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Abstract

This paper describes the use of ammonia-containing baths for Zn—Ni alloy electrodeposition. Buffering properties of
the ammonia/ammonium couple limit the local change in pH in the vicinity of the electrode surface caused by
simultaneous hydrogen evolution. In addition, it is shown that the divalent zinc and nickel species exist in the form
of Zn(NH3)‘2‘+ and Ni(NH3)§+ complexes over a large pH range. The electrochemistry of the deposition at pH 10
was investigated by galvanostatic experiments and cyclic voltammetry, and compared with deposition from
ammonium chloride baths at pH 5. The Ni content in the alloys were found to be 40-60% higher from the
ammonia-containing bath than from the acidic baths. Reduction of divalent ions and hydrogen evolution were
shown to occur at potentials 250 mV more cathodic than with baths at pH 5; the deposition mechanism may be

affected by complexation of the metal cations by ammonia.

1. Introduction

New coating processes have been developed for years
for more efficient protection of steel plates or other
metal pieces. Cadmium- and cadmium-based alloys of
significant toxicity, have been replaced by other mate-
rials such as zinc- or nickel-containing alloys [1].
Development of zinc plating processes is, however,
hindered by the moderate adherence of zinc on the
substrate and its fair brittleness. Zinc—nickel and zinc—
cobalt alloys present higher resistance to corrosion than
pure zinc [2] and improved mechanical properties. In
particular, Ni contents in the range 12-15 wt % in zinc
alloys allow deposits with good coating properties,
namely, excellent corrosion resistance [3] and reduced
mechanical stresses. Such alloys can be used in auto-
motive industry [4, 5] as for the production of engine
compartments or in electronic industry [6].

In most cases zinc—nickel electrodeposition is an
anomalous process according to Brenner’s definition
[7] since the content of nickel (the more noble metal) is
appreciably lower in the deposit than in the electrolytic
bath. The anomalous character of the deposition has
been extensively investigated and amongst the various
interpretations published, the mechanisms suggested by
Wiart et al. [8-10] provide physical description of the
existing interactions between zinc, nickel and hydrogen
codepositions.

The properties of alloys result from their composition,
as well as their structure and their morphology: all three

depend on the process conditions such as temperature,
current density and composition of the electrolytic bath.
Zn—Ni alloys can be produced from various baths
consisting of sulfate [1], chloride [11], acetate [12] and
citrate [13] salts. The pH of electrolytic baths is a
significant parameter since nickel and zinc cations form
hydroxides at pH > 6. Also, the side evolution of
hydrogen results in the local increase in pH, and the
solid hydroxides formed are known to block the
electrode surface. The addition of large amounts of
ammonium chloride as a supporting electrolyte, reduces
the increase in pH [3], [14, 15]. Moreover, the formation
of hydroxides can be avoided using complexing agents
such as cyanides [16] or amines [5] in fairly alkaline
media.

This work aims at investigating the potential of
ammonia-containing baths with alkaline pH. High pH
are expected to allow fair Ni contents since zinc
deposition is known to be favoured in acidic media
[8, 9]; in addition the complexing properties of ammonia
are to allow the existence of soluble complexes in a large
pH range. Ammonia-containing baths have been inves-
tigated at pH 10, and at fixed concentrations of zinc and
nickel chloride. Thermodynamic calculations yielded Zn
and Ni speciation diagrams, indicating the nature of the
metal species present in the electrolytic baths. The
electrochemistry of alloy deposition from the alkaline
media was investigated by cyclic voltammetry and
galvanostatic runs at the surface of a platinum rotating
disc electrode: the nickel contents and the (i/E) curves
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were compared with those obtained from ammonium
chloride baths at pH 5 with the same concentrations of
metal salts.

2. Experimental details

Three chloride baths were prepared using conductime-
try water and metal salts of analytical grade (Prolabo,
France). For all cases, the concentrations of zinc and
nickel chloride were fixed at 0.22 and 0.12 mol dm~3,
respectively. Two electrolytic baths were prepared with
ammonium chloride (Prolabo, France) at 4 mol dm~3
as a supporting electrolyte. For both solutions the pH
was adjusted to 5.0 by addition of chlorhydric acid or
sodium hydroxide. Experiments were carried out in the
presence of boric acid at 30 dm~3 or without boric acid.
The alkaline bath was prepared with 0.6 mol dm™>
ammonium chloride and concentrated ammonia solu-
tion so that the total concentration of NH;/NHj
was 4 mol dm~>. The alkaline solution with a pH at
10.0, was stored in a closed vessel to prevent from
losses of ammonia vapour; a fresh alkaline bath was
prepared for each experiment series. The compositions
of the three electrolyte solutions used are reported in
Table 1.

