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The codeposition kinetics of copper and nickel alloys in complexing citrate ammonia electrolytes
has been investigated by means of polarization and electrochemical impedance techniques. It is
confirmed that the two-step discharge of the complexed cupric species Cu(I)Cit is diffusion-
controlled during the alloy deposition, resulting in an increase in the nickel content of the alloy with
electrode polarization. Impedance spectra are also consistent with a two-step discharge of Ni(II)
cations involving an intermediate adsorbate, Ni(l),,,, originating from the reversible first step. A |
reaction model is developed for the parallel discharge of Cu(II)Cit and Ni(Il) in which the reactions
for nickel deposition are catalysed by active sites permanently renewed at the surface of the growing
alloy. The surface density of these sites, slowly nucleated from Ni(l),,, and included in the deposit,
varies with the electrode polarization, thus generating a low-frequency feature specific of Cu-Ni
codeposition. This reaction model reproduces to a reasonable extent the potential dependence of the
partial current densities for nickel and copper discharge, the current dependence of the alloy nickel
content and also most of the experimental relaxation processes observed on impedance spectra.
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1. Introduction

Copper—nickel alloys are known to be highly corrosion resistant, especially the commercial Monel
alloys that contain about 70% nickel. The plating of Cu-Ni alloys has long raised interest because
of its potential in corrosion protection as well as for decorative purpose. Electrolysis using direct
or pulse current has been developed on a laboratory scale which enables plating of thick, crack-free
and compact deposits of determined composition [1, 2]. To achieve the codeposition of nickel and
copper, the addition of complexing agents is necessary to diminish the gap between the reduction
potentials of Ni(1I) and Cu(II) species; trisodium citrate and ammonia seem to be among the most
efficient compounds [3-5].

So far few investigations have been devoted to the kinetics of alloy electrodeposition. Only
polarization techniques have been used for the study of Cu—Ni plating [4, 5]. The role of the
hydrodynamic regime was thus emphasized which showed that Cu—Ni alloy formation was achieved
under limiting current density for Cu(Il) reduction [5]. However, no reaction path has been
proposed so far. In previous work concerning the role of citrate and citrate-ammonia complexing
agents on copper electrocrystallization, it has been shown that the complexing agents adsorb and
inhibit the reduction of cupric complexing species; a reaction path for copper electrocrystallization
has been developed [6]. In the present work the codeposition kinetics of copper and nickel alloys has
been studied by means of polarization and electrochemical impedance techniques.

2. Experimental procedure

The electrolytes were made up of Analar grade purity chemicals: 0.025-0.1M CuSO, - SH,0,
0.4-0.6M NiSO, - 6H,0, 0.7M trisodium citrate (Na,Cit) and ammonia up to pH 9.2. The
solutions were deaerated by bubbling with U-grade nitrogen and kept at 25°C.

The anode was a large nickel sheet of commercial purity (99.9%) which did not dissolve
anodically in sulphate electrolytes. Consequently, the anode purity had no influence on the kinetics
of alloy deposition which was also unchanged when using a platinum counter electrode. The cathode
was a high-purity copper or nickel disc (0.2 cm? in area) rotating at up to 2500 revmin™'. To avoid
the current density distribution on a disc electrode giving rise to variations in the alloy composition,
copper ring cathodes (inner diameter =4 mm, outer diameter = 6 mm) were also used. The same
polarization curves and impedance spectra versus mean current density were recorded for both ring
and disc electrodes.

The current efficiencies were calculated from the weight and composition of the deposited alloy.
The copper content of alloy deposits was determined by iodometry after dissolution of the layer
plated on a platinum disc (2cm? in area) [7]. The nickel content was obtained by difference. EDAX
analysis was also carried out.

