JOURNAL OF APPLIED ELECTROCHEMISTRY 18 (1988) 511-520

Characterization of electrochemically formed thin
layers of binary alloys by linear sweep voltammetry

V. D. JOVIC

Institute of Technical Sciences of the Serbian Academy of Science and Arts, 11001 Beograd, P.O. Box 745,
Yugoslavia

R. M. ZEINILOVIC
Faculty of Metallurgy, University of Titograd, 81000 Titograd, Cetinjski put bb, Yugoslavia

A. R. DESPIC, J. S. STEVANOVIC
Faculty of Technology and Metallurgy, University of Beograd, 11000 Beograd, Karnegijeva 4, Yugosiavia

Received 13 July 1987; revised 1 December 1987

It has been demonstrated that linear sweep voltammetry can be used as an in situ technique for
characterization of electrodeposited thin layers of binary alloys. The anodic dissolution characteristics
of linear sweep voltammograms are very sensitive to the type of electrodeposited alloy. If both metals
do not passivate in the investigated solution, eutectic type alloys are characterized by two sharp
dissolution peaks, indicating no miscibility between components in the solid phase. From the ideal
solid solutions, components of the alloy dissolve simultaneously, while in the case of intermediate

phases and intermetallic compounds each phase, or compound, has its own peak of dissolution.

1. Introduction

It is known that electrodeposition offers several unique
advantages in preparation of alloys (superior control
of alloy composition, including formation of non-
equilibrium alloys and the ability of formation of thin
layers of alloys) and that electrochemically formed
alloys may possess different characteristics than those
obtained by metallurgical processes [1]. It has also
been found that a change in the conditions of electro-
deposition can cause a significant change in the phase
structure of electrodeposits of identical chemical com-
position [2].

Characterization of electrochemically formed alloys
by conventional techniques (SEM, X-ray diffraction,
Auger spectroscopy, microprobe technique) is often
connected with significant difficulties and is always a
time consuming process. In this communication one
possible in situ technique for characterization of elec-
trochemically formed thin layers of binary alloys is
presented. This is based on linear sweep voltammetry
applied to the anodic dissolution of thin layers of
alloys [3-7].

Three types of alloy were selected and investigated
as examples of three different types of interaction
between the components in the solid phase, according
to their phase diagrams [8]: an alloy of a binary system
with no miscibility (solubility) between components in
the solid phase (eutectic type), an alloy with complete
miscibility between components in the solid phase
(solid solutions) and an alloy with formation of inter-
mediate phases and/or intermetallic compounds.
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Two procedures of investigation were applied to all
three types of alloy. The first one involved a fixed
glassy carbon disc electrode, while in the second one a
rotating glassy carbon disc electrode was used. In the
first procedure alloys were deposited and dissolved by
a cathodic and anodic linear sweep of potential,
respectively, in the solution containing ions of both
metals. The second procedure consisted of deposition
of a thin layer of an alloy (maximum thickness of about
1 um) in the solution containing ions of both metals by
potentiostatic pulse technique, followed by dissolution
of the deposited alloy by anodic linear sweep voltam-
metry in the solution containing only ions of the less
noble metal.

2. Experimental details

All experiments were carried out in standard electro-
chemical glass cells thermostated to 25 + 1°C.

For the first procedure a mechanically polished
glassy carbon (Atomergic Company) disc sealed in a
Pyrex tube was used as a working electrode, a platinum
plate as a counter electrode and a saturated calomel
electrode (SCE, Radiometer K401) as a reference elec-
trode.

The second procedure was performed in two cells,
on the same mechanically polished glassy carbon disc
electrode, sealed in a Kel-F rod by a special technique
[9]. In the cell for deposition of a thin layer of alloy the
counter electrode and the reference electrode were
mode of chemically polished metal (99.999%) more
noble of the two, while in the cell for the dissolution
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of electrochemically formed thin layer of the alloy, the
counter and the reference electrode were made of
chemically polished metal (99.999%) less noble of the
two. The working electrode, with a deposited layer of
alloy on it, was removed from the electrolyte under
polarization, to prevent replacement. Thin layers of
the alloys were deposited from appropriate baths [10].

