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The kinetics of Ni-Cu-Mo alloy deposition has been investigated by means of steady-state polar-
ization measurements. Strong interactions between the three discharging metals occur: nickel induces
molybdenum deposition but its discharge is markedly inhibited by molybdenum. Copper deposition
has a depolarizing effect on Ni-Mo discharge. Hydrogen evolution is associated with molybdenum
deposition. The electrocrystallization process is dominated by the Ni-Mo codischarge kinetics.

1. Introduction

Alloys containing molybdenum are characterized by
a high hardness and high wear and corrosion resis-
tance [1]. Ni-Cu alloys containing about 30 wt % Cu,
such as Monel 400 and Ni-Mo alloys with 26 wt %
Mo, such as Hastelloy B are known to be highly
corrosion resistant in many aggressive environments
[1]. Ternary nickel-based alloys containing copper
and molybdenum would have high corrosion resis-
tance. However, these alloys are difficult to prepare
by conventional metallothermic methods because of
the lack of solubility of molybdenum and copper and
of the large differences in their melting points. Elec-
trodeposition is an alternative method for the prep-
aration of such alloys.

In a previous work we have developed conditions
to electrodeposit Ni-Cu-Mo alloys [2]. The effect of
electrolyte composition (pH, metallic species and
complexing agent concentrations) has been investi-
gated on the alloy composition, the current efficiency
and deposit quality [2]. To improve the layer quality,
pulse plating was studied and pulse parameters have
been determined which allow preparation of good
quality layers [3].

The electrocrystallization process of these ternary
alloys is interesting from a theoretical point of view.
Indeed, it combines two different codeposition systems:

(1) The Ni—Cu system is considered to be of the
‘normal’ codeposition type according to Bren-
ner’s classification [4]. However the more recent
classification as charge-coupled codeposition
system would be more appropriate, since inter-
actions between the discharging metals may
occur during the deposition [5].

(i) The Ni-Mo system is called an induced system
because molybdenum cannot be separately de-
posited but its discharge can be induced only by
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iron-group metals [4, 5]. In spite of many attempts
to understand the electrocrystallization mecha-
nism of induced codeposition systems, no unique
theory accounts for all the characteristics of the
process [4-14]. The present work is aimed at a
better understanding of the kinetics of Ni-Cu-Mo
alloy deposition. The ternary alloy discharge is
compared to separate nickel, copper deposition
and to binary Ni-Cu and Ni-Mo codeposition
systems. As is well known, Cu and Mo cannot
readily codeposit [4], hence we did not investigate
this system.

2. Experimental procedure

Complex ammonia—citrate electrolytes were used to
bring the deposition potentials of the metals closer.
The solutions contained nickel and copper sulfate,
sodium molybdate and sodium citrate. The pH was
adjusted to 7 by addition of ammonia. Separate Ni,
Cu and binary Ni—Cu, Ni-Mo systems were also in-
vestigated. The electrolyte compositions are given in
Table 1. The electrolysis was carried out in a 750 ml
cell at 25°C.

A low carbon-steel disc (0.028 dm?) rotating up to
86rads™!, was used. It was chemically polished prior
to each experiment. A platinum sheet was used as
anode. The potentials were measured with respect to
a saturated calomel electrode (SCE) via a Luggin
capillary located 1mm from the disc. Chemical
analysis of the deposits was carried out by atomic
absorption spectroscopy.

The global and partial polarization curves were
determined from coulometric measurements and
from the deposit composition. The maximum relative
error on the partial currents was about 7%. The
electrochemical impedance was measured in the range
60kHz to SmHz at various polarizations.
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Table 1. Electrolyte compositions (mol dm™>)

Electrolyte System NiSO, CuS0Oy Na,MoOy Na;CsH;50;

1 Ni 0.75 0.45

2 Cu 0.06 0.45

3 Ni-Cu 0.75 0.06 0.45

4 Ni-Mo 0.75 0.02 0.45

5 Ni-Cu-Mo 0.75 0.06 0.02 0.45

3. Results drastically inhibits the nickel discharge, the polar-

3.1. Steady-state polarization curves at set
rotation speeds

The global and partial polarization curves were in-
vestigated for various electrode rotation speeds.
These curves were compared to the polarization
curves obtained for the separate discharge of nickel,
copper and the binary Ni-Cu and Ni-Mo systems.
Figure 1 shows an example of the polarization curves
of the ternary alloy discharge recorded at 34rads™'.
At low polarization, that is, —0.8 to —1V vs SCE,
copper discharge (curve (b)) and hydrogen evolution
(curve (e)) are the main reactions (ig = icy =
0.6Adm™, at E = —1.0V), the Ni and Mo partial
currents (curves (c) and (d)) are very low (inj = imo =
0.06Adm™> at E=-1.0V). In the range —1.0 to
—1.4V hydrogen evolution (curve (¢)) is the major
reaction. With increasing polarization the partial
current for hydrogen evolution rapidly decreases and
both Ni and Mo partial currents increase, as already
observed for the binary Ni-Mo system [9]. At still
more negative potentials nickel discharge becomes
the predominant reaction (curve (c)).

