ja
of 80 mA cm are shown in Fig. 4a and b, respectively. The size of these holes was in the range
60-70 um, without any difference among those obtained in the DC mode and those obtained with
ja of 40 and 80 mA cm. Aside from this type of holes, the presence of holes obtained by a
coalescence of neighboring hydrogen bubbles was mentioned in the Cu structures obtained in the
DC mode and with ja of 40 mA cm. Formation of these holes is a consequence of more vigorous
hydrogen evolution at a current density of 320 mA cm and with ja of 40 mA cm than with ja of
80 mA cm2. This type of holes is denoted as “coalesced” type [4], and the typical representative
of this type obtained with ja of 40 mA ¢cm is shown in Fig. 4c. The diameter of these holes was
about 100 pm. The third type of holes is formed with ja of 160, 240 and 320 mA cm. The typical
hole from this group obtained with ja of 320 mA cm2 is shown in Fig. 4d. This type of holes has
conspicuous edges classifying them into the group of the dish-like holes [4, 40]. The size of these
holes was larger than 100 um. Small dendrites were formed at their shoulders (Fig. 4e).
Formation of these holes is a consequence of further decrease of the amount of evolved hydrogen
with the applied anodic current densities of 160, 240 and 320 mA cm (Table 1).
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Figure 4. The typical holes formed from the detached hydrogen bubbles: “non-coalesced” type of
holes obtained in: a) the DC mode and b) the RC with j, of 80 mA cm, ¢) “coalesced”
type of hole obtained with j. of 40 mA cm, and d) and €) dish-like hole obtained with
ja 0f 320 mA cm™.

The dependence of the number of holes on the applied anodic current density values is
shown in Fig. 5. For the honeycomb-like structure obtained in the DC mode, the value j. of 0 mA
cm is taken. The increase of the number of holes with the applied ja values of 40 and 80 mA cm"
Z in relation to the DC regime can be primarily ascribed to suppressed coalescence of neighboring
hydrogen bubbles. The decrease after reached maximum with j. of 80 mA cm is a consequence
of a decrease of the amount of evolved hydrogen with increasing the anodic current density

values accompanied by formation of the larger dish-like holes.
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Figure 5. The dependence of the number of holes on the applied anodic current density values.
For the honeycomb-like structure obtained in the DC mode, the value j. of 0 mA cm™

is taken.

Aside from on the shape and size of holes, the applied anodic current densities also had
the strong effect on appearance of the bottom of holes. In the dependence of ja values, the two
types of bottom were formed. The first type corresponds to the bottom of so-called “coalesced
hole” and “non-coalesced” holes (the holes obtained in the DC mode and with ja values of 40 and
80 mA cm2). The bottom of these holes is relatively compact and constructed from small
cauliflower-like agglomerates of Cu grains, as presented in Fig. 6a showing the bottom of the
hole obtained in the DC regime. The second type corresponds to the bottom of holes obtained
with ja of 160, 240 and 320 mA cm. The very branchy 3D (three dimensional) dendrites, like
those presented in Fig. 6b and ¢ showing the bottom of the hole obtained with j. of 160 mA cm,
were formed at the bottoms of these holes.
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Figure 6. The types of bottom of formed holes: a) compact bottom constructed from small
cauliflower-like agglomerates of Cu grains obtained in the DC mode, and b) and c) the

bottom constructed from the very branchy dendrites obtained with j. of 160 mA cm™.

Figure 7 shows cauliflower-like agglomerates of Cu grains formed among holes obtained
with j. of 80 mA cm (Fig. 7a) and with j. of 160 mA c¢m (Fig. 7b). The very disperse
cauliflower-like agglomerates of Cu grains were formed with both ja values. These agglomerates
were mutually separated by irregular channels which origin is a consequence of strong hydrogen
evolution. It is necessary to note that the small dendrites were formed at the tops of cauliflower-
like agglomerates formed with ja of 160 mA cm (Fig. 7b). The cauliflower-like agglomerates of
Cu grains obtained with ja of 80 mA cm were very similar to those obtained in the DC mode and
with ja of 40 mA cm, On the other hand, the cauliflower-like agglomerates of Cu grains
obtained with ja of 160 mA cm were similar to those obtained with j. of 240 and 320 mA c¢m™,
The average distances among holes (so-called the wall width) in the honeycomb-like structures
were: 32 um for the honeycomb-like structure obtained in the DC mode, and 29 pum and 25 pm
for those obtained with ja values of 40 and 80 mA cm, respectively. The further increase of ja
values above 80 mA cm led to the decrease of number of the holes (Fig. 5), and consequently,

up to the noticeable increase of distances among them.
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Figure 7. The cauliflower-like agglomerates of Cu grains formed among holes by the RC regimes
with ja of: a) 80, and b) 160 mA cm™.

