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The Electrocrystallization of Zinc from Alkaline Media

M. Y. Abyaneh, J. Hendrikx, W. Visscher, and E. Barendrecht*
Eindhoven University of Technqlogy, Laboratory for Electrochemistry, 5600 MB Eindhoven, The Netherlands

ABSTRACT

‘The initial stages of the electrocrystallization of zinc from an alkaline electrolyte onto a polycrystalline silver substrate
are investigated using the potential step method. I the overpotential region where the reaction is predominantly controlled
by charge transfer, computer analysis of the experimental current-time transients with detailed models of nucleation and

growth is possible. This gives information about the kinetics

of the reaction and the morphology of the crystal growth. It is

concluded that the electrocrystallization of zinc proceeds via nucleation and growth, first ofa thin layer of primary centers,
having low angie of contact at low overpotentials, and subsequently by alayer, which starts to grow via secondary centers,

formed at the sites where the primary centers coalesce.

The electrocrystallization of zinc has been exten-
sively studied from the technological point of view.
The number of publications on this subject is con-
tinuously increasing due to the promising features of
zinc as electrode material in rechargeable batteries.
The complexity of the behavior of this metal as an
electrode is evident from different types of studies
and contradictory data found in the literature. Only
few investigations [see for example references (1, 2)]
have been carried out on the first stages of the depo-
sition of zinc. However, these studies still lack the
detailed analysis of the very initial stages such as
the initial formation of monolayers and the initial
nucleation and three-dimensional growth of centers.

It is now well established (3) that detailed informa-
tion about the kinetics of electrocrystallization can
be obtained readily from the initial stages of the po-
tentiostatic deposition on foreign substrates. The elec-
trocrystallization of nickel, an irreversible process,
was recently examined (4) by this technique and it
was shown that the computer-based analysis of the
initial stages of the deposition (5), according to the
relevant general electrocrystallization models (6),
gives direct information as to the kinetics of nuclea-
tion, the kinetics of crystal growth in two and three
dimensions, the morphology of the deposit, and the
role of “overlap” of growth centers, ete.

The main aim of the work reported here is to ex-
plore the extent to which such studies can be used to
derive similar information about a reversible process,
the electrocrystallization of zinc.

Theory

Derivation of current-time equations for electro-
crystallization processes requires as a prerequisite the
correct calculation of the actual area of growth centers
at any time, t, prior to and after the coalescence of
centers. It was pointed out recently (7, 8) that the
statistical treatments of overlap (9) used for such
calculations account for all ingestion of sites due to
their coverage by the growth processes, but ingestion
of sites due to the conversion of sites into nuclei are
not accounted for; this type of ingestion must then be
taken into consideration by introducing a nucleation
law (7, 8)

=§ (1 — exp — AD) i1

where A (nuclei em—2 sec—1) is the initial rate of
nucleation, A’ (sec—1) is the rate of conversion of a
site into a nucleus, and N (nuclei cm™2) is the total
number of nuclei that can be formed in time t in the
absence of growth processes. If nucleation is progres-
sive in time and occurs at only No (cm—2) preferred
sites, then the total number of nuclei that can be
formed in the absence of growth is given by
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whereas for the case of progressive nucleation in the
absence of such preferred sites

A 1L t3]
Z_

are?
where r. (cm) is the critical size of a nucleus and «
is a packing factor.

General current-time equations for nucleation and
two-dimensional growth of centers together with the
concurrent hydrogen evolution (6) give rise fo a
transient shown in Fig. 1. The initial current in' this
case rises with time according to

[4]

where 2 = n = 1 depending on whether A’ is very
large (n = 1 for A’ = o) or very small (n = 2 for
A’ very small compared to the overall rate of the pro-
cess). The steady-state current is due to hydrogen
evolution on top of the monolayer deposit.

The general current-time equation for nucleation
and three-dimensional growth of centers whose shapes
are approximated by right-circular cones, Fig. 24, is
given by (6)

i~tn
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Fig. 1. Theoretical current-time transient due to the two-dimen-
sional nucleation and growth together with evolution of hydrogen
(on the tops and at the edges of the growth centers).

2654



Vol. 129, No. 12

substrate

Fig. 2A. Growth of right-circular cones, viewed at four different
times.

where k’ (mols em~2 sec™!) and k (mols cm—2 sec™1!)
are the rates of crystal growth in the direction per-
pendicular and parallel to the substrate, and M (g
mol-1) and p (g cm—3) are the molecular weight and
the density of the deposit, respectively.

