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Abstract

Influence of parallel hydrogen evolution reaction (HER) on morphology of zinc electro-
deposits has been investigated. Zn was electrodeposited potentiostatically from the
alkaline electrolyte at overpotentials both inside and outside the plateau of the limiting
diffusion current density, and scanning electron microscopy (SEM) was used to
characterize the resulting deposits. Holes originating from detached hydrogen bubbles
were formed among the branchy, fern-like dendrites at overpotentials outside the plateau
of the limiting diffusion current density, while HER was not detected at the overpotential
inside the plateau. The overpotential of electrodeposition had no significant effect on the
amount of hydrogen produced (the HER current efficiency was in the 17.7-19.1 % range),
but it did affect the hole size. Depending on the overpotential of the electrodeposition, the
size of holes was from several to about 100 um, including those obtained by a coalescence
of neighbouring hydrogen bubbles, and decreased with the increasing overpotential. The
absence of inhibition of dendritic growth in spite of a high value of evolved hydrogen was
attributed to Zn, which belongs to the group of normal metals characterized by high values
of both the exchange current density and the overpotential for hydrogen evolution.
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Introduction

Environmental pollution from the massive use of fossil fuels has led to the need for the
accelerated development of clean energy storage devices [1,2]. The Li-ion batteries were among the
first developed renewable energy storage systems, but Li is expensive, has low energy density and
its use has safety hazards. This necessitated the development of green, sustainable energy storage
systems based on Na [3], Zn [4], Al [5] and K [6] that offer high safety and affordability. Among these
systems, special attention is given to Zn-based rechargeable batteries, such as Zn-air, Zn-ion, Zn-Ni,
and Zn-MnO; [1]. The development of these batteries is based on specific characteristics of Zn,
including its abundance, low cost, low toxicity, and high energy storage. Also, Zn has excellent
electrochemical reversibility (-0.762 V vs. SHE) and high capacity (5854 Ah dm3 and 820 Ah kg!).

Alkaline Zn batteries are the most often used kinds of Zn-based batteries and one third of the
market in the world belongs to them [7]. Neutral and mild-acid zinc electrolytes are used to a limited
extent [7-11]. The biggest challenge in the development of Zn-based batteries is obtaining a stable Zn
anode. The problems arising during their development are related to dendrite formation, hydrogen
evolution, corrosion, passivation, and morphological variation [8,11-14]. The sharp tips of dendrites
can cause a short circuit between the anode and cathode by a penetration of the separator, while the
weak adhesion of dendrites is a potential cause of a loss of battery capacity due to their spontaneous
detachment from the electrode surface [1,15,16]. Formation of Zn dendrites increases the specific
surface area of Zn anodes, causing additionally the increase in the roughness of the anode and the
number of active sites, favouring dendritic growth and a contribution of side reactions [17].

The hydrogen evolution reaction (HER) is an inevitable process in Zn electrodeposition and, hence,
in Zn-based batteries. In the alkaline electrolytes, the standard reduction potential of Zn/ZnO is -1.26
V vs. SHE, at pH ~ 14, while that for the hydrogen evolution reaction is -0.83 V vs. SHE [8,12]. This
means that HER is thermodynamically favoured and begins before the reduction of Zn oxide in alkaline
electrolytes. Hence, HER as a parasitic reaction disables the Zn anode from being charged with 100 %
current efficiency (or Coulombic efficiency), since this reaction consumes part of the electrons
provided to the Zn anode during charging [15,18]. Also, the internal pressure is increased by H»
formation from liquids to the gas phase, which strongly influences Zn electrodeposition and may
damage Zn-based batteries [12,19]. Moreover, the hydrogen evolution reaction encourages local
hydroxide ions to accumulate in the vicinity of the electrode, raising the pH of the electrolyte, and in
that way, intensifies undesired corrosion and passivation reactions [20].

