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Abstract

In this study the honeycomb-like copper structures electrodeposited by the regime of
pulsating overpotential in the second range were analyzed by the technique of scanning
electron microscopy. The overpotential amplitude of 1000 mV, deposition pulse of 1 s,
and pause durations of 1, 5, 10 and 15 s were selected for the production of this type of
structures. The size of holes which remained upon detachment of hydrogen bubbles do
not depend on the length of pause duration. On the other hand, the change in
morphology of electrodeposited copper around holes from cauliflower-like agglomerates
of copper grains to degenerated dendrites is observed when pause duration was
increased. Effects of the application of the regime of pulsating overpotential in the
second range on the formation of the honeycomb-like structures were less pronounced
than the effects attained by the application of the same regime in the millisecond range.
However, they were more pronounced than those attained by electrodeposition in the
regime of constant potential.
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Introduction

Open porous structures with an extremely large surface area are of high technological
significance, because they are very suitable as electrodes in many electrochemical devices, such as
fuel cells, batteries and sensors [1,2], and in catalysis [3]. Electrodeposition technique was shown
to be very favorable way for the production of this type of electrodes [1,2,4]. Open porous copper
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electrodes, denoted as both 3-D foam [1,2,4] or honeycomb-like electrodes [5-13], are formed by
electrodeposition at high current densities and overpotentials, when, parallel to electrodeposition
process, the hydrogen evolution reaction occurs. The main characteristics of these electrodes are
holes or pores formed upon detachment of hydrogen bubbles, surrounded by the agglomerates of
metal grains or dendritic particles. This way of the preparation of porous electrodes is denoted as
gas bubble dynamic template method, since the hydrogen bubbles function as a dynamic template
for the formation of this type of deposits. The specific surface area of these structures is
determined by the number and size of the holes, as well as by the width of the walls in-between
[4]. Aside from copper, which is the most studied system [1,2,4-15], open porous structures of
some other technologically important metals, such as tin [1], nickel [16], silver [17,18], gold [19],
lead [20], and copper-tin alloys [2], were also investigated.

The conditions of the formation of open porous copper electrodes by constant regimes of
electrolysis (the potentiostatic and galvanostatic ones) are well examined and systematized [1,13].
Two ways have been proposed for the increase in specific surface area and the improvement of
micro- and nano-structural characteristics of the open porous structures: a) the addition of
additives to the electroplating baths [4,21-23] and b) the application of periodically changing
regimes of electrolysis, such as those of pulsating overpotential (PO) [24-27], pulsating current
(PC) [28-30] and reversing current (RC) [31].

All benefits in the formation of the honeycomb-like structures by the electrochemical
deposition processes at periodically changing rate were reported for the cases of
electrodepositions in the millisecond range. However, the application of the periodically changing
regimes of electrolysis on the formation of open porous structures in the second range of
pulsating is completely unknown. Therefore, the aim of this paper is to analyze the formation of
the honeycomb-like structures by the regime of pulsating overpotential (PO) in the second range.

Experimental

Copper was electrodeposited from 0.15 M CuSO4 in 0.50 M H,S0O4, in an open glass cylindrical
cell of 100 mL at the room temperature. Doubly distilled water and analytical grade chemicals
were used for the preparation of the solution for electrodeposition of copper.

Copper electrodeposition was performed by the square-wave pulsating overpotential (PO)
technique. In all experiments, the overpotential amplitude of 1000 mV was used. Pause durations
of 1,5, 10 and 15 s were applied, while the applied deposition pulse was 1 s.

The working electrodes used for electrodeposition of copper were cylindrical copper wires. The
diameter of these copper electrodes was 0.08 cm, while their length was 2 cm. The counter
electrode was copper foil of 0.80 dm? surface area placed tightly to the walls of the cell, whereas
the reference electrode was copper wire, the tip of which was positioned at the distance of 0.2 cm
from the surface of the working electrode. The working electrode was always situated in the
centre of cell.

The preparation of working electrodes consisted of alkaline degreasing at 70°C followed by an
acid etching (20 % H,S0,4) at 50°C. After each of these preparation phases, working electrodes
were rinsed by distilled water. This pretreatment of the electrodes was important in order to
obtain the same state of initial electrode surface prior to each experiment.

Copper was electrodeposited by consuming 10 mAh cm™ of electricity.