Experiments were conducted at a platinum RDE
(EG&G, PAR 616) 4.0 mm diameter. Prior to measure-
ments, the electrode surface was carefully polished with
fine emery paper and diamond paste with successive
grain sizes 6, 3 and 0.1 um (Escil, Lyon, France), then
rinsed in conductimetry water. All potentials were
referred to the saturated calomel electrode (SCE) and
were not corrected for ohmic drop. A sheet of Pt-Ti
expanded metal was the counterelectrode. The electrodes
were immersed in a 100 cm? glass cell covered by its cap
and provided with a water jacket; the temperature was
controlled at 25 °C. Voltammetric measurements at the
motionless electrode and deposition runs at controlled
current and rotation rate, were carried out using a
EG&G 273 A potentiostat. Experimental (i/E) curves or
time variations of the electrode potential were stored
with a PC computer for interpretation and graphics. The
deposits produced for galvanostatic runs were dissolved
in 10 wt % nitric acid and the solutions obtained were
analysed by atomic absorption with a spectrAA-20
(Varian, Paris, France).

Table 1. Chemical composition of the electrolytic baths used

Bath Composition pH

1 0.22 M ZnCl, + 0.12 M NiCl,.6 H,O 5
+ 4 M NH4CI

2 0.22 M ZnCl, + 0.12 M NiCL.6 H,0 5
+ 4 M NH4CI + 30 g dm™ H3BO;

3 0.22 M ZnCl, + 0.12 M NiCl,.6 H,0 10

+ 0.6 M NH4Cl + 3.4 M NH;

3. Thermodynamics of ammonia-containing solutions
3.1. Speciation diagrams

Speciation diagrams were calculated at 25 °C for the
separate Zn(II)-NH3;—H,O and Ni(11)-NH3;-H,O sys-
tems to determine the operating conditions allowing the
existence of soluble ammonia complexes of divalent
metals. The solution pH was in the range 0-14. The
concentrations of both metal species and ammonia were
expressed by pMe and pNHj}, defined as the inverse of
the logarithm of the total concentrations of metal
species and ammonia-containing compounds, respec-
tively. The metals considered were assumed to be
introduced in the solution as chloride salts. Tables 2
and 3 give the equilibrium constants of the various
equilibria involving zinc and nickel ions, respectively
[17-21]. Ni** and Zn>* ions when dissolved in a chloride
medium, form complexes NiCl*, ZnCl*, ZnCl,, ZnCly
and ZnCl3~. The values of the formation constants of
complexes MCI?™ from CI- and MCIS:I”) are of the
order of 1 dm?® mol~! [20, 21], which is far below those
of ammonia containing complexes. For simplicity,
complexation processes of the metal ions by chloride
were not taken into account in the present study. In
addition, the nonideal behaviour of the solutions was
neglected due the large number of species involved.
The speciation diagrams were established following
the procedure suggested by Rojas et al. [22] and using
the equilibrium constants together with the dissociation
product of water at 107! mol*> dm~¢ at 25 °C. In the
absence of ammonia, Zn>* was shown to predominate
in acidic or neutral solutions. Zn(OH); form prevails in
the range 8.8-11.5, Zn(OH)5 exists in a narrow pH
range, and Zn(OH);~ is the major species for pH over
12.1. Regardless of the likely formation of NiClt,
divalent nickel is in the form of Ni** below pH 9.95.
Over this pH limit hydroxides predominate: Ni(OH),
below 10.9, Ni(OH); in the range 10.9-13.3 and

Table 2. Equilibrium constants of the various equilibria for the Zn(11)-
NH;-H,0 system

System Equilibria log K Ref
Zn()-NH;  Zn>" + NH; — Zn(NH;)** 227 [17]

Zn** +2 NH; — Zn(NH;)3" 4.61

Zn** +3 NH;3 — Zn(NH;)3" 7.01

Zn>* 4+ 4 NH; — Zn(NH;)>" 9.06
H'-NH; NH; + H" — NH; 9.27 [18]
Zn()-OH~  Zn** + OH™ — Zn(OH)"* 4.64 [18]

