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Abstract. In this study, mehanism of electrodeposition of zinc from the alkaline electrolytes has
been investigated using the general theory of disperse deposits formation. The exchange current
densities in the range 18.4 — 88 mA cm™ were determined using new method based on
comparison of experimental and simulated polarization curves, and the excelent agreement with
the values found in the literature has been attained. Correlation between the polarization
characteristics and morphologies of zinc deposits characterized by the scanning electron
microscopic (SEM) technique was established. The spongy-like particles constructed from nano
filaments and the large grains or boulders were formed in the zone of the fast increase of the
current density with the overpotential before the plateau of the limiting diffusion current density
was reached. The shape of dendrites, formed inside the plateau of the limiting diffusion current
density and at the higher ones, strongly depended on overpotential of the electrodeposition.
Mechanism of formation of all obtained forms was discussed by the consideration of the different
rates of growth of surface protrusions in a function of the overpotential of electrodeposition
through the analysis of the change of the ratio between the height and the radius of the
protrusions. In order to confirm of the proposed mechanism, comparison with polarization and
morphological characteristics of the other metals characterized by the different exchange current
density values was made and discussed. Although zinc is classified in the group of the normal
metals characterized by the high values of the exchange current density, it was found that the
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polarization and morphological characteristics of zinc show certain and strong similarities with
those of copper, classifying zinc just at boundary between the normal and intermediate metals,

that is confirmed by the estimation of the exchange current density value for zinc.

Keywords: electrodeposition; zinc; mechanism; filaments; dendrite; boulders; scanning electron
microscope (SEM).

1. Introduction

Electrodeposition of zinc attracts an attention from both the academic and technological
point of view [1]. In the dependence of later application, the wide spectrum of electrolytes
including both acid (chloride [2 — 5] and sulphate [6 — 10]) and alkaline [11 — 19] ones uses for
the processes of Zn electrodeposition. The acid electrolytes usually use for a protection of steel
against corrosion, where zinc deposits behave as sacrificial anodes and offer cathodic protection
of steel [2, 5]. On the other hand, the alkaline electrolytes are used in a Zn-air secondary batteries
which are a promising candidate for energy storage with many advantages in relation to the other
candidates, such as lithium-air batteries, aluminium-air batteries, and magnesium-air batteries
[12]. These advantages are related with an abundance of Zn, low toxicity and low cost, as well as
by the fact that Zn posses a relatively high specific energy density [12].

Application of Zn in the above mentioned purposes is strongly related with surface
morphology of electrodeposited zinc. As one of the most important characteristics of the
electrodeposition processes, morphology of metal deposits depends on both nature of metals and
conditions of the electrolysis [20]. According to the kinetic parameters, zinc is situated into the
group of normal metals, together with Pb, Sn, Tl, Cd, Hg, Ag (simple electrolytes) [21]. The
basic characteristics of this group of metals are the high values of the exchange current density (jo
>1 A dm™; jo is the exchange current density), low melting points and high overpotentials for
hydrogen evolution reaction. From parameters of electrolysis, the most important of them
affecting surface morphology of Zn are: the kind and composition of electrolytes, the type of
cathodic material, a temperature of electrolysis, a stirring of the electrolyte, a regime of

electrolysis (potentiostatic and galvanostatic) [6, 11, 22], etc. Also, addition of specific



substances, known as additives, to Zn electroplating baths [3, 8, 13, 15, 16, 18, 19], application of
periodically changing regimes (pulsating overpotential, pulsating and reversing currents) of
electrolysis [2, 23 — 27], as well as a simultaneous application of both of them [5, 25] can also
achieve a strong effect on morphology of zinc deposits. The main purpose of the use of additives
and application of periodically changing regimes of electrolysis is to obtain smooth and
nanocrystalline deposits of better corrosion resistance [2, 3, 5, 25], often bright coatings [28, 29],
or simply to suppress dendritic growth in alkaline Zn-air batteries [13, 15, 16].

The typical morphological forms produced by the processes of Zn electrodeposition from
the zincate electrolytes are: spongy-like, boulders and dendrites [14, 30, 31]. Aside from these
forms, formation of Zn in the form of filaments, layer-like or mossy has been also reported [11,
12]. The spongy-like and mossy deposits are formed at lower current densities, layer-like at
middle current densities and boulders and dendrites are formed at the higher current densities [12,
14]. Mechanisms of formation of majority of these forms, such as spongy-like [32, 33] and
dendrites [34], have been separately considered without any correlation between them. Also,
some of forms like filaments were only indentified in these investigations without a consideration
of mechanism of their formation [11, 12]. A such morphological changes arise from ionic
transport through diffusion, migration and convection and several models, such as a
concentration-cell model [35] and a hydrodynamic model [36, 37], were proposed to explan it.
The changes of surface morphology have been investigated by not only the analysis of deposits
obtained in different regimes of electrolysis, but also by digital simulation of the influence of
various regimes and parameters of electrolysis [38].

