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Zinc electrodeposition from alkaline zincate solution
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MILOS V. SIMICIC? and KONSTANTIN I. POPOVY#

4Chemical Power Sources Institute, Batajnicki put 23, YU-11080 Belgrade (E-mail: IHIS@eunet.yu)
and *Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
YU-11000 Belgrade, Yugoslavia

(Received 22 December 1999, revised 26 April 2000)

It is well known that smooth zinc deposits cannot be obtained from alkaline
zincate using constant overpotential and current rate. During prolonged metal deposi-
tion, spongy and dendritic deposits are formed. It has been shown that the deposits are
less agglomerated in the case of square-wave pulsating overpotentials regime than the
ones obtained in case of constant overpotential regime. This is explained in a semi-
quantitative way by two phenomena: selective anodic dissolution during overpotentials
“off” period and decreasing diffusion control. These effects is more pronounced at
higher pause-to-pulse ratio. Increasing the pause-to-pulse ratio causes a reduction of the
ratio between diffusion and activation overpotential, resulting in a more compact de-
posit. Confirmation of the proposed semiquantitative mathematical model was obtained
by zinc electrodeposition onto a copper wire from a 0.1 M zincate solution in 1.0 M
KOH at room temperature.

Keywords: zinc electrodeposition, zincate solution, pulsating overpotential, scanning
electron microscopy.

INTRODUCTION

It is well known that smooth zinc deposits cannot in fact be obtained from al-
kaline zincate solutions at constant overpotentials.!-2 There are three distinct types
of zinc deposits reported in the literature.2—> At low overpotentials, a mossy deposit
is obtained, while at higher overpotentials, near the limiting current, a boulder type
of deposit is formed and upon further deposition the boulders preferentially grow
into dendrites.

However, smooth deposits can be obtained by using pulsating current,© re-
versing current’ and pulsating overpotential electrodeposition.8 It has been re-
ported that the optimum frequency range in electrodeposition at periodically charg-
ing rate is 10-100 Hz.?

Zinc electrodes in alkaline solution are very studied, mainly because this
metal is widely used in electrochemical power sources. However, a short cycle life
caused by its disperse deposit, limits its applicability in this field.
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The purpose of this work was to show the advantage of pulsating over-
potential for the elimination of agglomerates and dendrites during zinc deposition.
This effect is explained in a semiquantitive way by discussing selective anodic
dissolution during the pulsating overpotential “off” period and the reduction of the
diffusion control of the deposition process.

EXPERIMENTAL

The electrolyte used throughout this work was a 0.1 mol dm™ zincate solution in 1 mol dm3
KOH. The solution was prepared from AR-grade reagents and tripledistilled water. A concentrated
zincate stock solution was made by dissolving ZnO in concentrated CO,-free KOH solution at 80 to
90 °C in a flask under reflux in a nitrogen atmosphere. After dilution, the solution was analysed for
zinc by EDTA-titration and for KOH by acidimetric titration. All experiments were carried out in a
three compartment glass cell at 25.0£0.1 °C with a tube for bubbling nitrogen.

Zinc was deposited onto a stationary vertical copper cathode. Prior to each experiment, the
surface of the electrode was mechanically polished with silicon carbide paper (grits 180, 320 and
600) and then with alumina powders (1.0 and 0.3 pm) and etched in 80 % H,SO, solution. The coun-
ter electrode was a high purity (99.99 %) zinc plate and the reference one was a Hg/HgO electrode
connected to a Luggin capilary via a salt bridge of the test solution.

The experiments with constant polarisation electrolysis consisted of setting the electrode at a
constant potential, negative to the rest potential of zinc by means of a PAR-173-potentiostat, for a
chosen period of time. A PAR-276-programmer was employed to apply the square pulsating polaris-
ation. The rest potential of zinc in this solution is a mixed potential set up by the zinc dissolution and
hydrogen evolution like corrosion couple. Since the corrosion current is small, below 1 pA cm™2 and
the exchange current density of the zinc dissolution is high, this rest potential will differ only slightly,
less than 1 mV, from the equilibrium zinc potential.!? In the further text, the term overpotential will be
used instead of polarisation in the aim of simplicity. After a period of deposition, the electrode was
taken out of the cell, washed and dried. The morphologies of the deposits were investigated using a
JEOL JSM-35 TEX scanning electron microscopy.

RESULTS AND DISCUSSION

Typical deposits obtained during deposition at low direct overpotential are
shown in Fig. 1. The spherical agglomerates of filaments that form spongy deposits
was obtained at the applied low overpotentials.