Zn’" +2 OH™ — Zn(OH),,,)  10.40

Zn** +3 OH™ — Zn(OH); 12.93

Zn** +4 OH™ — Zn(OH);™ 14.82
Zn(s) Zn™" +2 OH™ — Zn(OH),, 15.60 [9]
Zn(n)-ClI~  Zn** + CI” — ZnCl* 0.43 [20, 21]

ZnCl" + CI~ — ZnCl, 0.18

ZnCly + CI~ — ZnCly -0.09

ZnCl; + CI™ — ZnCL>~ -0.30




Table 3. Equilibrium constants of the various equilibria for the Ni(I1)—
NH3-H,0 system

System Equilibria log K Ref
Ni(n)-NH;  Ni*" + NH; — Ni(NH;)*" 2.75 [17]

Ni** +2 NH; — Ni(NH;)3" 4.95

Ni** + 3 NH; — Ni(NH;)3" 6.64

Ni?* +4 NH; — Ni(NH;)>" 7.79

Ni** + 5 NH; — Ni(NH;)3" 8.50

Ni** + 6 NH; — Ni(NH;);" 8.49
H"-NH; NH; + H" — NHj 9.27 [18]
Ni(-OH~  Ni** + OH™ — Ni(OH)" 3.58 [18]

Ni** +2 OH™ — Ni(OH), 8.10

Ni** +3 OH™ — Ni(OH); 11.2

Ni** +4 OH™ — Ni(OH)2~ 11.9
Ni(s) Ni*" +2OH™ — 2 Ni(OH),,, 143 [19]
Ni(n)-ClI=  Zn>" +CI” — ZnCI* 0 120, 21]

Ni(OH);™ in very alkaline media. The presence of single
hydroxyl complexes NiOH' and ZnOH™ seem unlikely
due the equilibrium constants of their formation com-
pared with those for the formation of Ni(OH), and
Zn(OH),: NiOH" and ZnOH™* would exist for pH more
alkaline than 10.42 and 9.36, respectively, whereas
neutral Ni(OH), and Zn(OH), predominate at pH over
9.95 and 8.80. Besides and because of their low
solubility, the neutral hydroxides are under dissolved
state only for concentrations below 107¢ mol dm~3.
Figure 1(a) and (b) shows the zone of predominant
species depending on pH and pNH}. The diagrams were
established regardless of the concentration of metal
salts, and the two neutral hydroxides were considered to
be under dissolved state. Due to the equilibrium
constants of NH3; complexes of zinc, only Zn(NH3)§+
and Zn(NH3)ﬁJr were in significant concentrations and
the presence of the two other complexes was therefore
not considered (Figure 1(a)). For the example of
4 mol dm~® ammonia-containing solutions (pNH} near
—0.6), the diagrams show the existence of soluble NH;
complexes for pH > 6.3 for zinc and pH 6.0 for nickel.
The well-known complexes Zn(NH3);" and Ni(NH3)z"
mentioned for concentrated solutions of ammonia/
ammonium solutions are the major forms of the metal
salts for pH > 6.5 and 8.7, respectively. For the consid-
ered concentration of NH3/NH species, the complexes
are stable in a broad pH range, and hydrated zincate ion
prevails only for pH more alkaline than 13.2.
According to [19], zinc and nickel hydroxides are
formed with metal concentrations at 10~ mol dm~ for
pH > 7.3 and 8.3. The formation of insoluble hydrox-
ides had therefore to be taken into account for the
considered pNH} value. Figure 2(a) and (b) show the
results depending on the overall concentration of metal
species. For a 0.1 mol dm~ solution, a free zinc cation
was shown to predominate in acidic media for pH below
6.4, Zn(NH3)§+ exists in the narrow range 6.3-6.6, and
the 4-ammonia complex is the major form for pH
ranging from 6.6 to 13.1. Hydroxides Zn(OH), (in solid
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Fig. 1. Speciation diagrams at 25 °C: effects of pH and pNHj}. (a)
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form) and Zn(OH);~ are only formed in concentrated
alkaline solutions. For Ni(ll) solutions at the same
concentration, formation of Ni(OH), occur only for
pH > 13.4. Ammonia complexes of Ni(1l) are formed
for pH over 5.9 and the hexa-ammonia species predom-
inates in the pH range 8.65-13.4.

To conclude, the above calculations show that diva-
lent nickel and zinc are under soluble ammonia com-
plexes over a large pH range. In addition, for the case of
bath 3 with a large concentration of ammonia and a pH
at 10, the metal species are mainly under the forms
Zn(NH3);" and Ni(NH;)2".