Figure 2 shows nickel partial polarization curves
during its separate discharge (curve (a)), its codepo-
sition with copper (curve (b)), with molybdenum
(curve (¢)), and with copper and nickel (ternary alloy
system) (curve (d)). The codischarge of copper (curve
(b)) slightly increases the polarization of nickel dis-
charge (curve (a)). The codeposition of molybdenum
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Fig. 1. Steady-state polarization curves recorded at 34rads™' for
the ternary Ni-Cu-Mo deposition (electrolyte 5). Key: (a) global
polarization curve; (b) partial polarization curve for copper dis-
charge; (c) partial polarization curve for nickel discharge; (d) par-
tial polarization curve for molybdenum discharge; and (e) partial
polarization curve for hydrogen discharge.

ization curve is shifted to much more negative po-
tentials (curve (c)), whereas the addition of copper
has a depolarizing effect (curve (d)).

The hydrogen partial current is rather low for the
separate discharge (Fig. 3, curve (a)) and the binary
Ni—Cu system (curve (b)). The codischarge of molyb-
denum considerably increases the hydrogen evolution
(curve (c¢) for Ni-Mo and curve (d) for Ni-Cu-Mo).
The polarization curve of hydrogen exhibits a maxi-
mum, as already observed in the electrocrystallization
of Ni-Mo alloys [9]. The presence of copper strongly
decreases hydrogen evolution and shifts the maximum
to less negative values.

3.2. Effect of electrode rotation speed
on polarization curves

The effect of the electrode rotation speed on the
global polarization curve is not pronounced except at
large polarization (E<-1.5V vs SCE). For copper
deposition, a mixed activation—diffusion control is
observed at low polarization. A diffusion-controlled
discharge is obtained at potentials more negative than
—1.5V vs SCE where a linear dependence of the
partial current as a function of the square root of the
electrode rotation speed is observed. The apparent
diffusion coefficient in the ternary alloy system is
10"%cm?s™!: that is, of the same order of magnitude
as in the binary Ni—Cu system [16]. It is much lower
than in the copper sulfate/citrate solutions [17] and in
the pure copper sulfate electrolytes [18]. This is
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Fig. 2. Partial polarization curves for nickel discharge recorded at
68rads™'. Key: (a) separate nickel discharge (electrolyte 1); (b)
discharge in the presence of copper (electrolyte 3); (c) discharge in
the presence of molybdenum (electrolyte 4); and (d) discharge in
the presence of copper and molybdenum (electrolyte 5).
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Fig. 3. Partial polarization curves for hydrogen evolution recorded
at 68rads™'. Key: (a) separate nickel discharge (electrolyte 1);
(b) discharge in Ni-Cu system (electrolyte 3); (c¢) discharge in
Ni-Mo system (electrolyte 4); and (d) discharge in Ni-Cu-Mo
(electrolyte 5).

probably related to the presence of complexed copper
species, particularly of heteronuclear citrate of Ni(11)
and Cu(mr) such as [Cu,Ni(C6H4O7)2]4* [15, 19].

Figure 4 shows that the electrode rotation speed
has no influence on the separate nickel discharge
(curve (a)) nor on its codischarge with copper (curve
(b)), as already observed [10]. By contrast, during
codeposition with molybdenum (curve (c)) and, to a
lesser extent, in the ternary alloy deposition (curve
(d)), the partial nickel current decreases as the rota-
tion is increased. A comparison with Fig. 2 clearly
shows that the codischarge of molybdenum inhibits
nickel discharge and that the blocking species is mass
transported towards the electrode.

The partial molybdenum current density does not
depend on the rotation speed in the ternary Ni-Cu-Mo
system, as shown in Fig. 5, except at high overpoten-
tials where molybdenum discharge becomes diffusion
controlled (for £ < —1.5V vs SCE, curve (¢)).

The partial current density for hydrogen discharge
does not depend on rotation speed during separate Ni
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Fig. 4. Effect of electrode rotation speed on the partial polariza-
tion curve for nickel discharge at £ = —-1.4V vs SCE. Key: (a)
separate nickel discharge (electrolyte 1); (b) discharge in Ni-Cu
system (electrolyte 3); (c) discharge in Ni-Mo system (electrolyte 4);
and (d) discharge in Ni-Cu-Mo (electrolyte 5).

Fig. 5. Effect of electrode rotation speed on the partial polarization
curve for molybdenum discharge in ternary system (electrolyte 5).
E: (a) -1.0, (b) —1.2, (¢) —1.3, (d) —1.4 and (e) —1.5V vs SCE.

deposition and in the binary Ni—Cu system. By con-
trast, hydrogen evolution markedly increases with
rotation in the binary Ni-Mo system. In the ternary
Ni-Cu-Mo system (Fig. 6), as already mentioned,
the polarization curve exhibits a maximum. The
maximum is slightly shifted to more negative poten-
tials when the rotation speed is increased. At poten-
tials more negative than the maximum, the current
increases with rotation speed (Fig. 6).