Formation and growth of dendrites from the alkaline electrolytes have been widely explor-
ed [1,8,15,21-30]. The different mechanisms, such as the "pyramid" growth model based on spiral
dislocation growth controlled by bulk diffusion [31], diffusion-limited aggregation and phase-field
models [32,33], a quantitative phase-field model based on Marcus kinetics theory [34], the general
theory of disperse deposits formation [22,23,31,35], etc. are proposed to explain it. On the other
hand, HER is mentioned in numerous investigations [7,8,12,15,18,19,36-39], but without insight in
an influence of this reaction on the morphology of electrodeposited Zn. Bearing in mind the
inevitability of HER during Zn electrodeposition, and hence, in Zn-based batteries, the aim of this
study was to examine the effect of parallel HER on the morphology of Zn deposits obtained from
the alkaline electrolyte.
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Experimental

Electrodeposition and characterization of zinc deposits

Electrodeposition of zinc was performed potentiostatically using a BioLogic SP 200 or Parstat
4000 potentiostat and galvanostat at room temperature in an open-type cylindrical cell. The
composition of the electrolyte was 28.5 g dm3Zn0 in 336.7 g dm™ KOH, while overpotentials of the
electrodeposition were varied in the -160 to -340 mV range with a step of 60 mV, j.e. -160, -220, -
280 and -340 mV. The electrodeposited charge was 0.75 and 1.5 mAh. The alkaline electrolyte for
Zn electrodeposition was prepared from chemicals of p.a. quality and double-distilled water (18 MQ
resistivity).

The electrodeposition process was performed on cylindrical copper cathodes (length: 2.0 cm,
diameter: 0.080 cm; surface area: 0.50 cm?). The counter and the reference electrodes were of Zn.
The positions of electrodes in an electrochemical cell are as follows: the counter electrode of
cylindrical shape was situated around the wall of the cell, the cathode was situated in the centre of
the cell, while the tip of the reference electrode was situated approximately 2.0 mm from the middle
of the cylindrical part of the Cu cathode. Before the electrodeposition process, the Cu cathodes were
pretreated according to the following procedure: alkaline degreasing at 70 °C, rinsing in distilled
water, etching in 20 % H,SO4 at 50 °C, and again rinsing in distilled water as the final step of the
preparation process.

The scanning electron microscope, model JEOL JSM-7001F, was used to characterize the
morphology of electrolytically produced Zn deposits.

Determination of the current efficiency for hydrogen evolution reaction (HER)

Since the overall current efficiency represents a sum of the current efficiency for Zn electro-
deposition, 7i(Zn) and the current efficiency for hydrogen evolution reaction, 7i(Hz2), 7i(Hz2) can be
represented by Equation (1):

1.(H,) =1(or 100 %)-1,(Zn) (1)
where 77i(Zn) can be defined by Equation (2) [40]:

m
n(Zn)=—>= (2)
teor
where mexp is the mass of electrodeposited zinc with the electrodeposited charge (Q), and Mieor is
given by Equation (3):
_Ar(Zn)Q
teor ne(Zn)F

In Equation (3), Aris the atomic mass of Zn (65.37 g mol™), ne(Zn)-F is the number of Faradays per
mole of consumed ions, I is the current of the electrodeposition and t is time.

The mass of electrodeposited zinc is determined according to the procedure given by Dundalek
et al. [36]. The analytical balance with an accuracy of four decimal places is used for measuring the
cylindrical copper cathodes before and after the Zn electrodeposition process with the electro-
deposited charge, Q, at the selected overpotential. The difference between these two values gives
the mass of electrodeposited Zn, mexp. Immediately after the electrodeposition process, the cathode
with electrodeposited Zn is firstly rinsed in the double distilled water and then in ethanol, left for
five min at a temperature of 50 °C to evaporate any moisture and weighted.

where Q:II-dt (3)
0
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Results and discussion

