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The initial stages of Zn-Ni electrodeposition were investigated by electroche-
mical quartz crystal microbalance. The mass change dependencies recorded
in the region of anomalous codeposition under constant current or constant
potential conditions exhibited three distinctive regions: 1) the initial mass
growth, which was much higher than that predicted by Faraday’s law and was
attributed to precipitation of hydroxides on the surface; 2) a decrease in
mass due to hydrogen evolution, and 3) a rectilinear increase in mass due to
alloy deposition. Such a behavior was explained in terms of the so-called
hydroxide suppression mechanism, which explains anomalous zinc codeposi-
tion with iron group metals. The reported data are in agreement with the
EQCM results obtained previously for Zn—Co anomalous codeposition.
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INTRODUCTION

Investigations of codeposition of iron group metals
with zinc have attracted considerable attention in
the last decade because of an exceptional technolo-
gical significance of Zn-Ni, Zn—-Co and Zn-Fe allo-
ys. It is common knowledge that the corrosion re-
sistance of these alloys is significantly higher than
that of pure zinc. In spite of numerous investiga-
tions of Zn-Ni alloy deposition [1-21], the mecha-
nism of the process is not well understood. Electro-
chemical codeposition of zinc with nickel is known
as anomalous one, because reduction of the less nob-
le zinc is preferential. The existing interpretations
of the anomalous codeposition are equivocal. An
underpotential deposition hypothesis was proposed
in [22], according to which the deposition proceeds
continuously on a surface which is different from
the parent metals, and therefore deposition of the
less noble component is preferential. Ohtsuka and
Komori have recently supported the underpotential
deposition mechanism by the information obtained
using in situ ellipsometry [1]. Mathias and Chapman
[2, 3] and Landolt [4] attributed anomalous codepo-
sition to different kinetic behaviour of both compo-
nents. Interaction of Ni and Zn nuclei with develo-
ped hydrogen was concluded to be responsible for
preferential Zn deposition [5, 6]. An inhibiting de-
position of the alloying additive was explained in
terms of the retardation effect of zinc hydroxide pha-
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se included in the alloy matrix [7]. Authors of [8]
suggested that an intermediate (NiZn)* , forms du-
ring alloy deposition, which is a cause of anomalous
codeposition. It has been found in [9] that anoma-
lous Zn-Ni codeposition occurred only in the far
cathodic region of the voltammetric curve, where
intensive hydrogen evolution took place. In contrast
to normal codeposition, the anomalous one was not
influenced by mass transport rate.

The hydroxide suppression mechanism (HSM)
was suggested by Dahms and Croll in their discus-
sion of iron-nickel anomalous codeposition [23]. This
mechanism was suggested also for zinc—cobalt and
zinc-nickel codeposition by other authors [24-26].
The HSM implies a rise in pH in the vicinity of the
cathode during electrolysis and precipitation of a zinc
hydroxide film, which prevents deposition of the
nobler component. The suggestion of the precipita-
tion of zinc hydroxide was supported also by the
results obtained using electrochemical quartz crystal
microbalance (EQCM) [10]. By EQCM an anoma-
lously high mass growth was detected in the initial
stages of Zn—Co deposition, which was explained in
terms of precipitation of zinc hydroxide on the sur-
face. A strongly suppressed nickel codeposition in
acetate bath was also explained by formation and
adsorption of zinc hydroxide on the electrode [11].

Hence, interpretations of anomalous Zn-Ni co-
deposition are equivocal, and therefore additional
experimental data are needed to support any of the
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proposed mechanisms. In the present study, Zn-Ni
deposition was examined by EQCM. This in situ
technique, due to high sensitivity to mass changes,
is capable of providing important information about
hydroxide precipitation, hydrogen evolution and al-
loy deposition.

EXPERIMENTAL

The plating bath contained 0.84 M ZnSO,7H,O and
1.36 M NiSO,-6H,0. The solution was acidified to
pH 1.6 by H SO,. The reagents of analytical class
purity and triply distilled water were used to prepa-
re the plating bath.

The working electrode was made of gold in a
Teflon frame. The working surface was 0.78 cm?
The reference electrode was a saturated Ag/AgCl
electrode, and platinum foil served as a counter elec-
trode.