The common characteristic of all these investigations is the absence of a correlation of the
electrodeposited forms with the polarization characteristics responsible for their formation. The
establishment of this correlation is just one of the basic way to obtain the complete insight in
mechanism of electrodeposition of any metal, by which formation of all existing forms would be
explained in an unique way. It will be the main aim of this investigation, and will be done
through the analysis of zinc electrodeposition processes from the alkaline electrolytes using of the

general theory of disperse deposits formation.



2. Experimental

Electrodeposition of zinc was performed in an open cell at the room temperature from the
following electrolytes:
(2) 0.10 M ZnO + 6.0 M KOH,
(b) 0.20 M ZnO + 6.0 M KOH,
(c) 0.30 M ZnO + 6.0 M KOH, and
(d) 0.40 M ZnO + 6.0 M KOH.

Doubly distilled water and analytical grade chemicals were used for the preparation of the
solutions for the electrodeposition of zinc. In the dependence of type of measurements,
electrodepositions were performed on vertical cylindrical copper or zinc electrodes. The
geometric surface area of copper and zinc electrodes was 0.5024 cm?. In all experiments, the
reference and counter electrodes were of pure zinc. The counter electrode was a zinc foil with
0.80 dm? surface area, which was placed close to the cell walls. The reference electrode was a
zinc wire, the tip of which was positioned at a distance of about 0.2 cm from the surface of the
working electrode. The working electrodes were placed in the centre of cell, at the same location
for each experiment.

Chronopotentiometric measurements were performed using Volta Lab (Radiometer
Analytical, Lyon, France). For this type of measurements, the working electrode was of zinc.

The morphologies of Zn deposits were examined using a scanning electron microscope —
TESCAN Digital Microscopy. For the morphological analysis, Zn was electrodeposited at copper
electrodes from 0.40 M ZnO in 6.0 M KOH in the potentiostatic regime of electrolysis at
overpotentials of 25, 65, 125, 150, and 225 mV. At all overpotentials, electrodeposition was
performed with quantity of the electricity of 4.50 mA h cm’, as well as larger or smaller
quantities from this one as indicated in Figure caption for each microphotography.

Digital simulation was realized using the software MathLab.

3. Results and discussion



3.1. The polarization and kinetic study of zinc electrodeposition processes

The polarization curves for electrodeposition of zinc from 0.10, 0.20, 0.30 and 0.40 M
ZnO in 6.0 M KOH are shown in Fig. 1. In all cases, after the short part characterized by the low
nucleation rate (0 - 10 mV), the sharp increase in the current density with increasing the
overpotential is observed until the the plateau of the limiting diffusion current density was
reached. The fast increase of the current density with increasing the overpotential also followed
after the inflection point which denoted the end of the plateau of the limiting diffusion current
density. The widths of the plateau of the limiting diffusion current density decreased with
increasing concentration of ZnO, and the ranges of overpotentials belonging to the plateaus of the
limiting diffusion current density, as well as the values of the limiting diffusion current density, j_

for the examined electrolytes are given in Table 1.
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Figure 1. The cathodic polarization curves for electrodeposition of Zn from 0.10, 0.20, 0.30 and
0.40 M ZnO in 6.0 M KOH.

As already mentioned, zinc belongs to the group of normal metals characterized by the
high values of the exchange current density, the low values of melting point and high values for
hydrogen discharge [21]. Since there is no a precise and unique way for determination of the
exchange current density of these metals, the exchange current density for zinc was estimated

using recently proposed procedure based on a simulation of the polarization curve equation [20,



39]. For those purposes, it is used the polarization curve equation given by Eq. (1), taking the
concentration dependence of the exchange current density into account

— jo_(fc - fa) (l)
1+?(n—g)

being valid for all jo/ j_ ratios and overpotentials [20]. In Eqg. (1), j is the current density, jo is the

exchange current density, j._ is the limiting diffusion current density and

n

f =10% and f,=10

5l

a

where b. and b, are the cathodic and anodic Tafel slopes and # is the overpotential. The Eq. (1) is
modified for use in electrodeposition of metals using the values of the cathodic current density

and overpotential as positive.