3.2. Gas—liquid equilibrium

The presence of molecular ammonia in the electrolytic
solution is to result in significant vapour pressure in the
gas phase. The partial pressure of ammonia in the gas
phase over the electrolyte solutions was estimated by
calculation of gas-liquid equilibria; the principle and the
results obtained are reported in the Appendix. For bath
3 at 25 °C, the partial pressure of ammonia was found
to be near 0.017 atm. Although Ni-Zn deposition is
often carried out at temperatures over the ambient
temperature to reduce the mechanical stresses in the
deposit, the fair volatility of ammonia led us to fix the
temperature at 25 °C.

4. Galvanostatic deposition of Ni—Zn alloy

Galvanostatic experiments were carried out at 1000 rpm
for current densities varying from 10 to 280 mA cm™2.
The range of current density was chosen from estimates
for the limiting current densities of metal deposition:
assuming diffusion coefficients of the electroactive spe-
cies at 5 x 1071 m? s=! and a viscosity at 107° m? s~!,
and taking into account the metal salt concentrations in
the bath, the limiting current densities (c.d.’s) were
estimated at 166 and 91 mA cm~2, for the depositions of
zinc and nickel, respectively. Assuming the two electro-
active species diffuse independent of one another, a
theoretical limiting c.d. for alloy deposition was defined
as the sum of the two above c.d., and estimated at
257 mA cm~2. Depending on its value the current was
applied from 2 to 10 min, and the deposit thickness
estimated from Faraday’s law, varied from 2 to 20 um.
The electrode potential usually attained a steady value
after a few seconds.

4.1. Aspects of the deposits

Deposits produced from bath 1, without boric acid,
were generally dark. Addition of boric acid allowed
more regular deposits and their aspects were usually
dull grey; the substrate could not be perfectly covered
by deposits with an average thickness below 1 or 2 um.
Deposits of somewhat lighter appearance were pro-
duced using the alkaline bath (bath 3); in particular, the

surface obtained for middle range c.d. was light grey
and semibright, indicating the existence of grains below
one micrometer. Figures 3 and 4 compare the aspects of
the deposits produced at 24 and 160 mA cm™2 from
baths 2 and 3.

At the lower c.d., the deposits produced using bath 2
allowed satisfactory coverage of the surface and consisted
of granular nodules with a size of the order of 1 yum
(Figure 3(a)). The deposit obtained with the alkaline bath
was regular, with only a few defects; a close view of the
surface (Figure 3(b)) reveals the presence of small alloy
grains yielding uniform coverage of the surface.

Deposits formed at the higher c.d. from the acidic
bath were observed to consist of large grains with a
diameter near 10 um, and their globular aspect suggest-
ed the three-dimensional growth of the alloy (Fig-
ure 4(a)). At the same current density, the surface
produced from bath 3 was significantly more regular
and the crystal size was of the order of 1 um or below
(Figure 4(b)).

4.2. Nickel contents

Nickel content in the deposits decreased with increase in
the applied cd below 100 mA cm~2 and a flat minimum
could be observed at 100-120 mA cm~2 (Figure 5).
Increasing further the current density allowed slight
enhancement of the Ni content.

Fig. 3. View of the alloy deposits produced on a RDE at 1000 rpm;
j =24 mA cm~? for 640 s. (a) From bath 2; (b) from bath 3.



Fig. 4. View of the alloy deposits produced on a RDE at 1000 rpm;
j =160 mA cm~2 for 120 s. (a) From bath 2; (b) from bath 3.

The nickel content strongly depended on the electro-
lytic bath (Figure 5). With bath 1, the deposit was
relatively nickel poor: its content was near 6% within
1% in the range 70-200 mA cm~2. The presence of
boric acid allowed appreciable enhancement of the Ni
content, particularly for high current densities: the
positive effect of boric acid was previously highlighted
[23, 24], and according to Hoare [24], boric acid acts as a
homogeneous catalyst and lowers the overvoltage of
nickel deposition. Higher Ni contents were obtained
from complexing bath 3 whatever the applied current
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density: in the range 50-200 mA cm~2, the weight

content of nickel varied from 12 to 15%. From this
Ni-content, these alloys were assumed to consist of
o-phase or of y- and n-phases mixture; high resistance to
corrosion and good mechanical properties of these
materials can be expected. Alloys with 17-18% Ni,
which roughly corresponds to y-phase with approximate
stoichiometry  NisZn,;, could be produced at
250 mA cm 2.