In Zn electrodeposition processes from the alkaline electrolytes, the main reactions occurring are
presented by Equations (4) and (5) [36,40]:
[zn(OH),f +2e” > Zn+40H (4)
2H,0+2e” —H, +20H (5)

To obtain a comprehensive insight in the effect of parallel hydrogen evolution reaction (HER) on
the process of electrodeposition of Zn, the first step was to analyse the polarization characteristics
of the Zn system. The polarization curve, recorded from an electrolyte containing 28.5 gdm=Zn0 in
336.7 g dm™3 KOH by the linear sweep voltammetry technique, is shown in Figure 1. It is clear from
Figure 1 that it is characterized by a clearly defined plateau of the limiting diffusion current in the
range of overpotentials between -90 and -180 mV. After the plateau ended, the current increased
rapidly with a further increase in overpotential.
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Figure 1. Polarization curve for electrodeposition of Zn from 28.5 g dm>2Zn0 in 336.7 g dm™ KOH.
The surface area: 0.50 cm?. Sweep rate: v =1 mVs?

The calculated values of the current efficiency for HER, 7i(H2), according to Equations (1) to (3)
for overpotentials of the electrodeposition of -160, -220, -280 and -340 mV, are given in Table 1.

Table 1. The values of the current efficiency for HER (ni(Hz)), hole size (D) and the average current of
electrodeposition (14,) obtained at given overpotentials of the electrodeposition

n/ mv mi(H2) / % D/ um lav / mA
-160 0 0 13.4
-220 17.7 100 15.6
-280 18.7 10-100 22.5
-340 19.1 up to 10 44.2

As seen from Table 1, HER was not registered at an overpotential of -160 mV, which belonged to
the plateau of the limiting diffusion current density, while the #i(H2) values obtained for
overpotentials outside the plateau were in the range between 17.7 and 19.1 %.

The effect of overpotential of the electrodeposition on morphology of the Zn deposits

Figure 2 shows morphologies of Zn deposits obtained at various overpotentials, including the
plateau of the limiting diffusion current density (-160 mV; Figure 2a), and those outside the plateau
(-220 mV, Figure 2b; -280 mV, Figure 2c; and -340 mV, Figure 2d) with an electrodeposited charge
of 1.5 mAh. The presence of HER in the Zn electrodeposits was detected by the formation of holes
or craters originating from detached hydrogen bubbles, as seen from Figure 2b-2d. Simultaneously,
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as expected, holes were not detected in the Zn electrodeposit obtained at an overpotential of -160
mV (Figure 2a), confirming that HER commences to occur at overpotentials outside the plateau of
the limiting diffusion current density in the zone of the fast growth of current with the increase of
overpotential. The dendrites of Zn of various sizes, number and a degree of ramification were
formed around the holes or the craters (Figure 2b-2d), while crystals of various shapes and sizes
were formed at an overpotential of -160 mV (Figure 3).

a)

Ay N2 o

Figure 2. The morphologies of Zn electrodeposits obtained at overpotentials of: (a) -160, (b) -220, (c) -280
and (d) -340 mV. The electrodeposited charge: 1.5 mAh. The surface area: 0.50 cm?.
Recorded at magnification 150 x

o ) 1 S

Figure 3. The morphology of Zn deposit electrodeposited at an overpotential of -160 mV with an
electrodeposited charge of 1.5 mAh. The surface area: 0.50 cm?. Recorded at magnifications: (a) 2500,
(b) 5000 x and (c) 5000 x

Detailed insight into the effect of overpotential electrodeposition on hole shape and size is obtained
through additional analysis of Zn deposits produced at various overpotentials (Figures 4 to 6).