Fig. 1. Zinc deposits at 30 mV a) 25 min, 15000x; b) 25 min, 10000x.
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Separate growing zinc boulders were formed at an overpotential n = 90 mV,
during electrochemical zinc deposition from 0.1 M K»ZnO, in 1 M KOH. After 20
min deposition, the growth of single sponge agglomerates starts at the steps of these
separate growing boulders with hexagonal crystal lattice at the points where they
touch each other, i.e., at the points where boulders come into intimate contact, Fig. 2.

a) | jm
) Fig. 2. Zinc deposits at 90 mV a) 20 min, 6600x; b) 20 min, 10000x.

The formation of needles occurred at an overpotential of 220 mV, when spher-
ical diffusion control can be established only around the tips of growing grains, Fig.
3. The growth of needles is possible only if a critical radius has been reached before
overlapping of the growing grains begins.!!
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Fig. 3. Zinc deposits at 220 mV a) 3 min, 7500x; b) 7 min, 500x.

At a lower overpotential, 1 = 130 mV, overlapping of the growing grains oc-
curs and diffusion to the macroelectrode becomes the rate determine step. Then, de-
position to the grain will be controlled by linear diffusion and dendritic growth will
be initiated,!2 Fig. 4.

Tipycal deposits obtained using a square wave pulsating overpotential are
shown in Figs. 5-8.

It is obvious that the deposits become less disperse and less agglomerated
with increasing “off” period. The following analyse will explain this phenomena. It
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jum
Fig. 5. Zinc deposits at . =30 mV, v=100 Hz. a) p=1,t= 1.5 h, 15000x; b) p=1,1=3.0 h,
15000x; ¢) p=3, T=1.5h, 15000x; d) p =9, T=15.0 h, 8000x.
is well known that the reversible potential difference between a surface with a ra-
dius of curvature, r, and a planar one is:13
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.. pm
Fig. 6. Zinc deposits at . = 90 mV, v = 100 Hz. a) p = 1, © = 25 min, 6400x; b) p = 3, T =30 min,
2300x.

a) i : —
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Fig. 7. Zinc deposits at na =130 mV, v=100 Hz. a) p =1, =10 min, 10000x; b) p=9, t=35

min, 10000x.
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Fig. 8. Zinc deposits at 1 =220 mV, v=100Hz. a)p=3,1=20
10000x.

This makes the equilibrium potential of spongy zinc deposits from 7 to 10 mV

more cathodic than that of zinc foil.!4-16 During the pauses, the tips of curvatures

characterized by small radii dissolve faster than the flat surface. In the case of a

— W e UM
min, 2500x; b) p =9, T =35 min,
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square-wave pulsating overpotential, this effect can be quantitatively discussed:
A square-wave pulsating overpotential is defined by:17

de_ o @)
ot ox*®
and
c(x,0)=co )
(8, 1) = co )
0c(0,0) _ Jo | €0 ol M| _eyp| - )
ox zZFD | ¢, Noe Mo

The surface concentration in pulsating overpotential electrodeposition does
not vary with time at sufficiently high frequencies and

0.0 _y_Juw (6)
¢ Ji

is valid.17 Substitution of ¢(0,)/co from Eq. (6) in Eq. (5) gives

M:jio l_ji exp i —exp _i (7)
ax 2|l ) M

where
1
n, formT <t< | m+——|T,
p +l1
n= | )
0for| m+—— T, <t<(m+1)T,
p +l1
m=0,1,2, ..

Assuming that the surface concentration in pulsating overpotential deposition
does not vary with time, it is easy to show that the current response to the input
overpotential at sufficiently high frequencies is given by:°
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Equations (2-9) are valid for flat electrode surfaces or protrusions with suffi-
ciently large tip radii, when the surface energy term!3 can be neglected. If it cannot be
neglected, the surface energy term affects the reaction rate!8 as defined by Eq. (10)

oc(0,6) _ J, Jav n (ZGV) n
/2= J0 ] -2 lexp| —— |—exp| —— lexp| ———
Ox zFD l:[ JL J p[ Noe P RTr P Mo (10)

The right-hand side of Eq. (7) can be transformed by taking Eq. (10) into ac-
count. The output current during pauses (1 = 0) becomes:

. o). 26V 11
J:Jo[l_Jj J‘JoeXP(RTrj (b
L

The difference between the current density at the tip of the irregularities and
the flat surface during the “off” period, if j,y ~ji , which is satisfied in most cases of
growth of irregularities, is given by:

.. . 26V (12)
AN=7j, — ], exp ——
V= Jo —Jo P( RTI”)

The change of the height of surface protrusions with tip radius r, relative to the
flat surface is then given by:17

dh_p Y (13)
dt zF
and, finally,
h=h, +VJ°[1—exp(20Vﬂt (14)
zF RTr

where

15
[m +1ij<t£(m +DT, (15)
p +l1

Eq. (14) presents the height of the irregularities with tip radius  as a function of
time, relative to the flat surface, or to protrusions with sufficiently large 7. It is obvious
that irregularities with very low tip radii can be completely dissolved during the
off-period. This means that branching of irregularities can be prevented in squ-
are-wave pulsating overpotential deposition. Obviously, the larger the value of p, the
greater the degree of dissolution, as follows from Eq. (14). This effect is more pro-
nounced if n 5 remains constant and p increases, as shown in Figs. 5-8.