The completed insight in structure of the deposits obtained in the DC mode and with
various anodic current densities is obtained by their cross section analysis. The holes originating
from detached hydrogen bubbles in the honeycomb-like structure obtained in the DC mode are
shown in Fig. 8a and b. The diameter of holes is in good agreement with those observed by the
SEM analysis. The depth of holes is about 100 um. Application of the RC regimes with ja of 40
and 80 mA cm2 did not affect the depth of holes, as shown in Fig. 8c and d, respectively. The
presence of “coalesced” holes in the honeycomb-like structures obtained in the DC mode and
with j. of 40 mA cm2 is also identified (Fig. 8e; the hole obtained in the DC mode). Cross section
of the dish-like hole obtained with j. of 320 mA cm is shown in Fig. 8f. All differences of this
type of holes in relation to the other types of holes like conspicuous edges, dendrites at the
bottom and larger diameter are clearly seen from Fig. 8f. The increased uniformity of the
honeycomb-like structures attained by application of the RC regimes with j. of 40 and 80 mA cm”
Z in relation to the one obtained in the DC mode can be easily seen by cross section analysis of
the structures obtained under these electrodeposition conditions (Fig. 8a, ¢ and d). Finally, the
typical nanoporous structure formed through the interiour of the honeycomb-like structure
produced with j. of 80 mA cm2is shown in Fig. 8g. Numerous pores are interconnected making a
channel structure through the interior of the deposit.



Figure 8. Cross sections of the structures obtained in the DC mode and by the RC regimes with
different ja values: &) and b) the DC mode, ¢) 40 mA cm2, d) 80 mA cm, e) the DC
mode, f) 320 mA cm?, and g) 80 mA cm™.

3.3. Discussion of presented results

On the basis of the presented morphological and structural analysis of Cu deposits, it is
clear that all deposits can be classified into two groups. In the first group are situated the
honeycomb-like structures characterized by uniform distribution of holes and cauliflower-like
agglomerates of Cu grains among them. They were obtained in the DC regime and the RC

regimes with j, of 40 and 80 mA cm, and their formation was accompanied by 7a(H2) in the

15
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range 20.5-32.8 %. In the second group are situated Cu deposits obtained with ja of 160, 240 and
320 mA cm. The amounts of evolved hydrogen spent for their formation (see 71a(Hz) in Table
1) were smaller than those spent for formation of the honeycomb-like structures. As a result of
this decrease, the strong morphological and structural changes in the deposits were observed. The
decrease of number of holes, the appearance of dish-like holes with dendrites at their shoulders,
as well as very branchy 3D dendrites formed at the bottom of holes were a consequence of an
application of the ja values of 160, 240 and 320 mA cm.

Anyway, all shown deposits are formed in conditions of cosiderable hydrogen evolution
as the parallel reaction to Cu electrodeposition. The uniform distribution of holes and
cauliflower-like agglomerates of Cu grains among them in the honeycomb-like structures clearly
indicate vigorous evolution of hydrogen making the strong effect on the hydrodynamic
conditions in the near-electrode layer. Vigorous hydrogen evolution causes a stirring electrolyte
in the near-electrode layer leading to a decrease of the thickness of the diffusion layer, an
increase in the limiting diffusion current density, and a decrease in the degree of diffusion control
of the electrodeposition process [2, 4]. The concept of “effective overpotential” originally
proposed to explain formation of the honeycomb-like structures in the potentiostatic regime [2],
and later extended to involve periodically changing current regimes in the millisecond range (the
PC and the RC regimes) [48, 51] can be also applied for the RC regime in the second range.
According to this concept, when hydrogen evolution is enough vigorous, electrodeposition
process occurs at overpotential or potential which is effectively lower than that specified, and this
overpotential or potential is denoted as “effective” in a deposition process. From the
morphological point of view, this means that the morphologies of metal deposits become similar
to those obtained at some lower overpotentials at which hydrogen evolution does not occur or is
very slow. The absence of dendrites in the honeycomb-like structures obtained in the DC mode,
and with j, of 40 and 80 mA cm clearly confirms correctness of application of this concept here.
The effectiveness of stirring of electrolyte by evolved hydrogen was considerably decreased with
ja larger than 80 mA cm causing a non-uniformity of the surfaces formed with j. of 160, 240 and
320 mA cm™. As result of this decrease of effectiveness of solution stirring, the decrease of