The morphology of the Zn deposit obtained at an overpotential of -220 mV is shown in Figure 4.
The size of the holes formed at this overpotential was around 100 um. The positions at which the
hydrogen evolution reaction commences are clearly visible in Figure 4. The two-dimensional (2D)
fern-like dendrites were predominantly formed around holes.
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Figure 4. The morphology of Zn deposit electrodeposited at an overpotential of -220 mV with an electro-
deposited charge of 1.5 mAh. The surface area: 0.50 cm? Recorded at magnifications: (a) 500x and (b) 300 x

The holes formed during Zn electrodeposition at an overpotential of -280 mV are shown in Figure
5. The hole sizes were very different, ranging from 10 to 100 um. The large holes like that shown in
Figure 5b with the irregular bottom are obtained by a coalescence of closely formed hydrogen
bubbles. The bottom of the hole itself is shown in Figure 5c. The mixture of the 2D fern-like and the
three-dimensional (3D) dendrites was formed around the holes.
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Figure 5. The morphology of Zn deposit electrodeposited at an overpotential of -280 mV with an electrodepo-
sited charge of 1.5 mAh. The surface area: 0.50 cm?. Recorded at magnifications: (a) 150x, (b) 500x
and (c) 2500 x

The morphology of the Zn deposit obtained at an overpotential of -340 mV, with a focus on holes
originating from detached hydrogen bubbles, is shown in Figure 6.

a)

Figure 6. The morphology of Zn deposit electrodeposited at an overpotential of -340 mV with an electro-
deposited charge of 1.5 mAh. The surface area: 0.50 cm?. Recorded at magnification 500 x.
SEM images (a) and (b) show different positions at the same electrodeposited surface with the aim to

indicate a diversity of shape and size of the dendrites and the holes
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The very small holes, less than 10 um in size, can be identified in the morphology of this Zn
deposit. Some of these holes are denoted by arrows in this Figure. The size of coalesced holes
reached approximately 10 um (Figure 6a). The very branchy, mainly 3D, dendrites formed around
holes (Figure 6b).

The size of holes obtained at overpotentials of -220, -280 and -340 mV is included in Table 1.

The effect of electrodeposited charge on shape and size of holes

The additional insight into the formation of holes was obtained by analysis of the electro-
deposition process at -280 and -340 mV with a double smaller electrodeposited charge (0.75 mAh).
The initial stage of Zn electrodeposition at -280 mV with the electrodeposited charge of 0.75 mAh
is shown in Figure 7a. Holes formed from detached hydrogen bubbles are clearly noticeable in this

Zn deposit. The insight into the interior of one, about 100 um large hole, revealed its irregular
bottom (Figure 7b) around which numerous regular and irregular crystals (Figure 7c) similar to those
obtained at an overpotential of -160 mV (Figure 3) are formed. The irregular bottom of this hole can
be attributed to a coalescence of neighbouring initially formed hydrogen bubbles.

a) ~ b

# Vel 5 < = 2 4 ' Ll
Figure 7. The morphology of Zn deposit electrodeposited at an overpotential of -280 mV with an
electrodeposited charge of 0.75 mAh. The surface area: 0.50 cm?.
Recorded at magnifications: (a) 200, (b) 2500x and (c) 5000 x

The somewhat different situation was observed at -340 mV with an electrodeposited charge of
0.75 mAh (Figure 8). It can be noticed formation of a larger number of smaller holes occurs at this
overpotential than at an overpotential of -280 mV (Figure 8a). The deeper analysis of one of the
numerous holes clearly revealed its coalesced character (Figure 8b), with numerous dendrites
formed around the bottom of the hole (Figure 8c). The size of the coalesced hole was about 10 um,
proving formation about 10 times smaller hole size at -340 than at -280 mV.

Figure 8. The morphology of Zn deposit electrodeposited at an overpotential of -340 mV with
an electrodeposited charge of 0.75 mAh. The surface area: 0.50 cm?.
Recorded at magnifications: (a) 150, (b) 5000x and (c) 1000 x

http://doi.org/10.5599/jese.3191 7
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Discussion of presented results

Analysis of Zn electrodeposition processes showed strong competition between Zn deposition and
the hydrogen evolution reaction at overpotentials outside the plateau of the limiting diffusion current
density. These two processes occur simultaneously, resulting in the formation of holes originating
from detached hydrogen bubbles among the fast-growing 2D fern-like and 3D dendrites. Due to a
parallel HER, the part of the electrode surface is blocked by growing hydrogen bubbles, and then the
actual current density (i) can be given by Equation (6) [41]:

i://—s (6)

1-60
where | is the current of the electrodeposition, S is the surface area of the electrode, and fis a
fractional coverage of the electrode surface by hydrogen bubbles.