Equation [5] has two limiting forms. If the nuclea-
tion is instantaneous (i.e., A’ = «; N = A/A" = No),
the current-time equation is given by

— xM2k2N,
12
o? }

i=zFkK’ { 1—exp [6]

If the nucleation is progressive and 1/A’ is large com-
pared to the overall time, the current-time equation

is given by
— ntM2k24 )
i=2FKk { 1 — exp ———13 [7]
{ 8p% }
The above Eq. [5], [6], and [7] predict an asymptotic
approach of current to a constant value, zFk' (A
cm—2), Fig. 2B. However, the transients for the deposi-
tion of nickel (4, 5) and cobalt (10) on a vitreous
carbon electrode show that the current goes through
a maximum. The appearance of this maximum current
in the initial stages of the potentiostatic deposition of
nickel has been explained by the mechanism of “death”
and synchronized “rebirth” (5) of new centers: a
mechanism also observed (i1i) by electron microscopic
studies of the initial stages of the deposition of nickel
onto {111} single crystal copper.

It has recently been shown (12) that nucleation,
growth, and overlap of hemispherical centers, also
considered later in this paper, can adequately explain
the transients of the electrocrystallization of nickel
without further assumptions of death and rebirth pro-
cesses.

Experimental

The electrocrystallization of zinc was studied on
silver electrodes in alkaline zincate solutions. Measure-
ments were made in a conventional three-compart-
ment cell at 295 + 1 K, using a Wenking potentiostat
(68 FR.5) and a Universal Programmer (PAR 175);
the current-time transients were recorded on a Kipp

current —»

zFk'

time —
Fig. 2B. Current-time transient according to Eq. [5]
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(BD8 multirange) chart recorder. The reference elec-
trode is an Hg/HgO electrode and all potentials are
given with respect to this electrode. The counterelec-
trode is a high purity zinc rod.

A polycrystalline silver rod electrode of purity
99.95% and 6 mm in diameter, embedded in KelF was
polished with successively finer grades of alumina
(down to 0.05 um); the electrode was then cleaned by
pouring first fast running tap water and then doubly
distilled water over it. The experimental work was
carried out in 10M KOH + 0.5M ZnO solutions pre-
pared from AnalaR Chemicals and doubly distilled
water. The solutions were freshly prepared prior to
each set of experiments.

The Ag electrode, in each experiment, was in-
serted into the cell at 0.0V; the potential was then
stepped to the value E: (which was previously de-
termined as being the rest potential of a pure zinc
rod in the solution in use) for a period long enough
for the background current to fall to a steady low
value. Next, a further step to the appropriate working
potential was applied so as to initiate the electro-
crystallization of zinc. The overpotentials, here de-
fined as the difference E — E,, were varied between
24 and 35 mV.

Results

General features of the initial stages of the electro-
deposition of zinc.—Figure 3 illustrates the initial part
of the current-time transient observed for the po-
tentiostatic deposition of zinc onto a polycrystalline
silver electrode at a potential of — 1.381V (E, =
—1.355V). In the time range 0 < t < t; the deposition
of a layer can be observed (peak A).

At t > t; nucleation and three-dimensional growth
of centers take place. The growth of these centers in
the direction parallel to the substrate is impeded by
their coalescence during the later stages. The current
goes through a maximum at t = t2 (peak B) and de-
creases rather slowly compared to the rising portion
of the transient. Figure 4 shows the longer time fea-
tures of the transient shown in Fig. 3. It can be seen
that the current after falling to a relatively low value
at t = t; slowly rises again, indicating the rebirth of
new centers on the top of the underlying deposit and
their subsequent growth into the solution. Successive
increase in overpotential drastically decreases the
time scale and increases the current scale at which
peaks A and B occur (see Fig. 5at E = —1.385V and
Fig. 6 at E = —1.390V). Overlap of the two transients
(one observed at t < t; and the other at t > ty, Fig. 3)

!

current density (mA.cm~2)

0 i i [ L i 1
100 t2 200 300

time(s) —

Fig. 3. Initial part of the current-time transient of the deposition

of zinc onto a polycrystalline silver electrode at —1.381V (vs.

Hg/HgO).
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Fig. 4. The extended longer time part of the transient shown in
Fig. 3. .
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Fig. 5. Initial part of the current-time transient of the deposition
of zinc onto a polycrystalline silver electrode at —1.385V (vs.
- Hg/HgO).
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Fig. 6. Initial part of the.current-time transient of the deposition
of zinc onto a polycrystalline silver electrode at —1.390V (vs.
Hg/HgO).
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and a larger increase of the current peak A, with
respect to that of B, is also observed.