The steady-state polarization curves were recorded galvanostatically or potentiostatically and
corrected for ohmic drop. All potentials were referred to the saturated sulphate electrode (SSE). The
partial polarization curves for copper and nickel reduction were calculated from the deposit
composition and current efficiencies. In our experiments the partial hydrogen reduction current can
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be disregarded since the current efficiency of alloy deposition was always higher than 95%. Electro-
chemical impedance plots were recorded within the range 60kHz to SmHz using a frequency
response analyser (Solartron 1250) controlled by an Apple microcomputer.

3. Results
3.1. Polarization curves

As already reported [5], the complexing effect of trisodium citrate and ammonia added to copper
sulphate electrolytes shifts the reduction curve of the cupric species markedly towards more negative
potentials (Fig. 1, curves 1 and 2). The partial polarization curve for copper discharge (curve 3)
during Cu—Ni codeposition is located at slightly more negative potentials and, furthermore, exhibits
a limiting current density lower than that relative to pure copper sulphate electrolytes. A comparison
of curves 2 and 3 indicates that the copper discharge is inhibited by the presence of NiSO,. On the
other hand, at such a concentration of citrate and pH, the reduction of Ni(Il) (curve 5) occurs at
approximately the same potential as in pure nickel solutions (curve 4). However for the alloy
deposition the partial nickel curve exhibits a larger slope, indicating a catalysing effect of the Cu(Il)
species on the nickel reduction. The slight inhibition observed at low overpotentials is scarcely
significant and might result from an imprecise determination of the deposit composition, especially
at low nickel content.

For Cu-Ni codeposition the total and partial polarization curves obtained with increasing CuSO,
concentration are shown in Fig. 2. The electrode polarization is seen to decrease when the copper
concentration is increased (curves 1 to 3). The partial copper reduction curves exhibit a limiting
current density proportional to the electrolyte CuSO, concentration (Fig. 3A} and to the square root
of the electrode rotation speed (Fig. 3B). This indicates a mass transport control of the copper
reduction process. As observed in Fig. 1, the partial current density of copper and its limiting value
are much lower than for the separate reduction in pure CuSQ,/citrate electrolytes. This indicates a
decreased activity and a probably lower diffusion coefficient of the cupric species as a result of the
presence of nickel species in the electrolyte.

The partial nickel reduction curve (Fig. 2, curve b) does not depend on the electrode rotation
speed nor on the copper sulphate concentration in the ranges investigated. For 0.4M NiSQ,
concentration, nickel codeposition is achieved only for potentials more negative than — 1.55V; the
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Fig. 1. Steady-state polarization curves. Electrode rotation
2 speed, 500revmin~. (1) 0.1M CuS0,, 0.IM K,SO,; (2)
0.1M CuSO,, 0.7M Na,Cit, pH = 9.6; (3) 0.1 M CuSO,,
; g1 L Ly 1y 0.4M NiSO,, 0.7M Na,Cit, pH = 9.2, partial copper pol-
03 05 07732 Sz e arization curve; (4) 0.4M NiSO,, 0.7M Na,Cit, pH = 9.3;

(5) same electrolyte as for curve 3, partial nickel polarization

E/VesSSE curve.
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Fig. 2. Steady-state polarization curves in 0.4M NiSO,,

0.7M Na,Cit, pH = 9.2, with increasing CuSO, concen-

tration: (1) 0.025M; (2) 0.05M; (3) 0.1 M. The partial curves

-13 =15 =17 are indicated for (a) copper and (b) nickel. Electrode rota-
E/VwSSE tion speed, 500 revmin='.

nickel content in the deposit first increases very steeply with current density up to about
25mA cm~2, but beyond this value the increase is much less (see Fig. 8).

3.2. Impedance measurements

The dependence of the impedance on current density is illustrated in Figs 4 and 5 for two different
concentrations and an electrode rotation speed of 500 revmin™'. On all spectra the high-frequency
loop corresponds to the charge transfer resistance, R, and the double layer capacitance whose value
(between 50 and 170 uF cm~?) increases with the electrode polarization. For low polarizations where
only copper deposition takes place, the impedance plots exhibit the characteristic features of copper
reduction in citrate electrolytes [6], as exemplified in Fig. 4. In addition to the high-frequency loop,
a medium-frequency capacitive loop appears showing a characteristic frequency depending on the
rotation speed. The R, /R, ratio (where R, denotes the maximum of the real part of the impedance
and R, the transfer resistance) increases with current density.