The obtained copper deposits were examined by a scanning electron microscope TESCAN
Digital Microscopy.
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Results and Discussion

Figure 1 shows the honeycomb-like structures obtained by the regime of the pulsating
overpotential (PO) in the second range. For the formation of the shown honeycomb-like
structures, the following parameters of the PO regime were applied: the overpotential amplitude
of 1000 mV, the deposition pulse of 1 s, and the pause durations of 1 (Fig. 1a), 5 (Fig. 1b), 10 (Fig.
1c) and 15 s (Fig. 1d). It can be noticed from Fig. 1 that there is no significant difference in the
number of holes formed upon detachment of hydrogen bubbles from the electrode surface. The
number of the formed holes was estimated to be 125 + 5 holes per mm? surface area of the
copper electrode.

200 um

b)

200um 200 um

c) d)

Figure 1. The honeycomb-like copper structures obtained by the regime of pulsating overpotential
(PO) in the second range with pause durations of: a) 1, b) 5, ¢) 10 and d) 15 s.
The overpotential amplitude: 1000 mV. Deposition pulse: 1 s.

The detailed analysis of these honeycomb-like electrodes showed negligible presence of holes
obtained by the coalescence of closely formed hydrogen bubbles. The analysis of the holes at
higher magnifications showed that their size does not depend on the pause duration. The typical
hole, formed by detachment of a hydrogen bubble, which was obtained with pause duration of 5 s
is shown in Fig. 2. The average hole size was estimated to be 80 = 2.0 um.
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Figure 2. The typical hole obtained by the PO regime with
pause duration of 5 s. The overpotential amplitude: 1000 mV.
Deposition pulse: 1 s.

Morphologies of copper deposits formed around holes are shown in Fig. 3. It can be seen in Fig.
3 that macro-structure of the obtained deposits strongly depends on the pause duration. The
cauliflower-like agglomerates of copper grains were formed with pause durations of 1 (Fig. 3a) and
5 s. The increase in pause duration to 10 and 15 s led to the formation of deposits with dendritic
characteristics (Figs. 3b — 3d). Dendritic character is more pronounced for the copper deposit
obtained with pause duration of 15 s (Figs. 3¢ and 3d) than with the one that lasted 10 s (Fig. 3b).
These morphological forms can be denoted as degenerate dendrites. Contrary to the strong effect
of the pause duration on the macro-structure of the honeycomb-like electrodes, their micro-
structure was only negligibly affected. Both degenerate dendrites and cauliflower-like
agglomerates of copper grains consist of small copper grains agglomerates. The size of grains of
both, the cauliflower-like agglomerates of grains and the degenerate dendrites, approached the
nano-size dimensions.

Generally, the two types of pores (or holes) were formed by hydrogen evolution reaction during
electrodeposition process [32]. The first type relates to macro-pores (or holes) formed upon
detachment of hydrogen bubbles. These pores originate from the hydrogen bubbles formed in the
initial stage of electrodeposition process. They are responsible for the creation of the honeycomb-
like structure and they, upon detachement from the electrode surface, contribute neither to the
stirring of the solution nor to the change in hydrodynamic conditions in the near-electrode layer.

The origin of the second type of pores is related to the hydrogen bubbles generated at the
peaks of agglomerates of copper grains during the growth process (the current density distribution
effect). The agglomerates of copper grains were formed at the electrode surface in the initial stage
of electrodeposition with hydrogen bubbles. Some of these freshly formed hydrogen bubbles will
coalesce with hydrogen bubbles formed in the initial stage of electrodeposition leading to the
growth of the former as the electrolysis proceeds (the increase in the size of macro-pores).
Simultaneously, some of newly formed hydrogen bubbles will not coalesce with primarily formed
hydrogen bubbles because they are situated between freshly formed copper nuclei, which
represent a barrier for the coalescence with the hydrogen bubbles formed in the initial stage of
electrodeposition, or for development of larger hydrogen bubbles. These newly formed hydrogen
bubbles will detach from the electrode surface very fast, thus forming micro- and nano-pores
through the interior of the deposit. “The stream of hydrogen” is formed of these detached small
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hydrogen bubbles, which causes the stirring of the solution and the change in hydrodynamic
conditions in the near-electrode layer. The channel structure through the interior of the deposit
was formed of this micro- and nano-pores.

Figure 3. Morphology of electrodeposited copper formed around holes by the PO regime with
pause durations of: a) 1, b) 5, ¢) 10 and d) 15 s.