From another point of view, the effects of pulsating overpotential on the pre-
vention of disperse deposits can be explained in following way.

The average current density during pulsating overpotential deposition can be
obtained from!7
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Ja =L [l —].“Jexp(n‘*j—pj.“ (16)
p+l Ju Mo JL

If the anodic current density is neglected during overpotential pulses, the
overpotential amplitude is then given by:

Jo

Na = Mo In Lav + Mo ln(p +1+p]°]+noic In| 1, (17)
JL 1- Jav.
Ju

The third term in Eq. (17) corresponds to bulk diffusion control. It remains
constant for a determined average current density regardless of the pause-to-pulse
ratio, whereas the second term, which with the first one presents the activation part
of the overpotential, increases with increasing p. In this way the ratio, , between
the overpotential corresponding to bulk diffusion control and the activation over-

potential (if j,y #j1):

In 1,
s
0= L (18)
ln]f‘v+ln(p +1+%j
]0 ]L

can be reduced, which leads to the formation of less disperse deposits.

The above discussion and experimental confirmation show that the filaments
and the growing grains can be dissolved completely if the pause to pulse ratio is suf-
ficiently high.

This is in accordance with the fact that surfaces with small tip radii have a
more negative reversible potential than flat surfaces, which leads to the selective
dissolution of deposits during the pauses. Those deposits obtained by pulsating
overpotential are more compact compared to deposits obtained at constant over-
potential regime, because the activation part of the overpotential is increased com-
pared with the overpotential corresponding to bulk diffusion control in the total
overpotential, and the average current density is decreased.

NOMENCLATURE

¢ concentration

¢o bulk concentration

D diffusion coefficient

F Faraday constant

h height of a protrusion

hq initial height of a protrusion
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j current density

Jo exchange current density

Jay average current density

Jp limiting current density

m integer

p pause-to-pulse ratio

R gas constant

r tip radius of a protrusion

T temperature

T, period

¢t time

V' molar volume

x coordinate in the horizontal direction
z number of electrons

o surface energy

d thickness of the diffusion layer

1 overpotential

na amplitude overpotential

2.31¢ slope of the cathodic Tafel line
2.31¢ 4 slope of the anodic Tafel line

NM3BOJ

TAJTOXEWBE HMHKA ITYJICUPAJYHRUM ITIPEHAIIETOCTUMA N3 HMHKATHUX
PACTBOPA

MWJIOI B. CUMWUYNB* 1 KOHCTAHTUH U. [TOTTOB®

*Uncimiuintyiti 3a xemujcke ussope ciupyje, Baitiajuuqxu ityiti 23, 11080 Beozpad u 6Texuonomr<o—wtemaﬂypmxu
cpakyaitiein, Kapnezujesa 4, 11000 Beozpao

ITo3Haro je fa ce rmaTku Tajo3d LMHKA He MOTY NOOMTH NMPUMEHOM KOHCTaHTHE
IIPEHANETOCTU UMK KOHCTaHTHE cTpyje. IIpu npopyKeHoM TalloXewy HacTajy cyHbepacTu
UM JEHAPUTUYHY Tajo3H. IToka3aHo je Aa ce NpUMEHOM IIpaBOyraoHe Iyncupajyhe mpe-
HameTocTu fobujajy KoMnakTHUju Tano3u. OBO je oGjallmheHO Ha ceMU KBaHTHUTATUBAH
Ha4MH NIPEKO CEJIEKTUBHOI aHOJHOI pacTBapama TOKOM Tpajaia Nay3e U CMambeHheM -
¢y3uone KoHTpone npoueca. OBaj edekar je Bullle U3paxkeH pu Behum ogHoCHMa Tpajamba
nayse npema Tpajawy nyica. IToBehame ofHOca Tpajama nay3e Npema Tpajamy IyJica
cMamyje yTulaj Augy3noHe IPeHaneToCT! Y YKYIHOj IPEeHANeTOCTH, IPU YeMY HacTajy KOM-
NAKTHUjU Tano3u. IToTBpaa mpeaioxkeHor MaTeMaTHUKOr MOfiesla [T0Ka3aHa je IpU Tallo-
>Kely IIMHKA Ha GaKapHy eJeKTPOAy U3 pacTBOpa LIUHKATa Ha COGHOj TeMIepaTypH.

(ITpumsbeno 22. nenem6Opa 1999, pesugupano 26 anpuia 2000)
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