Table 1. The values of the limiting diffusion current density ( j_), the ranges of overpotentials
belonging to the plateaus of the limiting diffusion current density ( A7) and the values of
exchange current density for electrodeposition of zinc from 0.10, 0.20, 0.30 and 0.40 M ZnO in
6.0 M KOH obtained by comparison of experimental and simulated polarization curves ( jo ) and

by chronopotentiometry ( jo chrono )-

Concentration of
Zn0, M ju, MA cm An, mV jo, MA cm™ Jo.chrono, MA cm
0.10 4.6 80 — 180 18.4 4.50
0.20 8.9 90 — 180 35.6 7.12
0.30 16 100 — 180 64 12.7
0.40 22 110-180 88 14.8

To enable a digital simulation of the polarization curve equation for the different jo/ j_

ratios, the Eq. (1) can be re-written in the form:
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and this form is used for estimation of the exchange current density for zinc.

In the purpose of an estimation of the exchange current density, the polarization curves
given in Fig. 1 were standardized to the limiting diffusion current density corresponding to the
final value of the current density before the beginning of the sharp increase in the current density
after the inflection point. The sharp increase in the current density (the end of the plateau of the
limiting diffusion current density) was observed at an overpotential of 180 mV for all
electrolytes, and the polarization curves standardized to the current density at this overpotential
are shown in Fig. 2a. At the first sight, it can be noticed that there is no any dependence of j / j_
ratios on a concentration of ZnO and for the further analysis, the average values of j / j,_ ratios at
given overpotential were used. In the next stage, the experimentally obtained average values were
compared with the simulated dependencies of j / j. — 7 obtained for b, = 40 mV dec™, b, = 120
mV dec™ (the values characteristic for zinc [40]) and with jo/ j. ratios between 1 and 10, as
shown in Fig. 2b. The larger deviation between experimental and simulated values observed at
the lower overpotentials can be ascribed to the existence of low nucleation rate in the
experimentally recorded polarization curves that cannot be indentified in the simulated
polarization curves. Anyway, the good superposition was observed at overpotentials above 80
mV corresponding to the limiting diffusion current density ranges. It is necessary to emphasize
that the polarization curves are simulated in a function of jo / j,_ ratios, and for that reason, the
superposition with the experimental curves inside the plateau of the limiting diffusion current
density is only relevant for this method of the estimation of j,. For the sake of precise estimation
of the exchange current density values, the enlarged part from Fig. 2b is shown in Fig. 2c. It can
be noticed from Fig. 2c that the nearest superposition between the experimental and simulated
values was obtained for jo/j. = 4. Using this value, as well as the values of the limiting diffusion
current density given in Table 1, the exchange current densities were estimated, and the obtained
values were included in Table 1. The obtained values between 18.4 — 88 mA cm™ were in the
excellent agreement with those proposed by Bockris et al. [40] (jo between 8 and 370 mA cm™)



for this type of electrolyte, confirming a validity of this procedure for estimation of the exchange

current density of the normal metals.
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Figure 2. a) The polarization curves for electrodeposition of Zn from 0.10, 0.20, 0.30 and 0.40 M
ZnO in 6.0 M KOH standardized to the limiting diffusion current densities, b) comparison of
experimental values and simulated dependencies of j / j_ — r obtained using Eq. (2) for b, = 40
mV dec?, b, = 120 mV dec™ and jo/ j. ratios between 1 and 10, and c) the enlarged part from Fig.
2b.

The obtained values are compared with those obtained by chronopotentiometric method
following procedure given in Ref. [10]. In chronopotentiometry, the overpotential dependence on
time is given by Eq. (3) [10, 41]:

ﬂz_ﬂn_iﬂ_;.n[l_ zj @



where are: R is the universal gas constant, T is the temperature, « is the charge transfer, n is the
number of electrons, F is the Faraday constant, t is the time, and zis the transition time.
Figure 3a and b shows chronopotentiograms obtained from all four electrolytes at current

densities which were twice larger than the corresponding limiting diffusion current density (Fig.

3a) and the dependencies 77 — In{l— \/IJ derived from the chronopotentiograms by the
T

application of Eq. (3) (Fig. 3b). The way of determination of the transition time is shown in Fig.
3a, while the exchange current densities were determined from the segment at the overpotential
axis (Fig. 3b). The exchange current densities obtained in this way ( jochrono ) are also given in
Table 1.