The following conveniences in the formation of the honeycomb-like electrodes were achieved
by the application of the PO regimes in the millisecond range in relation to the constant
potentiostatic regime [24-27]:

a) the improvement of the current density distribution. Due to both, suppression of
coalescence of closely formed hydrogen bubbles and the prevention of hydrogen bubbles to
remain captive in the interior of deposit, the increase in the number of holes formed by
detachment of hydrogen bubbles was observed;

b) the decrease in the amount of evolved hydrogen contributing to the effective stirring of the
solution in the near-electrode layer. The remarkable change in surface morphology around
holes from cauliflower-like agglomerates of metal grains to branchy dendrites was observed
due to the decrease of this amount of evolved hydrogen.

Both of these conveniences result from the dissolution process caused by the anodic current

density during the pause. It is clear that the condition (a) is fulfilled by the application of the PO
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regime in the second range (the increase of number of holes formed from detached hydrogen
bubbles), while condition (b) is partially fulfilled (the mild change of surface morphology around
holes). The possible reason for the smaller influence of the regime in the second range on the
morphology of the honeycomb-like structures lies in the fact that the current during the pause is
negligibly small in comparison with the current during deposition pulse. On the other hand,
deposition pulses in the second range are sufficiently long for the current response during these
pulses to approach the response of the constant potentiostatic regime. This increased difference
between cathodic and anodic currents prevents the negligibly small anodic current during the
pause to make significant effect on the dissolution process and hence on the amount of evolved
hydrogen and surface morphology around the holes.

It is very clear from the previous consideration that the specific surface area of the honeycomb-
like electrodes obtained in the second range is larger than the one obtained in the constant
potential mode. The number of the holes obtained by the potentiostatic electrodeposition at an
overpotential of 1000 mV (on the same type of working electrodes) was 45 per mm? of electrode
surface, while the average hole size was about 115 um [24].

It is necessary to note that during the formation of the honeycomb-like structures by the PO
regime in both millisecond and second range with pause durations longer than deposition pulse,
the parameters of the PO regime affect neither the number nor the size of the holes formed by
detachment of hydrogen bubbles.

The concept of “effective overpotential” can be proposed to explain the formation of
honeycomb-like structures by the PO regime in the range of seconds. This concept was originally
proposed to explain the change in surface morphology during copper electrodeposition in the
constant potentiostatic regime at high overpotentials, when, parallel to copper electrodeposition,
the vigorous hydrogen evolution occurs [5,13]. According to this concept, when hydrogen
evolution is vigorous enough, then electrodeposition process occurs at an overpotential which is
effectively lower than the specified one, and this overpotential is denoted as “effective” in a
deposition process. From the morphological point of view, this means that morphologies of metal
deposits become similar to those obtained at some lower overpotentials at which hydrogen
evolution does not occur or it is very slow. This concept can be adapted for the case of
electrodeposition by the PO regime and denoted as “effective overpotential amplitude” concept.
The appearance of degenerate dendrites clearly indicates the increase in the degree of diffusion
control with the increase in pause duration.

Anyhow, morphological characteristics of the honeycomb-like structures obtained by the PO
regime in the second range were between those obtained by the constant potential regime and by
the PO regime in the millisecond range. Although the improvement of micro- and nano-structural
characteristics of the honeycomb-like electrodes achieved by the application of the PO regime in
the second range was smaller than the one achieved by the application of the same regime in the
millisecond range, it is clear that the useful effects of the application of this electrolysis regime are
maintained in relation to those attained by the electrodeposition in the constant potential mode.

Conclusions

Electrodeposition of copper in the potential range of the hydrogen co-deposition was examined
by applying the regime of pulsating overpotential (PO) deposition in the second range. The
obtained morphologies of electrodeposited copper were characterized by the scanning electron
microscope (SEM). The parameters of square-wave PO were selected to enable formation of the
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honeycomb-like structures. The increase of pause duration affected neither the number nor the
size of the holes formed by detachment of hydrogen bubbles. Simultaneously, the appearance of
degenerate dendrites, instead of cauliflower-like agglomerates of copper grains, is observed when
the pause duration was increased. The effect the PO regime in the second range on micro- and
nano-structural characteristics of the honeycomb-like structures was less pronounced than that
attained by the application of this regime in the millisecond range. However, the effect is more
pronounced than the one observed by the electrodeposition in the constant potential mode.
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