As soon as nickel codeposition starts (E < — 1.55V for the electrolyte used in Fig. 5), a large
inductive feature appears (Fig. 5A). Its characteristic frequency (~ 0.1 Hz) does not depend markedly
on the electrode rotation speed nor on the copper sulphate concentration. The frequency increases
slightly and the size of the loop decreases for increasingly negative potentials. For £ < —1.6V a
second inductive feature appears at lower frequencies (Fig. 5B).

For potentials between — 1.55 and — 1.65V, a capacitive feature is observed at medium frequencies
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Fig. 3. Limiting current density, i,, for partial copper reduction versus: (A) CuSO, bulk concentration (M) at 500 revmin~';

(B) square root of the electrode rotation speed in 0.1 M CuSO,.
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Re(Z)/): cm? in Fig. 2, curve 3.

and separated from the high-frequency loop by a small inductive feature (Fig. 5A, 5B). The
characteristic frequency of this small loop is independent of the electrode rotation speed or CuSO,
bulk concentration but increases slightly with overpotential, as already observed for separate nickel
deposition in sulphate or chloride electrolytes [8]. The ratio R,/R,, strongly dependent on the
electrode polarization, increases when the CuSO, bulk concentration in the bath or the electrode
rotation speed is increased (see Fig. 12). The characteristic frequency of this feature increases with
copper sulphate concentration and with overpotential but not significantly with the electrode
rotation speed (sce Fig. 13).

For larger overpotentials (E < — 1.65V), the medium-frequency capacitive feature splits and an
additional loop appears (Fig. 5C). In this region of potentials, the R,/R, ratio increases again with
increasing overvoltage (see Fig. 12). This additional capacitive loop is probably associated with the
nickel reduction process which is predominant, and its proper frequency is about the same as that
of one of the inductive features observed at lower overpotentials.

The current density dependence of the R,/ product exhibits a well-pronounced minimum at a low
CuSO, concentration (Fig. 6, curve 2). It decreases from 90 mV, a value close to that observed for
copper discharge in citrate electrolytes [6]. For higher current densities it varies similarly to the R,/
product obtained for pure nickel deposition in citrate-ammonia electrolytes (Fig. 6, curve 1).
Experimental data also indicate that the R, product increases with the electrode rotation speed and
with the copper sulphate concentration in the electrolyte.

4. Discussion

For copper reduction in citrate-ammonia electrolytes [6] the two-step discharge of the complexed
cupric species Cu(II)Cit, transported by diffusion to the interface, has to be considered via a soluble
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N Fig. 5. Complex plane impedance plots recorded in 0.4M
€0 NiSO,, 0.025M CuSO,, 0.7M Na,Cit at pH = 9.2. and an
H electrode rotation speed of 500revmin~!, at points (A)
! S5mAcm™?, (B) I5mAcm~2, (C) 50mA cm~? indicated in

Re(Z)/0em? Fig. 2 (curve 1).
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intermediate Cu(I)Cit (reactions 1 and 2, Table 1). The decomplexation yields a surface excess of
‘free’ complexing agent, denoted Cit, which can either diffuse away or adsorb (reactions K and KX")
on the electrode surface. This adsorbed complexing agent may inhibit copper deposition on a
fraction, 6, of the electrode area, but in the case of Cu—Ni alloy codeposition, with relatively low
CuSO, concentration in the electrolyte, the low-frequency capacitive feature essentially results from
the diffusion-controlled discharge of Cu(IT)Cit. Therefore, the inhibiting influence of the adsorbed
complexing agent Cit can be disregarded and, in the reaction mechanism for the copper discharge,
reactions K and K’ will be neglected.