_Detailed analysis of the initial stages.—The forma-
tion of the layex: of deposit observed in the time range
0 <t < t; (Fig. 3) is by no means the first layer
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formed on a silver substrate. Potential sweep measure-
ments (Fig. 7) show, at cathodic potentials smaller
than that of Fig. 3, monolayer/adsorption peaks prior
to the formation of this layer, as also found in Ref.
(13). The relatively large, diminishing background cur-
rent observed in Fig. 3 at the very beginning of the
transient is thus mostly due to fast formation of these
initial layers which, however, are not investigated in
this paper. If the layer, observed in the above time
range is assumed to be formed via a two-dimensional
nucleation and growth process with concurrent evolu-
tion of hydrogen at the edges and on the tops of the
growth centers, then at time t; (when the monolayer
formation is completed) the current is given by

i = 2Fkn [8]

where kg (mols em—2 sec™!) is the rate constant for
the evolution of hydrogen on the top surface of the
full layer. The nucleation and three-dimensional
growth of centers must then take place on the top of
this already deposited layer. Assuming right-circular
.cone growth forms, the total current-time equation
describing the transient, in the time range t; <t < tg,
is given by Eq. [5] and [8]

i=i Fi'd 1 [ e ((t £1)2
i= ’ —exp [ — ——— -

tH -} 2 { Xp yos 1

2(t — t1) 2 2 ,
———-A—,-——+Z;-2-——EeXP—A(t—t1))]} 9]

provided that there are no other processes, such as the
death and rebirth of crystal growth. Figure 8 is the
computer fit of the experimental transient, Fig. 3, in
the above time range to this equation. It is worthwhile
to note that the nucleation rate constant 4’ (sec™?!) is
directly obtained by this computer fit.

A computer fit of the same experimental data of Fig.
3 in this time range, t; < t < tg, to the simplified form
of Eq. [9] for progressive nucleation (Eq. [7] + 81,
shows that the fit is slightly less than in Fig. 8 (stan-
dard error of fit: 0.17 10~1 mA cm™2), indicating that
Eq. [7] is indeed only an approximation of the general
relation (Eq. [51).

The current-time transients obtained at higher po-
tentials [E = —1.385V (Fig. 5); E = —1.390V (Fig.
6)] show that here, evidéntly, the mechanism of two-
dimensional nucleation and growth can no longer be
an adequate description of the first transient peak. In-
deed, when these transient data are fitted to the cur-
rent-time equations (describing monolayer formations

&
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Fig. 7. Cyclic voltammogram of a polycrystalline silver electrode
in 10M KOH 4 0.5M ZnO; sweep rate:. 10 mV/sec; first sweep,
after polishing, between 0 and —1.33V.
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Fig. 8. The part of the current-time transient shown in Fig. 3in
the time range 81 < t < to. ---: Experimental data; —:
theoretical fit of Eq. [9]. Derived parameters: in = 0479 £

0.003 (mA cm~2), kK = (0.931 = 0.002) 1078 (mols em™2

sec—1), k2ZA/A’ = (0.161 = 0.003) 10~6 (mols cm~$ sec—2),
A = 0.11 = 0.02 (sec™1), t; = 24.3 = 0.8 (sec). Standard error
of fit: 0.36 102 (mA em—2),

simultaneously with nucleation and three-dimensional
growth of centers on the.top of the two-dimensional
growth centers), large negative values for the evolu-
tion of hydrogen and negative rate constants are ob-
tained; i.e., this model is no longer operative.

In order to explain the current-time behavior at
higher potentials we propose a model in which nuclea-
‘tion and three-dimensional growth of primary centers,
having low contact angle, ¢, (Fig. 9) at low overpoten-
tial, are followed by nucleation of secondary three-
dimensional growth centers at the junctions where
coalescence of the primary centers occurs. We assume
in this model that the nucleation is instantaneous. The
derivation of the current-time equation for this model
is straightforward. The current, iy, due to the instanta-
neous nucleation and three-dimensional growth of
primary centers is given by Eq. [6] in the following
notation

. —aM2kp2Not2

ip = 2ZFky’ (1 — €XPp ————2-—-———-) [10]
where subscript p denotes that the rates belong to the
nucleation and growth of primary centers. After an
induction time, t;, growth of secondary centers starts
at junctions where primary centers have coalesced.
The growth of secondary centers affects the total cur-
rent in two ways, first by decreasing the current (due
to the decrease in the actual area of the primary cen-
ters) by an amount of