4.3. Steady-state polarization curves

Partial current densities for zinc and nickel deposition
were calculated from the weight of metal deposited and
Faraday’s law. Significance of hydrogen evolution was
estimated by subtracting these partial c¢.d.’s from the
applied current density. Steady-state current densities
were plotted versus the measured electrode potential in
Figure 6. The variations of (i/E) curves obtained from
baths 1 and 2 were consistent with published data:
deposition was observed to start near —1.10 V vs SCE
and current densities of the order of the theoretical
limiting c.d. of alloy deposition were attained near
—1.40 V. The two metals could not be deposited under
diffusional control without significant hydrogen evolu-
tion. The presence of boric acid resulted in a potential
shift near 30 mV towards cathodic polarization. Besides,
in addition to its positive effect on Ni deposition, boric
acid allowed significant reduction in hydrogen evolu-
tion; the negative values reported for iy, at low
polarization of the electrode were likely the fact of
uncertainties in estimating the partial current densities
which were deduced through chemical analysis and
subtraction of partial current densities. In the presence
of boric acid, the faradaic yield of alloy deposition was
near unity below 100 mA cm~2, and over 85% for
higher c.d.’s.

The (i/E) curves obtained from galvanostatic runs
from the alkaline bath, were shifted to more cathodic
potentials: zinc and nickel deposition started from

a5 - -
‘-
ny N Bath 3 |
, P
E i ; '\.x . g &
E Bt oah o ah
“_i 131 ‘-.__‘L . - Bnih 1
= .‘-\. by e o 5 i —_— - e »
= . —— g r | - &
g 0 . .
4 S e, il =" Raih 1
Fa e i T T T
o . -
-:"--_ - == .
K- — — |
1] E——— S Cel— I — =
L] Zn 1} (=] i} 2=n ]
14 mA em’®

Fig. 5. Nickel content in the alloy deposited against the applied current density; RDE at 1000 rpm.
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—1.38 V, and so did hydrogen evolution. This point is
discussed in the following Section.

5. Voltammetric investigations

The electrochemical behaviour of baths 1 and 3 was
investigated by cyclic voltammetry. The case of single
metal depositions was examined prior to the alloy
deposition. The concentration of zinc and nickel chlo-
ride were kept at 0.22 and 0.12 mol dm—3, respectively,
and the scan rate was fixed at 50 mV s~! for most cases.

5.1. Nickel deposition

Voltammetric curves recorded with the acidic bath
exhibited a regular increase in the current from —0.5
to —0.9 V, which was attributed to formation of S-Ni
[25, 26], with a high hydrogen content. Formation of
pure nickel was observed near —1 V before significant
hydrogen evolution for higher polarizations (Figure 7).
The anodic sweep revealed a small peak near —0.30 V
corresponding to dissolution of hydrogen rich p-Ni
according to [25, 26], and more significant peaks at
+0.08, 0.25, 0.53 and 0.61 V vs SCE, which can be
attributed to nickel dissolution. The existence of disso-
lution peaks at positive potentials was formerly ob-
served by [27], by potentiodynamic stripping of thin
nickel deposits.

The deposition peak with ammonia-containing bath
were nearly 220 mV more cathodic than with simple
nickel baths. The anodic sweep let appear only two
peaks: a small peak near —0.48 V which may corres-
pond to dissolution of $-Ni, and a peak of fair intensity
at +0.65 V (Figure 7). The displacement of the reduc-
tion peaks is discussed as follows.

The presence of NiOH™ was reported by [28, 29] for
pH > 4: this species is known to yield adsorbed NiOH
intermediate via a first electron transfer. As suggested by
Epelboin and Wiart [28], the intermediate reacts with
NiOH™* to form metal nickel:

NiOH,4s + NiOH" + 3¢~ — 2Ni+20H" (1)
Increasing the pH should favour the formation of
NiOH™, even though nickel dihydroxide Ni(OH),
should predominate, and enhance the production rate
of intermediate NiOH at the electrode surface: process
(1) is expected to be favoured and nickel deposition
should occur at less cathodic potentials. As a matter of
fact, complexation of divalent nickel by ammonia is to
reduce the concentration of hydroxide NiOH™' and to
hinder the formation of NiOH. In addition, the reduc-
tion mechanism from ammonia-containing bath can
differ significantly from that suggested by [28] and two
schemes may be imagined: namely, (i) direct reduction
of Ni(NH;3)7" complex via one or more electrochemical
steps, and (ii) reduction of Ni** released by decomplex-
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ation of Ni(NH3)Z+, this first step being induced by the
depletion of the electroactive species near the electrode.