3.3. Electrochemical impedance

The electrochemical impedance was measured for
various electrode rotation speeds along the polariza-
tion curve. The impedance plots exhibit a large ca-
pacitive loop with an inflection in the high frequency
domain (Fig. 7). The capacitance calculated from the
frequency at the apex of the capacitive loop lies
around 30mF cm ™2, i.e. much larger than the value
for the double layer capacitance. This large value,
and the high frequency inflection, is indicative of the
fact that the charge transfer occurs through a porous
layer [20]. This layer may be an oxide or a hydroxide
layer resulting from a local pH increase. A similar
behaviour has been observed during Ni-Mo electro-
crystallization and attributed to the formation of a
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Fig. 6. Effect of electrode rotation speed on the partial polariza-
tion curve for hydrogen evolution.: (a) 19; (b) 68 and (c) 87 rads™.
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Fig. 7. Impedance diagram recorded in electrolyte 5 at a current
density of 4 A dm™>, for an electrode rotation speed of 105rads™".

molybdenum oxide [9]. A small inductive feature is
observed whose characteristic frequency lies around
10mHz. No marked effect of the electrode rotation
speed on the impedance is observed.

3.4. Composition of Ni-Cu—Mo layers
and faradaic efficiency

The composition of the alloys results from the po-
larization behaviour (Fig. 8). When the potential is
shifted towards more negative values, the copper
content rapidly decreases, whereas the nickel content
increases. The molybdenum content shows a slight
maximum at intermediate polarization; it is much
lower than in the case of binary Ni-Mo deposition.
Except at low overpotentials the current efficiency for
Ni—Cu-Mo discharge shows the same tendency as the
nickel content in the deposit. It is lower than for
Ni—Cu system but much higher than for Ni-Mo.

4. Discussion

The present investigation shows that during ternary
Ni—Cu-Mo discharge strong interactions between the
three depositing metals and with hydrogenated spe-
cies occur. The discharge process is dominated by the
Ni-Mo codeposition kinetics.

Four polarization ranges can be distinguished:
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Fig. 8. Metal content and current efficiency as function of depo-
sition potential in electrolyte 5. Rotation speed 34 rads™.

(1) At low overpotentials (-0.8 to -1.0V vs SCE)
copper discharge is the main reaction (deposits
with up to 86 wt % Cu).

(ii) In the range —1.0 to —1.4V vs SCE, hydrogen
evolution is important. It is likely that the co-
discharge of molybdenum proceeds in the ter-
nary alloy system as in binary Ni-Mo [9]:
evolution of hydrogen from the citrate com-
plexes and formation of molybdenum oxides,
which blocks the electrode area. If hydrogen
evolution was the result of water decomposition
without any interaction with the discharging
metals, the hydrogen partial polarization curve
would be a continuously increasing curve with
potential, showing a quasi-Tafel behaviour. The
presence of a maximum shows that interactions
occur between hydrogen species and surface
compounds.

(iii) With increasing polarization the presence of the
Ni** species would induce the formation of a
mixed Ni-Mo oxide and allow the reduction of
the molybdate species.

(iv) At still more negative potentials the crystalliza-
tion process becomes controlled by diffusion of
both molybdenum and copper species.

The NiCuMo electrodeposition system combines
two different electrocrystallization mechanisms
according to Brenner’s classification:

(1) the Ni—Cu system is considered normal [4].
Copper and nickel can be separately deposited,
their codeposition is achieved due to complexing
agents such as citrate and ammonia. It has been
shown that interaction occurs between the two
discharging metals, hence the classification in
‘charge transfer-coupled system’ is more appro-
priate [5]. A reaction model has been developed
based on polarization and electrochemical im-
pedance investigations, which considered the
two-step discharge of nickel and copper species
occurring in parallel at the electrode.

(i) the Ni-Mo system is known as an induced co-
deposition system since molybdenum, which
cannot separately discharge in aqueous solution,
can codeposit with an iron-group metal such as
nickel. Several investigations have been carried
out to try to understand the Ni-Mo induced
codeposition [6, 7, 10-14]. Chassaing et al. con-
sidered the multistep reduction of the molybdic
species. Because of the presence of Ni** ions a
mixed Ni-Mo oxide is formed which catalyzes
hydrogen evolution generated by citrate evolu-
tion [9]. Podlaha et al. developed a mathematical
model in which they considered that the dis-
charge occured via a Ni-Mo intermediated spe-
cies formed electrochemically or chemically and
was catalysed by nickel [12, 14]. They did not
take into account the interactions of the dis-
charging components with hydrogen, but only
considered hydrogen evolution from the de-
composition of water. In agreement with
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