[Cu(IDCit],, (Cit),

I > |

[Cu(ICit], + e~ [CuD)Cit], + ¢ 2 Cu + (Cit),

K ‘[J X’
(Cit)as

The subscripts 0 and b correspond respectively to the electrode surface and the electrolyte bulk.
Nickel reduction is not dependent on the adsorption of Cit since no capacitive feature has been
observed for pure nickel reduction in 0.7M citrate electrolytes at the same pH (9.2). For nickel

Table 1. Rate constants and Tafel coefficients of reactions and diffusion used for the simulations in Figs 7 to 10

Reaction i Rate constant at E = — 14V Tafel coefficient (V")
1. [Cu(IN)Cit], + e — [Cu()Cit], K, =2 x 107%cms™! b, =10

2. [Cu()Cit], + e — Cu + (Cit), K, = 557! b, = 11

3. Ni(ll) + e == Ni(D),q, K [NI(ID)] = 2 x 10~%cm 25~ by = 11

K; =175 x 107°cm™?s™! by = —28

4. Ni(l),q, + e — Ni K, = 6.4 x 10-"cm 25~ b, =5

5. Ni(T),qs + nCu + e —> s Ks =5 x 107%cm?s! by = 15

6. s + Cu— Cufs K =175 x 107"cm2s™!

7. s + Ni(I),4 + ¢ — Nifs K; =25 x 107%cm s b, =19

Diffusion of Cu(IN)Cit k=23 x10%cms™!
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deposition in sulphate and chloride electrolytes [8], the two-step reduction of Ni(II) (reactions 3 and
4, Table 1) involves the adsorbed intermediate Ni(T),4:

K
Ni(Il) + e ——f_K_—> Ni(D), + € — Ni
3

This reaction is considered to occur on catalytic active sites, s, nucleated from the Ni(l),, on the
surface of the alloy deposit:

Ni(I),gs + #Cu + e S

An important effect of alloy deposition is the permanent renewal of the active sites consumed by
either reaction 6 or reaction 7 (Table 1):

s + Cu—% Cu/s
s + Ni(I)f;, e — Ni/s

The active sites probably correspond to some particular bonds and/or arrangements between
nickel and copper atoms at the electrode surface which give them a particular reactivity. This may
result from the association of one nickel atom with several (r) copper atoms (reaction 5). As a
consequence of deposition, these catalytic sites propagate along the surface of the growing alloy.
Then, reactions 6 and 7 express a deactivation process of these sites occurring when they meet,
respectively, an excess in copper atoms or nickel adions on the deposit surface. It is noticeable that
reaction 7 can also be regarded as an inclusion process of active sites into the deposit. As compared
with reactions 3 and 4, reactions 5, 6 and 7 correspond to slow processes which ensure the slow
renewal of sites during the alloy deposition.

For simplicity the following assumptions were adopted.

(i) The diffusion processes for Cu(II)Cit and Cit are governed by Fick’s laws.

(i)) The adsorption processes for Cit,q, and Ni(I) 4, follow the Langmuir isotherm.

(iii) The rate constants for the electrochemical reactions vary with the electrode potential accord-
ing to Tafel’s law: for each i reaction, K; = &; exp (b, F).

(iv) The discharges of Cu(IDCit and Ni(IT) are independent. However, changes in ion activities
may result from the presence of both Cu(IT)Cit and Ni(II) in the electrolyte.