At the first sight, it can be noticed that although the obtained values were smaller than
those obtained by comparison of experimental and simulated curves and those found in Ref. [40],
they were of the same order of magnitude. This difference decreases with increasing the current

density of electrodeposition, as seen by the analysis of Fig. 3c and d showing
chronopotentiograms and the corresponding 77— In(1—,/t/z) dependencies obtained with ZnO

concentration of 0.10 M at current densities which corresponded to twice (j = 9.2 mA cm™?), 2.5
times (j = 11.5 mA cm™) and 3.5 times (j = 16.1 mA cm™) larger values than the limiting

diffusion current density. From Fig. 3d, it can be noticed that the segments for 7 =0 and the
slopes of n— In(1—/t/z) dependencies did not depend on the current density of

electrodepostion. The obtained j, values were: 4.50 mA cm™ (at 9.2 mA cm), 5.35 mA cm™ (at
11.5 mA cm™), and 7.0 mA cm™ (at 16.1 mA cm).

The obtained differences in the j, values can be ascribed by the different diagnostic
criteria on which these two ways for the estimation of the exchange current density are based.
Namely, the chronopotentiometric method is based on the charge transfer, while the new method
proposed in this investigation takes into consideration the limiting diffusion current density as
diagnostic criteria. However, how zinc belongs to the group of normal metals characterized with
the fast charge transfer, the values obtained by chronopotentiometric method can be also
observed as the relative values, not absolutely ones. The advantage of the way proposed here lies

in the possibility of estimation of the exchange current density of all metals with fast charge
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transfer including those like Pb with the extremely fast charge transfer, where the

chronopotentiometric method is inapplicable. Also, unlike from chronopotentiometry the method

based on the comparison of experimental and simulated polarization curve does not depend on

the current density of electrodeposition.
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Figure 3. a) Chronopotentiograms obtained at twice larger current densities than the limiting
diffusion current densities: a) 9.2 mA cm™ (for 0.10 M ZnO), 17.8 mA cm™ (for 0.20 M ZnO), 32
mA cm™ (for 0.30 M ZnO) and 44 mA cm (for 0.40 M ZnO), and b) the dependencies n—

In(L—/t/z) for the same electrolytes. In all cases: 6.0 M KOH, c) Chronopotentiograms obtained

from 0.10 M ZnO in 6.0 M KOH at twice (9.2 mA cm™?), 2.5 (11.5 mA cm™ ) and 3.5 (16.1 mA
cm™ ) times larger current densities than the limiting diffusion current density, and d) the

corresponding 77— In(1—./t/z) dependencies.
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3.2 Morphological study of zinc electrodeposition processes from 0.40 M ZnO in 6.0 M KOH

The different positions at the polarization curve recorded from 0.40 M ZnO in 6.0 M
KOH were characterized by the scanning electron microscopic (SEM) analysis of
electrodeposited zinc and the obtained surface morphologies are shown in Figs. 4 and 5 (the
range of overpotentials up to a reaching of the plateau of the limiting diffusion current density),
Figs. 6 and 7 (the plateau of the limiting diffusion current density) and Fig. 8 (the zone of the fast
increase in the current density with the increase of overpotential after the inflection point).

The deposit constructed from the spongy-like particles, also often referred as a mossy one,
is formed at an overpotential of 25 mV (Fig. 4). The ratio of the initial current density of
electrodeposition to the limiting diffusion current density leading to formation of these particles
was approximately 0.30 (j /j_~ 0.3 ). The spongy-like particles were approximately the same
size indicating on their simultaneously formation (Fig. 4a and b). The prolonging
electrodeposition time leads to growth of the spongy-like particles in all directions causing a
joining of neighboring particles (Fig. 4c — g). Analysis of the spongy-like particles at the higher
magnifications revelas that these particles are constructed from intertwined nano size filaments
(Fig. 4h and i).
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I um

g) h) i)
Figure 4. The spongy-like particles obtained by electrodeposition from 0.40 M ZnO in 6.0 M

KOH at an overpotential of 25 mV with a quantity of the electricity of: a) and b) 1.6 mA h cm?,
c)and d) 2.4 mA hcm?, ), f) and g) 4.5 mA h cm™, h) and i) The filaments of which the
spongy-like structure is constructed.
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The spongy-like growth has been terminated at about j/j_=~ 0.5, and the completely
different situation was observed at an overpotential of 65 mV at which the ratio of the initial
current density to the limiting diffusion current density was approximately 0.9 (j/j_~0.9). The
layer-structure is predominantly formed with the smaller quantity of passed electricity (Fig. 5a —
c) and large grains, often reffered as boulders, were formed with the larger quantity of passed
electricity (Fig. 5d — f) at an overpotential of 65 mV.