. —aM2ks2Ng
t—p = Zka’ 1-— exp-—z——- (t—1t1)2 [i1]
P
and second by increasing the current by
) ' —aM2ks2N, )
is = 2Fks { 1 —exp ‘ (t—t1)2 ) [12]
.p
kl
; S . secondary
kp t ¥ centres
/\/\/\/\/\ centres
=S
9/ substrate

Fig. 9. Growth of secondary right-circular cone centers at sites
where primary centers coalesce. § = contact angle of the primary
centers.
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where subscript s refers to the secondary centers. A
complete decription of the transient, Fig. 5 and 6, up
to the second maximum must, moreover, also include
the initial diminishing background current. If we as-
sume that the fall in the background current, i, is re-
lated to the coverage of the primary growth centers,
then

. . —aM2k2Not2-
ip = ip’ €xXp [13]
s 2
where iy’ is the value of current observed at ¢t = 0.
The total current is then given by
=iy ip for t=1; [14]

and by

i=ip4ip—i—p+is for t=1; [15]

Figures 10 and 11 show the computer fit of the ex~
perimental transients at potentials of —1.385 and
—1.390V to the above Eq. [14] and [15]. In Fig. 12, ks,
the growth rate constant of the secondary centers in
the direction perpendicular to the substrate is plotted
against the overpotential. In this small potential re-
gion a nearly linear relation is obtained, indicating
that the linearized form of the Butler-Volmer rela-
tion is valid

2Fn
RT

in which 4, is the exchange current density. The cal-
culated i, value is about 100 A/m?2 (related to the geo-
metric area of the electrode). In the literature (14-16)
i, values of 200-3100 A/m? are given. It is a moot
guestion whether this i, value can be compared with
the i, values for the Zn = Zn2+ reaction, as determined
in the literature. The growth of the secondary centers
starts after an induction period (t;) which decreases
at higher overpotentials. _

The reproducibility of the derived parameters is
good, if we take into account the variation in the sur-
face of the silver substrate for each experiment and
the sensitivity of the different parameters on the over-
voltage. The transient according to Eq. [15] and [9],
however, deviates from the experimental data at
longer times as Eq. [15] and [9] predict an asymptotic
approach of current to a constant value. This is dis-
cussed later on.

i=2Fks = io {16]

1k

(v} " 1 " " " A L N

0O 4 8 12 16 20 24 28 32

time{s)—

Fig. 10. (Initial) current-time transient of the deposition of
zinc onto a polycrystalline silver electrode at —1.385V (vs. Hg/
HgO). + 4 : Experimental data; —: theoretical fit of Eq. [14]
and [15]. Derived paramcters: iy’ = 1.69 = 0.04 (mA cm™32),
ky = (0.1429 == 0.0002) 10~7 (mols cm—2 sec™1), kp?No =
(022 = 0.01) 10~2 (mols2 ecm~8 sec™2), k&' = (0.2973 =
0.0002) 10—7 (mols em—2 sec—1), ks2Ng = (0.309 = 0.003) 104
(mols em—8 sec—2), #; = 5.26 = 0.03 (sec). Standard error of
fit: 0.68 102 mA cm—2,

current density(mA.cm-?) —s
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Fig. 11. Initial current-time transient of the deposition of zinc
onto a polycrystalline silver electrode at —1.390V (vs. Hg/HgO).
---+: Experimental data; ——: theoretical fit of Eq. [14] and
[15]. Derived parameters: iy’ = 2.78 =+ 0.03 (mA cm™2), ky’ =
(0.375 =% 0.002) 10~ 7 (mols em—2 sec—1), k;2Ng = (0.30 = 0.01)
10—2 (mols2 em—9% sec™2), k' = (0.465 = 0.002) 10—7 (mols2
em—2 sec™1), k2Ng = (0.16 == 0.02) 10—3 (mols2 cm—¢ sec—2),
t; = 1.5 = 0.2 (sec). Standard error of fit: 0.25 10—2 mA cm~2),
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Fig. 12. Plot of zFks’ against m. ks’ = rate of igrowth of the
secondary centers in the direction perpendicular to the substrate,
as obtained by curve fitting, -

Experimentally the current increases again after a
decrease beyond point B, resulting in'a minimum at
t = t3 (Fig. 4). On fitting the equations for nucleation
and three-dimensional growth of centers to the tran-
sient, Fig. 4, at t > t3, a good fit is obtained, indicating
that the deposit in this range is again formed via the
nucleation and 3-dimensional growth. This deposit
appeared to be mossy.