The voltammetric measurements were performed
by using a PS-305 potentiostat from Elchema (USA)
in a standard three-electrode one-compartment glass
cell. The solution temperature was maintained by a
thermostat at 25 °C.
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Fig. 1. Potentiodynamic voltammetric dependencies obtai-
ned using gold electrode at potential sweep rate 5 mv/s
in the solutions: 1.36 M NiSO, (1), 0.8 M ZnSO, (2) and
1.36 M NiSO, + 0.8 M ZnSO, (3). The solutions have
been adjusted to pH 1.6

EQCM measurements were conducted us-
ing quartz discs produced by Quartzverarbei-
tung (Germany), their fundamental frequency
being f = 5 MHz and d = 15 mm. Both qu-

Table. 1. Molar ratio Ni/Zn in the coatings obtained at dif-
ferent electrode polarizations in 0.84 M ZnSO, and 1.36 M
NiSO, solution (pH = 1.6)

artz sides were plated with gold 200 nm thick | E, V, . -0.5 [ -0.6 | -0.68/ -0.77|-0.85 | -0.9 | -0.98 |-1.18
using the standard vacuum thermal evapora- ™1\ rza) [1.77 | 233 | 3.74| 1.96 | 135 | 0.7 | 026 | 0.13
tion technique. The geometric area of the wor-

king electrode was 0.78 cm? According to [27],

a theoretical proportion coefficient between changes
in quartz oscillation frequency and added electrode
mass is 18 ng Hz' cm™, when the main resonance
frequency is f = 5 MHz. The EQCM device used
has been described elsewhere [28].

The nickel content in the alloy was determined
by atomic absorption spectroscopy after dissolution
of the coatings in hydrochloric acid. A Perkin-El-
mer 603 machine has been used for analysis.

RESULTS AND DISCUSSION

Figure 1 shows potential vs. current density depen-
dencies recorded using a gold electrode in solutions
containing Ni**, Zn** and the both. Marked catho-
dic currents appear below ca. —0.5 V, and limiting
currents are observed in all solutions in appropriate
potential regions.

Coating compositions deposited at different po-
tentials are shown in Table 1.

Let us remember that the molar ratio [Ni**]/
[Zn**] in the solution is 1.45. Comparing this value
to the analogous one in the coatings, we can see
that anomalous Zn-Ni deposition takes place at —

0.9 V, -0.98 and -1.18 V, while deposition at poten-
tials 0.5, -0.6, —-0.68, -0.77 and -0.85 V is normal.
Thus, anomalous codeposition is favoured at a higher
cathodic polarisation. The normal deposition change
to anomalous one with a decrease in electrode po-
tential has been observed also by other authors [9].

Prior to the study of the alloy deposition by
EQCN, one has to reveal the microgravimetric beha-
viour in a blank supporting solution, where the only
possible faradaic process is hydrogen evolution. Fi-
gure 2 shows mass vs. time change when the cathodic
current has been switched on in the Na,SO, solution
adjusted to pH 1.6. A slight increase in electrode mass
(ca. 200 ng/cm?) was observed immediately after the
cathodic current had been applied. This increase may
be ascribed to adsorption of hydrogen atoms on the
electrode and bonding of water molecules with the
surface via these hydrogen atoms. Consequently, the
surface becomes more hydrophilic, i.e. develops a thic-
ker adhering solution layer. These effects are discus-
sed in the literature [29-32].

The initial increase in electrode mass in Fig. 2 is
followed by a gradual mass decrease with characte-
ristic oscillations (Fig. 2). No doubt such mass ef-
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Fig. 2. Mass vs. time curves obtained at constant current
polarization in metal-free solution 1.5 M Na,SO, adjusted
to pH 1.6. Current densities (mA cm™2): 1 — 0.64; 2- 1;
3-134-19

fects are due to hydrogen evolution and, as a con-
sequence, replacements of solution phase by gase-
ous one on the electrode surface.