Figures 6 and 7 show the zinc deposits obtained at overpotentials of 125 mV (Fig. 6) and
150 mV (Fig. 7) belonging to the plateau of the limiting diffusion current density. From Fig. 6, it
can be seen that dendritic growth is already initiated at an overpotential of 125 mV (Fig. 6a and
b), and that the further growth primarily occurs on dendrites due to the current density
distribution effect [20], as seen from Fig. 6¢ and d showing zinc dendrites obtained with the
larger quantity of electricity. The shape of dendrites changed with increasing overpotential, as
shown in Fig. 7. It is necessary to note that numerous crystals with well defined crystal planes
are formed among the dendritic particles.

The very branchy dendrites of zinc were formed at an overpotential of 225 mV in the
zone of fast increase of the current density with increasing overpotential (Fig. 8a and b). Aside
from the dendrites as the dominant morphological form, the position at the electrode surface
created as a consequence of hydrogen evolution as the second reaction to Zn electrodeposition
can be also noticed in the zinc deposit electrodeposited at this overpotential (Fig. 8c and d). With
the increasing quantity of the electricity (Fig. 8e), the electrodeposition process occurs primarily
through the further growth of dendrites.
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Figure 5. The Zn deposits obtained by electrodeposition from 0.40 M ZnO in 6.0 M KOH at an

overpotential of 65 mV with a quantity of the electricity of: a), b) and c¢) 4.5 mA h cm™, d), e) and
f) 12.0 mA hcm™
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c)
Figure 6. The dendrites of Zn electrodeposited from 0.40 M ZnO in 6.0 M KOH inside the

plateau of the limiting diffusion current density at an overpotential of 125 mV: a) and b) the

quantity of electricity: 4.5 mA h cm; ¢) and d) the quantity of electricity: 6.75 mA h cm™.
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Figure 7. The dendrites of Zn electrodeposited from 0.40 M ZnO in 6.0 M KOH inside the
plateau of the limiting diffusion current density at an overpotential of 150 mV; the quantity of
electricity: 4.50 mA hcm™
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Figure 8. Morphologies of Zn deposits electrodeposited from 0.40 M ZnO in 6.0 M KOH at an

overpotential of 225 mV (outside the plateau of the limiting diffusion current density): a) and b)
dendrites, ¢) and d) hydrogen evolution effect. The quantity of passed electricity: 2.25 mA h cm’
2: e) dendrite obtained with a quantity of electricity of 4.5 mA h cm™.
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3.3. Discussion of the presented results

The dependence of the logarithm of the limiting diffusion current density on the logarithm
of concentration of ZnO is shown in Fig. 9. The linear dependence with a slope of 1.21 was
obtained. On the basis of this value, it is clear that electrodeposition of Zn occurs in the
conditions of natural convection because the obtained value was very close to the theoretical
value for this type of convection predicted by Levich [42]. Namely, according to Levich [42], if
electrodeposition process occurs in the conditions of natural convection, the limiting diffusion
current density, j._ depends on concentration of depositing ions, ¢ as j. ~ c*?*. This dependence is
valid under proper isothermal conditions, when the temperatures of the thermostated solutions
(with a free surface) and of surrounding air are equal. It is necessary to note that the similar
dependencies were obtained in the case of Pb [43] and Cu [44], confirming this type of

convection in the case of Zn electrodeposition from this type of electrolyte.

244 o 0.10M ZnOin6.0 M KOH

1l © 0.20 M ZnO in 6.0 M KOH
2.3 1 0.30M Zn0Oin 6.0 M KOH
v 0.40MZnOin 6.0 M KOH
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1.9 1

log (j, Am”)
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1.7 5

1.6 1

2.0 2.1 2.2 2.3 24 2.5 2.6 2.7

log (c, mol m®)