number of holes, the appearance of dish-like holes and dendrites was observed.
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Mechanism of electrodeposition in the hydrogen co-deposition range by application of
periodically changing regimes of electrolysis in the millisecond range, such as PO [44-46], PC
[47-50] and RC [50, 51], has been well investigated and elaborated in the literature [4]. The
common characteristic of all these regimes is that electrodeposition processes in the millisecond
range occur at the average current densities which were attained by selection of parameters of the
square-wave regimes. As for as electrodeposition processes in the hydrogen co-deposition range
by the RC regime in the second range, mechanism is completely different, that can be considered
as follows: in the initial stage of electrodeposition by the RC regime in the second range, during
the first cathodic pulse of 10 s electrodeposition process occurs as in the constant galvanostatic
regime. The selected value jc of 320 mA cm belongs to the hydrogen co-deposition range with a
cathodic potential (Ec) response of 1150-1250 mV. As a result of this, the approximately same
number of hydrogen bubbles is formed in the initial stage of the electrodeposition irrespective of
the applied ja value. During anodic pulses of 5 s, dissolution process occurs with the selected
anodic current density and the corresponding anodic potential (Ea) responses are just function of
applied ja value. The larger ja value, the larger Ea response is observed. The ranges of anodic
potentials during the first anodic pulse obtained at the examined ja values are given in Table 2. In
the next cathodic pulse, the initial cathodic potential corresponds to the final anodic potential
reaching the value corresponding to the hydrogen co-deposition range (1150-1250 mV) after a
certain time, tcest. With increasing the ja values, it prolongs a time needed to reach this Ec
response. The tcest values needed to reach Ec response during the cathodic pulses are also given in
Table 2. In this way, it decreases an effective time, tceff for electrodeposition in the hydrogen co-
deposition range which is responsible for formation of the honeycomb-like structures, because it
is valid tcest + teeff = te, OF teest + tcerf = 10 S in our case. For easier understanding, Fig. 9 shows the
schematic illustration of the constant galvanostatic regime (Fig. 9a) and the two square wave RC
regimes like those obtained with j. of 80 (Fig. 9b) and 320 mA cm (Fig. 9c).
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Table 2. The anodic current density ( ja ), the tcest time needed to reach cathodic potential
corresponding to the hydrogen co-deposition range and the range of anodic potentials ( AEz )

during the first anodic pulse.

ja/ mA cm? 40 80 160 240 320
AEs I mV 48-75 108-122 174-212 242-312 320420
tc,est/ S 0.40 0.82 1.40 1.96 2.42

From this consideration, it is clear that there is a critical j. value enabling formation of the
honeycomb-like structures. For the conditions presented here, the critical value giving the
maximum number of holes corresponds to j. of 80 mA cm2. Above this value, dissolution
process becomes too strong and tcef is not enough long to keep formation of the honeycomb-like
structures. Due to a shortening of tces, it decreases the amount of hydrogen produced during
cathodic pulses, and as result of this, some of initially formed hydrogen bubbles detach from the
electrode surface before they are developed in the large bubbles (or holes). In this way, the
number of holes formed from the detached hydrogen bubbles decreases with the increase of ja
value. The second consequence of decreased amount of generated hydrogen is the appearance of
dendrites.