Figure 3 depicts mass vs. time data obtained in
the alloy plating bath when the electrode was pola-
rized by a current step (1 mA cm™) into the region
of the limiting current, where anomalous alloy de-
position takes place (Fig. 1 and Table 1). The fre-
quency-time dependence can be divided into three
regions: A) rapid increase in mass, B) mass decre-
ase, and C) the further mass growth. Assuming elec-
trodeposition of nickel or/and zinc to be responsible
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Fig. 3. Electrode mass change determined by EQCM dur-
ing Zn-Ni deposition under constant current (1 mA cm™?)
on Au substrate (1) and under the same conditions in
1.5 M Na,SO, solution adjusted to pH 1.6 (2)
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for the initial mass increase, we can calculate accor-
ding to the Faraday’s law the current efficiency (b).
So, the initial curve slope dm/dt = 0.73 pg/s yields
b = 215% for Zn and b = 239% for Ni (the cal-
culations for different metals give similar results, be-
cause molar masses of both metals differ only
slightly). Obviously, the mass growth is much higher
than predicted assuming alloy electrodeposition. We
explain such behaviour by precipitation of zinc hyd-
roxide on the electrode surface alongside any fara-
daic process. A pH rise due to hydrogen evolution
occurs in the vicinity of the electrode after swit-
ching on the depositing current. Such increase in
pH favours precipitation of hydroxides on the elec-
trode surface. Precipitation of zinc hydroxide will be
preferential, because it is less soluble than nickel
hydroxide. Solubility products of both hydroxides dif-
fer by about two orders of magnitude. Since the
zinc hydroxide formation has a chemical origin (not
electrochemical), it may cause the mass growth hig-
her than that predicted by Faraday’s law.

The electrode mass decreases (region B, Fig. 3)
when the hydroxide layer reaches its maximum thic-
kness (m = 1 pug cm™). This mass decrease is due
to a prevailing hydrogen evolution, which was dis-
cussed in Fig. 2. After ca. 80 seconds of polariza-
tion the electrode mass growth starts (region C).
The slope of the rectilinear part of the ascending
curve is dm/dt = 0.25 pg s, which yields b = 74%
for Zn or b = 82% for Ni. Thus, we can assume
that alloy deposition and hydrogen evolution take
place simultaneously in region C with current effi-
ciency b < 100%.

An analogous mass change curve was observed
also when potentiostatic electrode polarization has
been undertaken (Fig. 4). This figure also demonst-
rates that, although both blank and plating solu-
tions are of the same pH, the current densities in
the metal-free solution (curve 2) are much higher
than those in the metal-containing solution (curve
1). This difference may be caused by higher over-
voltage of hydrogen reduction on alloy than on gold.
On the other hand, the surface blocking by hydro-
xide may also cause inhibition of hydrogen reduc-
tion.

Quite different mass change was observed when
the electrode had been polarized into the region of
normal (not anomalous) codeposition (Fig. 5, E =
=—0.770 V,, s,c)- There is no region B observed on
the curve. Thus, hydrogen evolution in the region
of normal deposition was not so extensive as in the
region of anomalous deposition. It means that the
conditions for hydroxide precipitation during nor-
mal deposition were less favourable, although it
could not be totally disclaimed.
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Fig. 4. Current density and electrode mass change deter-
mined by EQCM during Zn-Ni deposition under cons-
tant potential (E = -1.18 V, ) on Au substrate (/)
and under the same conditions in 1.5 M Na,SO, solution
adjusted to pH 1.6 (2)

As a concluding remark, it can be noted that
the EQCM data support the hydroxide suppres-
sion mechanism, which explains the anomalous Zn
and Ni codeposition. It is also important to note
that the obtained EQCM results harmonize with
those obtained in previous investigations of ano-
malous Zn—-Co codeposition [10]. The mass chan-
ge dependencies in [10] obtained under constant
current conditions exhibited also three distinctive
regions and the anomalously high initial mass
growth, which was explained in terms of precipi-
tation of zinc hydroxide. Another supporting argu-
ment comes from publication [9]. The authors ob-
served in acid sulfate solution that the mass trans-
port influenced only normal Zn-Ni codeposition,
while the transport had no influence on anoma-
lous codeposition. Thus, it can be supposed that
the rate of anomalous codeposition is determined
by metal reduction from or/and through hydroxide
layer, while normal codeposition is governed by
diffusion laws in the solution.
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Fig. 5. Current density electrode mass change determi-
ned by EQCM during Zn-Ni deposition under constant
potential (E = -0.77 V, ., .,) on Au substrate (/) and
under the same conditions in 1.5 M Na,SO, solution ad-
justed to pH 1.6 (2)