The two important phenomena can be mentioned by the analysis of the effect of HER on Zn
electrodeposition process: (a) applied overpotential did not have any significant effect on the
volume of generated hydrogen, since the current efficiency for HER were in a range between 17.7
and 19.1 %, and (b) the growth of dendrites was not inhibited by this relatively high volume of
generated hydrogen.

Both Zn nucleation and HER commence on the most energetically active sites, such as irregularities
on the electrode surface, and the number of these sites increases with increasing overpotential or
current density during electrodeposition [42-44]. During electrodeposition, the hydrogen bubbles that
form grow to a critical size, after which they detach from the electrode surface. During growth,
neighbouring hydrogen bubbles coalesce, leading to larger holes in the deposit. The size of holes is a
function of the electrodeposition overpotential, where a larger number of smaller holes is formed at
higher than at lower overpotentials. In the case of Zn, the overall volume of evolved hydrogen remains
approximately the same, while the increasing overpotential led to only re-distribution of formed holes,
where a larger number of holes, but smaller in size is formed at higher (-340 mV) than at lower (-220
and -280 mV) overpotentials.

The decrease of the hole size with increasing the overpotential can be confirmed by the analysis of the
break-off diameter, d as follows. The break-off diameter of a bubble can be defined by Equation (7):

i:(no.zi) (7)
S

0
where do is a function of the surface tension, the density of electrolyte, and I/S is given in Am=2[41,45].
Since the same electrolyte is used in all experiments, a contribution of dp in the value of the break-off
diameter is the same at all overpotentials. Hence, the critical diameter of the hydrogen bubble that
detaches from the electrode surface depends only on the electrodeposition overpotential.

In the potentiostatic mode of electrodeposition, the current is a function of time, as shown in
Figure 9, which presents chronoamperograms obtained at overpotentials of -160, -220, -280, and -
340 mV. For that reason, a relevant current in Equation (7) for this mode is an average current, /.y
[45], which can be calculated from Equation (8), as:

t
jldt
v = (8)
t

I

t
where t is the electrodeposition time to reach an electrodeposited charge Il-dt
0
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Figure 9. The dependencies of | - t obtained at overpotentials of - 160, - 220, - 280, and - 340 mV.
The surface area: 0.50 cm?

I/ mA

The calculated values of I, obtained at overpotentials of-160, -220, -280 and -340 mV are added
to Table 1. Analysis of Equation (7) with the values given in Table 1 confirms the decrease of the
break-off diameter of the hydrogen bubble with increasing the overpotential of the
electrodeposition, which is observed in this study.

It was very surprising that the pretty high volume of generated hydrogen did not cause an
inhibition of dendritic growth, because an inhibition has already been observed with noticeably
smaller volumes of evolved hydrogen during electrodeposition of copper at overpotentials outside
the plateau of the limiting diffusion current density [22]. In the case of Cu, a volume of evolved
hydrogen, which corresponded to a current efficiency for HER of approximately 10.0 %, was enough
to inhibit the growth of dendrites. It was a minimum volume of evolved hydrogen that caused an
effective stirring of the electrolyte in the near-electrode layer, leading to the decrease of the
diffusion layer thickness and up to the increase of the limiting diffusion current density, resulting in
the formation of the deposits without the dendrites [22].