4.1. Equations for copper reduction

The electron balance for copper discharge yields the partial current density

oo = MK % + K, %) (H
At the distance x from the interface, the value of € is governed by Fick’s second law,
0% i
=P (E) @

The boundary conditions for a Nernst diffusion layer of thickness § are as follows:

Atx =3, ¢ = [Cu(I)]

Atx =0, ¥ = %,such asD(%—?) = K%, 3)
0

The material balance for the surface concentration, €*, of the monovalent intermediate Cu(D)Cit is:

de*

’_d‘t" = Kl (go - Kz(g* (4)
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The steady-state solutions of Equations 2 and 4 give the steady-state concentrations:

* = K% /K, (6)
where k = D/d is the mass transfer coeflicient.
Then the steady-state current density for copper deposition is given by
o = 2M§é lk[J(r:ulgu)] @
With increasing cathode polarization, ic, tends to the limiting current density, i, i.e.
i = 2Fk[Cu(ID)] (8)

4.2. Eguations for nickel deposition

By considering reactions 3 and 4 much faster than reactions 5, 6 and 7, the material balances give
the following equations:

do
ﬁ (_d_11~> = K502 — K601 - K70192 (9)

de,
(%)
Since copper and nickel crystals have close unit cell parameters (3.615 A and 3.524 A respectively)
the coefficient § can reasonably be taken to be equal to the value of the superficial density of the
atoms in the (111) plane, which is close to the 3 x 10~ molcm 2.
Taking into account the catalytic effect of sites, s, on nickel deposition, the electron balance gives

the partial current density, iy:

I

KINi(DI(1 — 6,) — (K5 + K)b; (10)

i = FO[K[NIAD}(1 — 8,) + (K, — K7)6,] an
The steady-state solutions of Equations 9 and 10 yield the coverages,
K6,
= 272 12
02 — K3[N1(II)] (13)

K,Ni(Il)] + K; + K,
and the steady state current density, iy;, is
iNi = 2FK491 02 (14)

The nickel content, y, (in weight) of the deposited alloy can be deduced from the partial current
densities,
_ (Ni)iy;
7T (N + (Cwi,

where (Cu) and (Ni) are the respective molecular weights.

(15)

4.3. Electrode impedance

Disregarding the hydrogen evolution, the total current density for alloy deposition is given by
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i = iCu + iNi (16)
where i., and i are given by Equations 1 and 11, respectively.
The faradaic impedance, Z;, can be calculated by linearizing Equations 1 and 11,

R AT e AL N A LR LU
Z. | 0E 89, | AE 00, | AE 3%, | AE 06* | AE

where the first term is R, such as

2(K1 %0 + K401 02) (143)
K ,(b, + by) + 0,0,[K5(b; + b3) + Ki(bs + b))

At sufficiently low electrode polarization, where only copper deposition occurs (6, ~ 0), the R,i
product takes the constant value given by 2/(b; + b,). At sufficiently high polarizations, where nickel
deposition predominates and becomes irreversible (K5 <€ K,), the R i product tends to a second
constant equal to 2/(b, + b,).

The partial derivatives in Equation 17 can be calculated from Equations 1 and 11:

Ri =

di

2 19

7 2FK,6, (19)

a%l‘ = FO,(K, — Ky[Ni(ID] — K3) (20)
2

di ‘

LI 21

7 FK, 2H

di ,

The terms A6,/AE and A#,/AE are obtained by differentiating Equations 9 and 10, respectively:
A, K,0,(bs + AB,/0,AE) + K;8,0,(bs — b;)

20 o (23
AE & + Ko){ + jor) @
where
8
_ 24
‘Cl Ké + K702 (‘)
AE (K INI(ID] + K5 + K)( + jort,) )
where
T, = ; P (26)
KINi(dD] + K5 + K,
By integrating Equation 2, it follows for x = 0 [9] that
A%, d tanh (jwty)"? ,
= et (27)
A(0€/0x), (Jory)

where 1, = §°/D is the diffusion time constant.
The term A%/AE is then obtained by differentiating Equation 3 and combining with Equation 27:
il )
AE Ty M) @)
K, tanh (jor,)"?
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Fig. 7. Partial (iy; and ic,) and total (i) polarization curves.
Dashed lines: experimental curves for the electrolyte 0.025M
CuSO,, 0.4M NiSO,, 0.7M Na,Cit at pH = 9.2 and an
electrode rotation speed of 500 revmin~'. Solid lines: cal-
culated curves for [Cu(Il)] = 1.4 x 10~° molecm 7,
D=5 x 10"%cm?s™!, § = 22 ym, and the parameters of
reactions given in Table 1.