Figure 9. The logarithmic dependence of the limiting diffusion current density, j_ on the

concentration of solution, c.
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Although Zn belongs to the group of normal metals, the shape of the polarization curves
shown in Fig. 1 shows certain similarities to those for copper and the silver (complex ammonium
electrolyte) belonging to the group of intermediate metals (for the group of intermediate metals it
is valid lower values of both the exchange current densitiy; 102 < jo < 1 A dm™ and hydrogen
evolution overpotentials than those for the normal metals [21]). In the case of Zn, the linear
dependences of the current density on the overpotential (the ohmic control) observed in the initial
parts of the polarization curves for Ag [45] and Pb [43], as the typical representatives of the
group of normal metals, are not observed regardless of concentration of ZnO. Comparing the
polarization characteristics of the normal and intermediate metals, it is clear that zinc is “slower”
metal than lead [43] or the basic electrolytes of silver [45], but it is “faster” than copper [44] and
the ammonium electrolyte of silver [46]. For example, in the case of copper and silver, the widths
of the plateau of the limiting diffusion current density are between 300 and 750 mV (0.10 M
CuSOQy in 0.50 M H,S0,), and between 250 and 700 mV (0.10 M AgNO3 in 0.50 M (NH,4)2SO,4
solution to which was added ammonium hydroxide to dissolve the silver sulphate precipitate)
[46]. On the other hand, the plateaus of the limiting diffusion current density are not observed or
were very short in the case of electrodeposition of the normal metals. For example, the inflection
point is usually observed in the case of lead at an overpotential of 55 mV [43, 47]. Furthermore,
the estimated values of the exchange current density for zinc (jo > 1.84 A dm™) were very close to
the lower limit for the normal metals (jo > 1 A dm™), classifying Zn in regard to kinetic
parameters at the boundary between the normal and intermediate metals. These characteristics of
Zn just enabled to make analogy between the electrodeposition processes of Zn and metals from
the group of the intermediate ones, with the aim to obtain a comprehensive insight into

mechanism of Zn electrodeposition by using the general theory of disperse deposits formation.

3.3.1. The basis of the general theory of disperse deposits formation and its application in
understanding of morphological changes of Zn

The limiting diffusion current density to the tip of any protrusion schematic presented in
Fig. 10a, j.sip i given by Eq. (4) [20, 48]:
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N 2h?
Jiip = L +? (4)

where j,_is the limiting diffusion current density to the flat electrode surface, h is the height of
protrusion, and R is the radius of the protrusion base, or

jL,tip = jl_(l+ 2k2) (5)
since
Kk — h (6)

The current density to the tip of such protrusion, jip is given by Eq. (7) [20, 48]:

ol 1,)

1+¥- ! 5 I
o 1+2k

Jtip =

(7)

taking the cathodic current density and overpotential to be positive.

As already mentioned, the spongy-like particles are formed at the low overpotentials in
the initial part of the polarization curve characterized by the fast increase in the current density
with the overpotential up to about j/j_~0.5. The spongy-like particles are constructed from
very fine filaments (Fig. 4h and i) and formation of this filamentary structure can be considered
as follows: it can be assumed that electrodeposition process in the initial stage at the low
overpotentials commences by formation of small number of hemispherical nuclei. These nuclei
grow under the activation control because a pure activation control is even possible in systems for
which jo >> j_is valid on very small electrodes, like nuclei on an inert electrode [20].

For hemispherical nuclei (Fig. 10a), hs = R, and the limiting diffusion current density to

the tip of nuclei is given according to Egs. (5) and (6) by Eq. (8):
jL,tip = 3j|_ (8)

that can be applied for every protrusion at the electrode surface, and hence, for hemispherical
nuclei. Then, according to Eq. (7) the current density on the tip of hemispherical protrusion

becomes somewhat larger than the current density to the flat part of the electrode surface. The



larger current density on the tips of hemispherical nuclei leads to their enhanced growth and
transformation into parabolic protrusion (Fig. 10a). The tip radius of the parabolic protrusion is
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Figure 10. Shematic presentations of formation of: a) filament and b) the spongy-like particle,

and c) overlap of neighbor spongy-like particles.
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determined by Eq. (9) [20, 48]:

- ©
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and the local spherical diffusion layers of the same radius are formed around the tips of such
protrusions. The further growth occurs inside these spherical diffusion fields leading to Zn
electrodeposition in the form of filaments. In the process of growth of filaments, due to very
small radius of hemispherical nuclei, the condition h >> R is very fast fulfilled, and the growth of
filaments occurs under the activation control relative to the surrounding electrolyte, but under the
mixed activation-diffusion control in the relation to the flat part of the electrode surface. With the
electrodeposition time, due to the new nucleation, lateral growth also takes place causing
branching of the filaments. Simultaneously, the neighbor branchy filaments mutually interweave
giving to particles the spongy-like appearance.