The complete insight of applied RC regimes in the second range on morphology of Cu
deposits cannot be obtained without a consideration of the current density distribution effect.
Namely, during anodic pulses, the current lines are primarily concentrated at the higher points (or
the tips) of growing surfaces due to the edge effect [4], causing their faster dissolution than the
other parts of the surface. As result of this selective dissolution of copper, the increased
uniformity of the honeycomb-like structures obtained with the j. of 40 and 80 mA cm™ was
observed in relation to the DC mode (Fig. 8a, ¢ and d). The dissolved Cu ions being removed
from the diffusion layer by convection created by the movement of detached hydrogen bubbles
produced during cathodic pulse (“current of hydrogen™). As a result of successful removal of Cu
ions from the diffusion layer, the composition of the electrolyte near to the electrode surface is
similar to that before previous cathodic pulse [33]. This is a macro effect on morphology of the
growing structures. Simultaneously, the particles with lower tip radii are dissolved faster than

those with larger ones [53] (micro effect on morphology of the structure). The effect of the
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anodic current density grows with the further increase of the ja values leading to a formation of
very non-uniform electrode surfaces.

The following advantages in formation of the honeycomb-like structures by application of
the RC regime in the second range in relation to those produced in the constant galvanostatic
regime were attained: (a) the increase of the specific surface area of the honeycomb-like
electrodes manifested by the increase of the number of holes due to a suppression of coalsescence
of neighboring hydrogen bubbles and by the decrease of distances among them (the wall width),
and (b) the improvement of the structural stability due to the decrease of the amount of evolved
hydrogen spent for their formation. The number of holes formed by the RC regime with ja. of 80
mA cm was about 20 % larger than the number of holes formed in the DC regime. On the other
hand, the 71.av(H2) value obtained for the RC regime with j. of 80 mA cm2 (the maximum
specific surface area) was about 37.5 % smaller than the one obtained for the honeycomb-like
structure produced in the DC mode at the current density equal to the cathodic current density in
the RC regime. As already mentioned, the only current limiting factor for technological
application of the RC regime in the second range on formation of the honeycomb-like structures
is still higher cost of a pulse rectifier than a DC unit [52]. It is a highly regulated and
sophisticated design that costs more to manufacture. However, the fast development of electronic
industry will probably decrease a cost of these rectifiers and will enable their larger commercial

application.

4. Conclusions

The processes of copper electrodeposition in the hydrogen co-deposition range by the
regime of reversing current (RC) in the second range have been examined. The guantities of
evolved hydrogen were quantified by the determination of the average current efficiencies for
hydrogen evolution reaction, while the techniques of scanning electron (SEM) and optical (OM)
microscopy were used for morphological and structural analysis of the formed deposits,
respectively. In all RC experiments, the values of the cathodic current density (jc) and the
cathodic (tc) and the anodic (t) times are kept constant (jc = 320 mA cm?; t.=10s;t,=55),
while the following anodic current density (ja) values were analyzed: 40, 80, 160, 240 and 320
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mA cm. The deposits obtained by different RC regimes were compared with the one obtained

by the constant galvanostatic regime (DC) at the current density equal to the cathodic current

density in the RC experiments (320 mA cm2). Following these electrodeposition conditions, it
was shown:

(@) the uniform honeycomb-like structures were formed in the DC regime and by the RC regimes
with j, of 40 and 80 mA cm?,

(b) the hole size in the honeycomb-like structures was in the 60—70 um range. Holes obtained by
coalescence of closely formed hydrogen bubbles were found in the honeycomb-like
structures obtained in the DC mode and by the RC regime with j. of 40 mA c¢cm™. The dish-
like holes sizes of about 100 um were formed with ja of 160, 240 and 320 mA cm.

(c) The very branchy 3D dendrites were formed at the bottom and shoulder of the dish-like holes
as a result of the decrease of quantity of evolved hydrogen with increasing the anodic current

density.

As a consequence of suppression of coalescence of closely formed hydrogen bubbles, the
maximum specific surface area of the honeycomb-like structures, determined by the number and
size of holes formed from the detached hydrogen bubbles, was obtained with j, of 80 mA cm™,
The improvement of morphological and structural characteristics of the honeycomb-like
structures obtained by the appropriate RC regimes relative to those obtained by the DC regime
was observed.

For the first time, mechanism of copper electrodeposition in the hydrogen co-deposition

range by the RC regime in the second range has been considered.
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Research highlights

e Cu was electrodeposited by the reversing current (RC) regime in the hydrogen co-
deposition range.

e The effect of the anodic current density on morphology of Cu deposits was examined.

e Comparison with the Cu deposit obtained in constant galvanostatic regime was made.

e The honeycomb-like structures were formed with the smaller anodic current densities.

e The non-uniform deposits with dendrites were formed with the larger anodic current
densities.