Discussion

The transient behavior of nucleation and growth of
conical forms were considered in the theoretical sec-
tion. The initial transient current is governed mainly
by factors that affect the coverage of the substrate,
such as the shape of the basal plane of the growth
centers and the operative nucleation and growth laws.
The actual topography of the centers exerts influence
after their coalescence and becomes the dominating
factor for the transient shape after the full coverage.
The very good fit of the transients for zinc to the
equations indicates that the nucleation and three-di-
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mensional growth of centers are indeed responsible for
the initial stages. We note that models based on right-
circular cone growth forms predict an asymptotic ap-

~ proach of current to a steady-state value and further

assumptions about the cessation of growth above and
over that due to the coalescence are necessary. Fur-
thermore, the current-time transients over a range of
overpotentials were explained by two models, one at
low (Fig. 3) and the other at higher overpotentials
(Fig. 5 and 6). We like to point out that the above

- models can be replaced by only one model in which no

further assumptions are needed. In this model (Fig. 13)
spherical-cap growth centers instead of right-circular
cones are considered. Whereas continued growth of the
conical centers following overlap preserves the topog-
raphy of the surface, Fig. 2A (so that the current ap-
proaches a limit, Fig. 2B), the continued growth of
spherical cap centers leads to a smoothing of the sur-
face, Fig. 14A (with hemispherical caps). The cur-
rent-time equation based on nucleation law (1) for the
growth of such centers is complicated; here we only
consider the current-time equations developed (12)
for the nucleation and growth of hemispherical centers
(¢ = n/2 in Fig. 14A) based on the two limiting cases
of (i) instantaneous conveérsion of Ny (em~—2) sites into
nuclei, for which the current is given by

. 22FrM2k3Not ( wM2Ic2N ot2 )
{ > —————eXp — ——
P o?
j‘t xM2k2N gu?
exp ————

o

du [17]

and (ii) progressive nucleation when 1/A4’ is large
compared to the overall time of growth for which

FrM2k3 M2k2A L3 t
2Fx Aexp(—“ )f (1 — 2)
3P2 (]

—M2K2A
3p?

Both these equations predict @ maximum in the cur-
rent-time behavior, Fig. 14B, except that Eq. [17]
predicts an initial current rise proportional to the
square of time whereas Eq. [18] indicates an initial
rise proportional to the cube of time; both transients
reach a steady-state value of 2Fk at extendéed times.
However, the correlation between experimental data
and theoretical equations is not yet made.

1oy
o2

exp - (20 — 3tur)du [18]

ks secondary

centres

kp T
~ < P centres
R N

9’ substrate

ng. 13. Growth of secondary hemispherical centers at sites where
the primary centers coalesce.

R
T N N

AR

substrate

Fig. 14A. Growth of hemispherical cap centers viewed at four
different times. .
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current —»
|

zFk'

time —
Fig. 14B. Theoretical current-time transient for the mechanism of
crystal growth, illustrated in Fig. 14A.

In order to find out whether the peak currents ob-
served in Fig. 3, 5, and 6 are due to any transport
processes, the deposition of zinc onto a rotating Ag
disk electrode is studied.

The current-time transient (Fig. 15) of the poten-
tiostatic deposition of zinc onto a rotating disk elec-
trode also shows the presence of peak currents, indicat-
ing that these currents are indeed caused by the de-
. crease of the area of the deposit after coalescence.

In practice zinc is deposited at high rates where the
reaction is predominantly controlled by the diffusion
of species through the solution. Here we have only
studied the deposition at low rates, i.e., at low over-
potentials, as the detailed information about the nu-
cleation and growth mechanism can be easily followed
and understood under these conditions. Further in-
sight into the complexity of the behavior of zinc is
clearly required for a variety of experimental condi-
tions.

Conclusions

Measured i-t transients for electrodeposition of zinc
from an alkaline medium onto a silver substrate were
compared with calculated transients for models of
crystal nucleation and growth.

The electrocrystallization of zinc is found to go
through the following stages: '

1. Adsorption/underpotential monolayer formation
of zine followed by:

2. The formation of a thin layer by nucleation and
three-dimensional growth of primary centers, with a
low contact angle at low overpotential (24 mV) and
an increase in this_contact angle at higher overpoten-
tial.

3. The formation of a second layer by nucleation
and 3-dimensional growth of secondary centers, at low
overpotential on the top of the first layer and at higher
overpotential at the junctions where the primary cen-
ters coalesce. The primary and secondary nucleation
and crystal growth lead to the formation of a compact
deposit, prior to:

4. Nucleation and three-dimensional growth of cen-~
ters leading to the formation of a loose mossy deposit.
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(vs. Hg/HgO).
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should be submitted by Feb. 1, 1983.
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