The available experimental data did not permit full
understanding of the deposition mechanism; however,
the significant shift in potential was not due to the
change in pH from 5 to 10 but to the complexing nature
of ammonia.

5.2. Zinc deposition

Voltammetric curves of zinc deposition and dissolution
recorded in the two media exhibited very similar
aspects, except for the potential shift near 220 mV
towards the cathodic potentials with the ammonia-
containing bath (Figure 8). At pH 5 the curves consist-
ed of a cathodic peak near —1.2 V and an anodic peak
at —0.92 V, in good agreement with previous works
reporting the existence of a peak for zinc dissolution at
—0.95 V in chloride media, either at pH 5.6 [27] or at
pH 1.6 [30].

Zinc deposition is known to involve adsorbed Zn(I)
species and adsorbed hydrogen atom. The deposition
mechanism from the ammonia containing bath may be
modified by the change in H" concentration near the
electrode and also by the strong complexation of zinc
cations by ammonia.

5.3. Alloy deposition

Alloy deposition from the acidic bath started from
—1.1 V vs SCE and a cathodic peak was observed near
—1.16 V (Figure 9). The anodic sweep recorded at
50 mV s~!, reveals four dissolution peaks at —0.89,
—0.70, —0.58 and —0.35 V vs SCE. As reported by other
authors [27], [30, 31], the peak at —0.35V can be
attributed to the dissolution of the porous nickel layer.
Dissolution of zinc—nickel alloy occurs at more negative
potentials than that of pure nickel. According to these
authors, the most cathodic peak corresponds to zinc
dissolutions from y- and n-phases of the alloy; the two
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Fig. 8. Voltammetric curves of the zinc system depending on the electrolytic bath; scan rate = 50 mV s~'; [ZnCl,] = 0.22 mol dm—3. Key: (—)

simple zinc bath; (----) ammonia zinc bath.
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remaining peaks at —0.70 and 0.58 V might be attrib-
uted to zinc oxidation from the y-phase, even though
Swathirajan reported the possible dissolution of the
nickel-rich a-phase at —0.56 V.

Voltammetric curves of Zn—Ni system in bath 3 were
carried out with lower scan rates for the sake of
improved resolution of anodic peaks. The positions of
the peaks were affected by the scan rate: lowering the
rate from 50 to 10 mV s~! resulted in shifts to cathodic
potentials near 80 mV (Figure 9). The deposition peak
of the alloy from bath 3 was shown to be 300 mV more
cathodic than that recorded with the acidic bath. In
spite of their moderate resolution, the i/E curves
recorded at 10 mV s~!, exhibited four anodic peaks at
—0.89, —0.79, —0.65 and —0.61 V (Figure 9); the less
cathodic peak may be attributed to Ni dissolution. As
for acidic bath 1, the three peaks at fair cathodic
potentials may be attributed to successive transitions of
the alloy phases by progressive dissolution of zinc: as
suggested by [31], d-phase would be transformed into
y-phase, then into o-phase through successive zinc
dissolution steps.

30

<11 -

0.9 ~0.7 -0.5 -0.3 -0.1

V vs SCE

0.22 mol dm=® and [NiCl,] =

Dissolution was also investigated by potentiodynamic
stripping of alloys deposited at 30 and 160 mA cm >
from bath 3, with respective Ni contents near 18%
(corresponding to y-phase) and 12% . The anodic sweep
recorded at SmV s~! was slightly affected by the Ni
content of the deposit (Figure 10), and exhibited three
peaks at —0.95, —0.85 and —0.67 V vs SCE. The anodic
curves reported in Figures 9 and 10 are fairly consistent
and the slight differences in both resolution and position
of the peaks may be due to the different techniques used
for alloy formation and to the different scan rates. The
effect of Ni content in the alloy on the scan was visible
only for the less cathodic peak, which was assigned to
nickel dissolution (Figure 10): as expected, this peak was
more significant for the nickel-richer alloy produced at
30 mA cm 2.