CONCLUSION

The initial stages of Zn-Ni electrodeposition were
investigated by electrochemical quartz crystal micro-
balance. The initial mass growth was much more
intensive than that predicted by Faraday’s law. Such
behaviour was explained in terms of precipitation of
scarcely soluble compounds on electrode surface.
These data are in agreement with the results pre-
viously obtained for Zn—-Co anomalous codeposition
and support the so-called hydroxide suppression me-
chanism, which explains anomalous zinc codeposi-
tion with iron group metals.
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ANOMALAUS ZN-NI SASEDZIO SULFATINIAME
ELEKTROLITE TYRIMAS EQCM METODU

Santrauka

Atlikti sistemos Zn-Ni pradiniy sasedzio stadijy mikro-
gravimetriniai tyrimai. Nustatytos mases pokycio priklau-
somybes, esant pastoviai srovei arba pastoviam potencia-
lui, parodé¢, kad yra trys charakteringos zonos: 1) pradi-
nis maseés augimas, kuris daug didesnis negu apskaiciuo-
tas pagal Faradéjaus désni. Ji galima paaiSkinti hidroksi-
dy susidarymu ant pavirSiaus; 2) masés sumazéjimas dél
vandenilio skyrimosi; 3) tiesialinijinis masés augimas dél
lydinio nusédimo. Tokia elgsena paaiSkinta hidroksidinio
slopinimo mechanizmu, paaiSkinanciu ir anomaly Zn sa-
sedi su gelezies grupés metalais. Duomenys atitinka siste-
mos Zn-Co anomalaus sasédzio désningumus, anksciau
gautus kvarco kristalo mikrogravimetrijos metodu.

P. Bagorkene, K. Jleiinaprac, /I. Bup6aanre,
3. I03emonac

HUCCIEJOBAHUE AHOMAJIBHOI'O
COOCAXJIEHHUsa ZN-NI B CYJIb®ATHOM
JIEKTPOJIUTE METOAOM 3KM

Peswowme

MGTOJIOM SHCKTpOXI/IMI/I‘IeCKI/IX KBapI_[eBbIX MI/IKpOBCCOB
HMCCIIEAOBAHBl HAaYaJIbHBIE CTaIud COOCAKIECHHMS CHCTEMBI
Zn—Ni. 3aBUCUMOCTH W3MEHEHHS MAacChl, YCTaHOBJICHHBIC
NpH TOCTOSSHHOM TOKE HJIM IOCTOSHHOM IIOTEHIMAIE,
MoKa3aJd TPHU XapakTepHbIe 30HBI: 1) HayanbHOE YBe-
JMYEHHE MacChl, HAMHOTO OOJIbIIE YeM PACCYUTAHHOE MO
3akoHy ®apajest, 4T0 00bsICHsIETCS (OPMHUPOBAHHEM OKCHIIA
Ha MOBEPXHOCTH, 2) YMEHBIIEHHE MAacChl M3-32 BbIJICIICHUS
BOZOPOAA, 3) MPSAMONUMHEHHBIH POCT MacChl U3-3a OCaXIe-
HUsA crutaBa. Takoe B mmoOeneHue OObSCHIET MEXAHU3M TH-
JIPOKCHTHOTO TOPMOXKEHHS, B CBOKO Ouepe/lb OOBSICHSFOIIHI
aHOMaJIbHOE COOC@KAEHUE Zn ¢ METaulaMd TPYIIbI XKe-
ne3a. Pe3ynbraThl COOTBETCTBYIOT 3aKOHOMEPHOCTSIM aHO-
MallbHOTO COOCaXAeHHus cuctemMbl Zn-Co, MOITydeHHBIM
panee metomom DKM.