The term A¥*/AF is given by differentiating Equation 4:

AG* €%, — b, + AG,/6,AE)
AE (1 + jor*)

(29)

where

1
* o
T @ (30)
Finally, Z can be obtained by considering the double layer capacitance, Cy, in parallel with Z;.
4.4. Simulations

From this model, the equations of the polarization curves and impedance plots characteristic of
Cu-—Ni alloy deposition can be calculated. Fig. 7 gives an example of partial and total polarization
curves simulated using the reaction and diffusion parameters given in Table 1. At a rotation speed
of 500 rev min ! for the disc electrode, for which = 22 um in water when D = 5 x 10~ %cm*s™',
the mass transfer coefficient, k, is 2.3 x 102 cms™'. A bulk concentration [Cu(II)] of Cu(II)Cit
species equal to 1.4 x 107> mol cm™ has been adopted to fit the limiting current density of partial
copper deposition for an electrolyte containing 0.025M CuSO, and for Q = 500rev min~'. The
agreement between experimental data and calculated polarization curves is shown in Fig. 7. The
model validity is also evident in Fig. 8 for the variation of the weight of nickel in the deposited alloy
as a function of the total current density.

The potential dependences of the coverages 6, and 6, calculated from Equations 12 and 13,
respectively, with the parameters given in Table 1 are shown in Fig. 9. An increase in the coverage
6, by Ni(I), results from a Tafel coefficient, b;, of the first charge transfer reaction for nickel
deposition which is higher than b,, for the second charge transfer reaction. The increase in the
coverage, 8, , by sites observed at low electrode polarization is due to the increase in 6,. A maximum
in 6, appears near E = — 1.65V with a subsequent decrease generated by the situation b; > bs.

The polarization dependence of the electrode impedance is illustrated in Fig. 10, where the
impedance spectra have been calculated using the same parameters as for Figs 7-9. The high-
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frequency capacitive loop corresponds to R, in parallel with the double layer capacitance whose
value is taken as 100 uF cm 2, corresponding to the mean of experimental data.

The capacitive loop which appears at medium frequencies results from the two-step discharge of
Cu(I)Cit species coupled with the diffusion of these species, which is the rate-determining step for
copper deposition. Equation 29 indicates that the relaxation process of ¢* exists even when there
is no difference between the coefficients 5, and b, because of its coupling with that of €. Thus it is
normal that the relaxation of * contributes to the capacitive loop on the plots of Fig. 10 which
have been simulated with a small difference between b, and b,. It is noteworthy that the adopted
values of b, and b, in the present work are close to those (11.8 V~') already obtained for pure copper
deposition in citrate-ammonia electrolytes [6].

The increasing coverages, 8, and 6,, with clectrode polarization in the domain where nickel
deposition starts, generate two inductive loops. The first loop, whose proper frequency is ~20Hz
and 40 Hz in diagrams B and C of Fig. 10 respectively, is due to the coverage 6,, and it increases
with electrode polarization according to Equation 26. The second loop, which appears near 0.1 Hz
on diagram B of Fig. 10, expresses the catalytic effect of sites, s, on the reactions 3 and 4 involved
in nickel deposition. Its characteristic frequency also increases slightly with electrode polarization
according to Equation 24. For electrode polarizations higher than — 1.65V, the decreasing
coverage, #,, makes this low-frequency loop become capacitive, as shown in diagram C of Fig. 10.

The calculated variation of the R,i product with electrode polarization depicted in Fig. 11 (curves
1 and 2) reproduces the minimum value observed when nickel deposition starts reasonably well. The
model also agrees with the experimental variations of R,i with the electrode rotation speed and
CuSQO, concentration. On curve 2, calculated by increasing [Cu(I1)] and reducing §, the R i minimum
is less pronounced, since a larger polarization is necessary to achieve deposits with a high nickel
content, thus reducing the reversibility of reaction 3.