6. Conclusion

The presence of both ammonium ion and ammonia
allows buffering of the solution and also strong com-
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Fig. 10. Potentiodynamic stripping of alloys produced from bath 3 at two current densities: (----) 30 and (—) 180 mA cm™2; scan rate

5mV sl



plexation of the two metal cations. Thermodynamic
calculations have shown the predominance of
Zn(NH;);" and Ni(NH;)g" complexes in baths with
high ammonia contents and at pH near 10. The
electrochemistry of Zn—Ni alloy deposition at pH 10
was investigated in comparison with that from ammo-
nium baths at pH 5, in the presence or not of boric acid.
Ni contents in the alloys produced from ammonia-
containing baths are 40-60% higher than from regular
ammonium baths at pH 5. The deposition of separate
metals and Zn—Ni alloys occur at potentials 250 mV
more negative than from acidic baths, as shown by
galvanostatic experiments and cyclic voltammetry. The
potential shift is not due to the change in pH from 5 to
10, but to the complexing nature of ammonia, and the
deposition mechanism of the alloy may be affected by
the complexation.

Development of ammonia-containing baths for in-
dustrial use cannot be envisaged before thorough
analysis of the hazards caused by the presence of
gaseous ammonia over the electrolytic solution. The
analysis should be done taking into account the envi-
ronmental issues and the available technological solu-
tions: in particular, electrochemical operation conducted
under closed atmosphere should limit the toxic gas
emission. This aspect is now under investigation.
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Appendix
List of symbols

concentration (mol dm~3)

electrode potential (V vs SCE)

Henry constant (kg atm mol~!)

salting coefficient (dm?* mol~!)

salting contribution of ion i (dm* mol™!)
Henry constant in pure water (kg atm mol™!)
he salting coefficient from the volatile species
(dm?® mol~")

ionic strength (mol dm~3 or mol kg~)
contribution of ion i to ionic strength (mol dm~3)
current density (mA cm~?)

molality (mol kg™!)

partial pressure (atm)

partial pressure of gas i (atm)

temperature (K)

z; charge number of ion i

T A

S

=

Estimation of the partial pressure of ammonia

The gas solubility in liquid can be expressed by Henry’s
constant, H, linking molality of the molecular solute
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with its corresponding partial pressure. Assuming fuga-
city and activity coefficients of ammonia equal to unity
leads to the relation:

Py, = H mnw, (A1)
Henry constant is affected by the composition of the
electrolyte solution and, in particular, by its ionic
strength, /. Setchenow’s relation is often used for

estimation of Henry constant in electrolyte solutions
from its value in pure water, Hy:

H
log (Ho> =hl

where salting coefficient /4 expresses the effect of the
present cations and anions, together with the contribu-
tion of the dissolved gas. However, for the present case
of multicomponent media, the salting effect was expres-
sed by summing up the contributions of all ions 7 [32]

log(g()) = Zh§1i+h’021,-

where ] is the salting contribution of ion i and /; is its
contribution to the ionic strength:

(A2)

(A3)

1
= —Z;C,*

if z; denotes the charge of ion i present at C;. Values of
parameters /4; were collected by Onda et al. [33] and are
listed below (dm?® mol™!):

Zn** —0.059
Ni** —0.052
NH; —0.0737
CI- 0.3416

whereas iy, is equal to —0.2394 dm® mol~' at 25 °C
[33]. In the present case, the metal species are under the
form of complexes Zn(NH;)" and Ni(NH;3)2", and the
actual salting coefficients were considered to be those of
free cations. Relation A3 applied to the example of bath
3, yielded a ratio (H/Hp) near 0.578.

Henry’s constant of ammonia in pure water was
calculated at 25° from the numerical law established by
Edwards et al. [34]:

—157.552

In Hy = +28.1001

x InT —0.04923 T — 149.006 (AS)
where temperature 7 is in kelvin. At 25 °C , H; equal to
of 0.01632 kg atm mol~!. Taking into account the
salting effects of the various solutes, Henry’s constant
H was then estimated at 0.0094 kg atm mol~'.

Besides, the concentration of free ammonia was
obtained by subtracting the quantities of ammonia
linked to the divalent metal ions from the initial
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concentration, 3.4 mol dm—3: the free ammonia concen-

tration was estimated at 1.8 mol dm™.

3. The partial

pressure was deduced from Equation Al, approximating
the molality of free ammonia by its concentration in

m

ol dm~3:

Pnu, = H Cnp, = 0.0094 < 1.8 = 0.01692 atm.
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