The spherical diffusion layers are formed around so obtained the spongy-like particles, as
schematically presented in Fig. 10b. With the increase of the amount of passed electricity (Fig. 4c
and d), the neighbor spongy-like particles mutually merge and a coverage of the electrode surface
by them increases. Finally, a full coverage of the electrode surfaces by the spongy-like particles is
expected for the long electrodeposition times (Fig. 4e and f). Simultaneously, the spherical
diffusion layers formed around the spongy-like particles mutually overlap causing that the further
growth occurs in the diffusion layer of the macroelectrode (Fig. 10c). It is very clear that since
the growth of the spongy-like particle occurs simultaneously in all directions at the approximately
same rate, the condition h ~ R is valid for this type of particle, where h is the height and R is the
radius of the spongy-like particle.

From the above consideration, it is clear that the spongy-like particles are formed at the
low overpotentials in the conditions of slow nucleation. With the increasing overpotential of
electrodeposition, the nucleation and deposition rate increase leading to inhibition of the spongy-
like growth. At the higher overpotentials close to the plateau of the limiting diffusion current
density, the large grains, often referred as boulders, are obtained (Fig. 5). The shape of these
grains, as well as their formation close to the plateau of the limiting diffusion current density,

clearly indicates that there is a similarity with formation of cauliflower-like particles during Cu
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electrodeposition [20]. In this way, mechanism of Zn electrodeposition will additionally approach
to mechanism of electrodeposition of the intermediate metals.

Then, formation of the large grains or boulders shown in Fig. 5 can be considered as
follows: analysis of these grains at the higher magnification (Fig. 5e and f) revealed that they are
formed by the pyramid-like growth, as proposed by Diggle et al. [34] for the dendritic growth.
The similar to parabolic protrusion, the spherical diffusion layers are formed around the tips of
pyramid-like protrusions as illustrated in Fig. 11. In the initial stage of electrodeposition, the
height of a protrusion is small, h — 0, and then, r — oo since R = 0. The spherical diffusion layer
cannot be formed around such protrusion and the growth process occurs in the conditions of
linear diffusion control following mechanism of non-dendritic amplification of surface
coarseness (Fig. 5a — c) [20]. The height of pyramid-like protrusions increases with a quantity of
passed electricity (h > R) and then, the spherical diffusion layers can be established around the
tips of such protrusions causing the decrease of the radius of the tip in accordance with Eq. (9). If
pyramid-like protrusion is sufficiently far from the other ones, the spherical diffusion layer can be
formed around the whole protrusion enabling the growth of second generation of protrusions
inside the diffusion layer of the initially formed protrusion, as seen in Fig. 5e. In this way, a

similarity with formation of cauliflower-like particles of copper is proved [20].

R

Figure 11. Shematic presentation of pyramid-like growth.
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This established similarity with copper electrodeposition processes also persists during
electrodeposition inside the plateau of the limiting diffusion current density and at the higher
ones. The dendritic growth has been already initiated at an overpotential of 125 mV belonging to
the plateau of the limiting diffusion current density (Fig. 6). The critical overpotential for
initiation of dendritic growth, 7; can be presented by Eq. (10) [20, 48]:

=2 gp o (10)
23 o

From Fig. 6b and d, it is necessary to note that some of the formed dendrites have not the
tip as one of the basic characteristics of dendritic growth, but they show well defined plane which
indicates that the growth occurs predominately in the conditions of cylindrical diffusion [47]. The
increasing overpotential inside the plateau of the limiting diffusion current density leads to
formation of dendrites in accordance with Wranglen's definition of dendrites. According to
Wranglen [49], a dendrite is a skeleton of a monocrystal and consists of a stalk and branches,
thereby resembling a tree. The dendrite consisted only of the stalk and primary branches are
referred as primary (P) dendrite. If the primary branches in turn develop secondary branches, the
dendrite is called secondary (S). The two-dimensional (2D) dendrite refers to dendrites with
branches that lie in the same plane as that of the primary stalk [49].