The potential dependence of the R, /R, ratio which characterizes the size of the medium-frequency
capacitive loop is represented in Fig. 12. It first increases due to the increasingly diffusion-controlled
kinetics of copper deposition which prevails at low electrode polarizations. The subsequent decrease

Q
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w» o~ w (=
T 1 f f

Coverages
N
T

2
T
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i
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™

-15 -1.6 -1.7 Fig. 9. Potential dependences of the coverages 6, and 0,
E/VsSSE calculated with the parameters given in Table 1.
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occurs when nickel codeposition becomes progressively more important. When E reaches — 1.65V,
the final increase is connected with the decrease in the coverage, 0, by the catalytic sites, s, which
generates a capacitive feature. Fig. 12 shows that only a semi-quantitative agreement is achieved
between the model and the data obtained under various experimental conditions able to modify the
rate of copper deposition.

A semi-quantitative agreement also appears in Fig. 13, which presents the potential dependence
of the frequency, f;, at the apex of this medium-frequency capacitive loop. In spite of a potential-
independent value of the diffusion time constant, 74, the increase in f; originates from both the
contribution of the ¥* relaxation, whose proper frequency increases with overpotential according
to Equation 30, and the increasing current, iy;, for nickel deposition added to the current, i, for
copper deposition. Such a situation screens the dependence of 7, upon Q: the calculated curve is
independent of Q between 500 and 1000 revmin~' and it does not account for the increase in f,
experimentally observed with increasing CuSO, concentration in the electrolyte.

With the adopted assumptions, the present model still provides an approximate description of the
experimental facts. Obviously it does not predict the existence of a second low-frequency inductive
loop, as observed in diagrams B and C of Fig. 5. Neither does it yield the splitting of the
medium-frequency capacitive feature into the two loops which is observed at high polarizations (see
diagram C of Fig. 5). The lack of information about the atomic structure and energetical properties
of sites, which might be of several types at the electrode surface, is probably a major reason for the
restrictions in the conformity with experimental data. However, this model satisfactorily accounts
for a number of experimental results of the relaxation processes observed on impedance diagrams
and their potential dependences.

It is noticeable that a clear distinction between the contributions of diffusion and 8, decrease to
the capacitive loop apparent at high electrode polarizations can be achieved by assuming that the
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Fig. 11. Potential dependence of the R,/ product. Dashed
lines represent experimental curves: (+) electrolyte 1 in

60 Fig. 2, Q = 500revmin~'; (®) electrolyte 3 in Fig. 2, Q =
E/Vs S SE 1000 revmin~'. Solid lines represent calculated curves: (1)
30 1 1 | with the same parameters as for Fig. 7; (2) by multiplying

14 15 16 17 [Cu(IT)] by 4 and dividing 8 by 2'2.
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1.5 Fig. 12. Potential dependence of the R,/R, ratio. Dashed
lines represent experimental curves: (+) electrolyte 1 in
Fig. 2, Q@ = 500revmin~!; (®) electrolyte 3 in Fig. 2, Q =
4\_1.__,// E/V#SSE 1000revmin~!. Solid lines represent calculated curves: (1)
1 T with the same parameters as for Fig. 7; (2) by multiplying
~14 -1.5 -16 -17 [Cu(Il)] by 4 and dividing § by 22,

Ni(I),4, species do not behave independently in the nucleation of sites, and undergo repulsive
interactions when their surface coverage, #,, exceeds a threshold, 6,. Therefore, similarly to the
formulation previously used for interaction effects [10, 11], the rate, v, of reaction 5 is changed
from:

7]5 - K5 92 (3’ 1)
into
v; = K0, exp [—g(0, — 0,)] (32)

only for 8, > 6;. Such a situation is consistent with sites assumed to exist under the form of clusters
made of one nickel atom surrounded and bound to several copper atoms. Then the restricted rate,
v, of formation of sites is sufficient to generate the decrease in 8, at high polarizations, and their
potential-activated inclusion (reaction 7) can be disregarded. Fig. 14 shows an example of an
impedance plot calculated with these assumptions, taking K; = 0, introducing vs under the form of
Equation 32 and changing the kinetic parameters of the slow reactions 5, 6 and 7 implied in nickel
deposition as indicated in the relevant caption. Two well-separated capacitive loops clearly appear,
whose proper frequencies, 10 and 0.06 Hz, correspond to the relaxations of 4, and 6, respectively.
Then the clear-cut separation becomes even more pronounced than on diagram C in Fig. 5. On the
other hand, with these parameters an equivalent quality of agreement is obtained between this
modified model and our experimental results for the polarization curves, the nickel content of
deposits and the impedance components. Consequently it is not yet possible to decide unambiguously
between the two possible situations for the renewal of sites, i.e. either a nucleation governed by
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I
~
LOo2p
10 Fig. 13. Potential dependence of the frequency, f,, at the
apex of the medium-frequency capacitive loop. Solid line
051 represents calculated curve with the same parameters as for
Fig. 7. Experimental points with the same electrolytes as for
[ 1 i 1 L Fig. 2: (O) electrolyte 1, Q = 500revmin~'; (+)electrolyte |,

=135 -1.6 =17 Q = 1000rev min~*; (3) electrolyte 2, @ = 1000 rev min~';
E/VwSSE (&) electrolyte 3, © = 1000 revmin~'.
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N
= 1 1k 800
(8] -
g | 2« 400
~ . .
N Fig. 14. Complex plane impedance plot calculated for in-
~ 200} 01 0.06 teracting ‘s’ sites according to Equation 32, withg = 15and
£ 8 0.01 6, = 0.09. The parameters are those of Figs 7 and 10 except
"':0 | 2 X for K; = 3.5 x 107%em™?s7!, by = 5V7!, Ky = 1.5 x
0 1 60, 2 107°cm™?s™! and K; = 0. Flectrode polarization: E =
Re(Z)/Q cm —17V,i = 58mAcm™2.

Equation 31 from independent Ni(I),q, coupled to an inclusion by reaction 7, or a formation
according to Equation 32 from Ni(I),4 which interact when 8, exceeds 6,.

5. Conclusion

By means of impedance spectroscopy the mechanism of Cu~Ni alloy deposition has been investi-
gated in complexing citrate—ammonia electrolytes in which the discharge of cupric species is
considerably inhibited.

Using a rotating disc electrode, it has been confirmed that the discharge of Cu(IT)Cit is diffusion-
controlled during Cu-Ni alloy deposition, thus generating a capacitive feature at medium fre-
quencies. Impedance spectra, and particularly this capacitive feature, also agree with a two-step
discharge of complexed cupric species where the first step has a much lower rate constant than the
second one. An inductive feature and the potential dependence of the transfer resistance are shown
to be consistent with a two-step discharge of nickel cations, Ni(Il), involving a monovalent adsorbate
Ni(I),4 originating from a first step whose reversibility is important.

A number of experimental relaxation processes and their potential dependences are semi-
quantitatively in agreement with a reaction model where nickel and copper discharges are con-
sidered to occur in parallel at the electrode. In addition to likely changes in ion activities due to the
presence of both Cu(I)Cit and Ni(Il) in the electrolyte, an important effect of alloy deposition is
the permanent renewal of active sites, s, which catalyse the reactions for nickel deposition. The slow
renewal of these sites nucleated from Ni(I),4, on the alloy surface generates a low-frequency feature
which is inductive at low electrode polarizations and becomes capacitive at high polarizations. The
existence of a surface concentration maximum of sites as a function of potential suggests that these
sites might have the particular reactivity of clusters made of one nickel atom bound to several copper
atoms.

This reaction model reproduces the partial and total polarization curves, and also the dependence
of the nickel content of the alloys upon the electrode polarization, fairly well.
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