To explain why dendritic growth is inhibited in the case of Cu, but not in the case of Zn, a
classification of metals which takes into consideration key parameters in electrochemistry, such as
the rate of electrochemical process (the exchange current density), melting point, and an
overpotential for HER [46]. Depending on these parameters, metals are classified into three groups:
normal, intermediate, and inert metals. Zinc is situated, together with lead, silver, tin and cadmium
into a group of normal metals. This group of metals is characterized by high exchange current
densities (io > 1 A dm2), low melting points, and high overpotentials for HER. The Zn properties, such
as the exchange current density values in the (1.84 to 8.8 A dm2) range [23], formation of compact
forms of both 2D fern-like and 3D dendrites and the appearance of parallel HER at overpotentials
outside the plateau of the current density, unequivocally confirmed the belonging of Zn to the group
of normal metals. On the other hand, copper belongs to the group of intermediate metals. They are
characterized by medium values of the exchange current density (102to 1 A dm2), and lower
overpotentials for HER from the group of normal metals. For this group of metals, the evolution of
hydrogen commences at the overpotential belonging to the plateau of the limiting diffusion current
density and the shape of dendrites strongly differed from that characterizing the normal metals
group (in the case of Cu, the 3D pine-like dendrites, constructed from approximately spherical
grains, are formed).

Hence, it is clear that the rate of electrochemical process, i.e. the exchange current density,
represents a key parameter determining the final morphology of electrodeposited metal, and gives
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answers why dendritic growth is not inhibited in the case of Zn in spite of a relatively high volume
of generated hydrogen. The electrochemical definition of dendrites predicts the formation of
dendrites from a protrusion or an irregularity formed in an initial stage of electrodeposition and
situated deeply inside the diffusion layer of the macroelectrode [22,23,35]. The protrusions or
irregularities can be recognized among crystal grains formed at an overpotential of -160 mV
(Figure 3). The transformation of some of the protrusions in the dendrites at overpotentials outside
the plateau of the limiting diffusion current density will be prevented by growing hydrogen bubbles
(Figure 7c; the part around the place where hydrogen evolution commenced). The tip of the
protrusion grows under activation control, whereas the electrodeposition at the rest of the
macroelectrode is predominantly diffusion-controlled. In fast electrochemical processes, such as Zn
electrodeposition, activation-controlled tip growth of dendrites can disrupt the outer limit of the
diffusion layer in a single moment [22,23,35]. At the polarization curve, the disruption of the
diffusion layer is denoted by the beginning of a continuous growth of the current after the end of
the plateau. Certainly, the effect of detached hydrogen bubbles on a convective flow of the
electrolyte in the near-electrode layer cannot be neglected completely [36], but it is clear that their
contribution to electrolyte mixing is not enough to inhibit dendritic growth. Due to the very high
rate of the electrodeposition process, the fast-growing dendrites make barriers like tunnels, which
only enable detached bubbles to move away from the electrode surface, without their influence on
electrolyte mixing, which would lead to an inhibition of the growth of dendrites.

Conclusions

The electrodeposition of Zn from alkaline electrolytes, which plays a significant role in the
development of Zn-based batteries, is considered. The analysis focused on the effect of parallel HER
on the morphological characteristics of Zn deposits. The following conclusions were derived from
the performed analysis of Zn electrodeposition processes:

o HER occurs at overpotentials outside the plateau of the limiting diffusion current density, while
the eventual presence of this reaction does not lead to the formation of holes and craters within
the plateau of the limiting diffusion current density.

o The overpotential of the electrodeposition did not show any significant effect on the evolution
of hydrogen. The current efficiency for HER was in the range between 17.7 and 19.1 %.

o The overpotential of the electrodeposition strongly affected the size of the holes. Hole size
decreased with increasing the overpotential of electrodeposition from about 100 to several um.

o The growth of dendrites was not inhibited in spite of the relatively high volume of generated
hydrogen. This unexpected behaviour was explained by the fact that Zn belongs to the group of
normal metals, which are characterized by the high values of both the exchange current density
and overpotential for the hydrogen evolution reaction.
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