Zinc dendrites with a defined stalk, but without defined branches are formed at an
overpotential of 150 mV (Fig. 7). The futher increase in overpotential of the electrodeposition
outside the plateau of the limiting diffusion current density leads to formation of more branchy
dendrites. Namely, the dendrites with well defined stalk and primary branches are formed at an
overpotential of 225 mV in the zone of the fast increase of the current density with increasing
overpotential after the inflection point (Fig. 8a, b and e). The critical overpotential for the
instantaneous dendritic growth, 7 is defined by the end of the plateau of the limiting diffusion

current density (the inflection point) and given by Eq. (11) [20, 48]:
b, |ij (o)
T=33 [jo(hJ ] (10)

where ¢ is the diffusion layer thickness and y = % [50].
g
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In this case, h >> R, k — o (Eq. (6)), and according to Eq. (5), j_, — . The current

density on the tip of a protrusion (Eq. (7)) transforms into the form jip— jo (fc — fa) >>j. This
means that the tip of a dendrite protrusion grows under pure activation control outside the
diffusion layer of the macroelectrode. Inside it, it grows under the activation control relative to
the surrounding electrolyte, but under mixed activation-diffusion control relative to the bulk
electrolyte [20, 34, 51]. Hence, the fast increase of the current density with increasing
overpotential after the inflection point can be ascribed to the activation control at the tips of
dendrites in accordance with Diggle, Despié¢, Bockris theory [34], where the tips of dendrites
grow under the activation control while electrodeposition on the macroelectrode is
simultaneously diffusion controlled process. It is necessary to note that the tips of both stalk and
branches contribute to this fast growth of the current density after the inflection point.

Aside from the well defined dendrites, holes which origin is of detached hydrogen
bubbles are also formed by electrodeposition of Zn at 225 mV (Fig. 8c and d). The number of
formed holes was relatively small, and formation of well defined dendrites around the position at
which hydrogen evolution is commenced clearly indicates that evolution of hydrogen was
insufficient that achieve any influence on the hydrodynamic conditions in the near-electrode
layer. In this way, the growth of the current density after the inflection point was only due to the

activation control at the tips of dendrites.

4. Conclusion

The processes of electrodeposition of zinc from the alkaline electrolytes have been
investigated by the analysis of the polarization characteristics and the scanning electron
microscopic (SEM) analysis of deposits obtained in the potentiostatic regime of electrolysis.

The exchange current densities for the processes of Zn electrodeposition estimated in the interval
between 18.4 and 88 mA cm™ by comparison of the experimental and simulated polarization
curves were in a line with those found in the literature, and larger than those determined by
chronopotentiometry. Using the general theory of disperse deposits formation, mechanism of
formation of specific disperse forms, such as spongy-like, large grains (boulders) and dendrites of

various shape, was explained. All these surface morphologies were formed from protrusions or
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irregularies at the electrode surface characterized by a height (h) and the radius of base (R). The
final morphology of electrodeposited Zn is determined by the different rates of growth in a
function of overpotential of the electrodeposition, and hence, by the ratio between the height and
radius of protrusion.

The spongy-like particles are constructed from filaments at the nano level and the growth
of filaments commences from a hemispherical nuclei for which hs = R. In the growth process, due
to the larger current density at the tip of nuclei, hs becomes larger than R and their transformation
in a protrusion like filament takes place. For the spongy-like particles, the condition h ~ R is
valid, where h is the height of the whole spongy-like particle.

The large grains or boulders are formed by the pyramid-like or by the growth at the screw
dislocation in the conditions of non-dendritic amplification of surface protrusions for which h > R
is valid. The both spongy-like particles and boulders were formed at the overpotentials before a
reaching of the plateaus of the limiting diffusion current density.

The dendrites are formed at overpotentials belonging to the plateau of the limiting
diffusion current density and at the higer ones. The shape and ramification of dendrites increased
with increasing the overpotential of electrodeposition. In the case of dendritic growth, the
condition h >> R is fulfilled, and the tips of dendrites grow under the activation control, while the
growth at the flat part of electrode surface is diffusion controlled process.

From point of view of polarization and morphological characteristics, it is concluded that
mechanism of Zn electrodeposition is more similar to a mechanism of electrodeposition of
intermediate metals (Cu, the complex electrolytes of Ag, Au) than to mechanism characterizing

electrodeposition of the other normal metals like Pb and Ag (the simple electrolytes).
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Research highlights

e Zinc is electrodeposited potentiostatically from the zincate electrolytes.

e The polarization characteristics of Zn were correlated with the surface morphology.
e The exchange current density for Zn was estimated in the range 18.4-88 mA cm™.
e A new insight in mechanism of Zn electrodeposition is presented.

e The general theory of disperse deposits formation is used to obtain a new insight.