Glassy carbon disc electrodes were first mechanically
polished consecutively on emery papers of grade 0, 00,
000 and 0000 and then on polishing cloths (Buehler
Ltd) impregnated with alumina (Banner Scientific Ltd)
of 1 um, 0.3 um and 0.05 um grades.

Prior to each experiment, solutions were deaerated
inside the cell by purging with a stream of purified
nitrogen [9]. All the solutions were made of p.a. chemi-
cals and triply distilled water.

Linear sweep voltammetry was applied by using a
potentiostat with built-in sweep generator (PAR-
M273), while a potentiostatic pulse technique was
applied by using a universal programmer (PAR-M175)
and a potentiostat (Stonehart BC1200). Linear sweep
voltammograms were recorded on an X-Y recorder
(Philips PM8033), while potentiostatic j—¢ transients
were recorded on an X-Y-t recorder (Houston
Instrument 2000R).

Experiments with rotating disc electrodes were per-
formed with Tacussel-Controvit rotating disc system.

3. Results
3.1. The first procedure of investigation

The linear sweep voltammograms (LSV) recorded on
fixed glassy carbon disc electrodes in three different
electrolytes containing (1) copper ions, (2) lead ions
and (3) both ions in the same amounts (0.01 M), all in
1M HBF,, are shown in Fig. |, together with the

phase diagram of the binary alloy Cu-Pb [8]. It is seen
that the LSV in electrolyte 3 corresponds reasonably
well to the one which would be obtained by super-
position of the LSVs pertaining to the electrolytes 1
and 2. This points to the complete absence of inter-
action between the two deposition processes and
deposited metals. However, a small hump is observed
between the two metal peaks which becomes higher
after holding the working electrode at potentials nega-
tive to the reversible potential of lead, as can be seen
in Fig. 2.

The LSVs of similar characteristics are shown in
Fig. 3 for the solutions containing (1) cadmium ions,
(2) zinc ions and (3) both ions in the same amounts
(0.1M), all in 0.5M Na,SO,. Although both binary
alloys are of the eutectic type, their phase diagrams are
different, indicating possibilities of some interaction
between cadmium and zinc in the solid phase [8].

The phase diagram of the Co-Pb alloy, shown in
Fig. 4, indicates no miscibility between components in
the solid phase, while the LSV of dissolution of alloy
(curve 3) does not possess two separate peaks (Fig. 4).

In the case when the components in the solid phase
make ideal solid solutions at all temperatures, like the
system Cu-Ni (phase diagram [8] presented in Fig. 5),
peaks of the dissolution of the components from the
alloy are not separated (Fig. 5) as in Figs 1, 2 and 3.
It is seen that nickel is passivated in the solution of
0.5M Na,SO, (curve 2) and that a small peak of
dissolution of pure nickel could be seen on the vol-
tammogram only after holding the potential at
—0.75V vs NHE for 300s {curve 2a), but all deposited
nickel was not dissolved. The two dissolution peaks
present on curve 3 are the consequence of passivation
of nickel in the sulphate solution. The first peak corre-
sponds to dissolution of copper deposited on top of
the nickel-copper layer during the anodic scan in the
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Fig. 1. Phase diagram of the Cu-Pb binary alloy and linear sweep voltammograms of a fix
(1) 0.01M Cu** + 1M HBF,; (2) 0.01M Pb’" + IM HBF,; (3) 0.01M Cu?* + 0.01M Pb** + 1M HBF,. Sweep rate, v = 50mVs

ed glassy carbon electrode in various solutions:
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Fig. 2. Linear sweep voltammograms of dissolution of Cu-Pb alloy
obtained by holding a fixed glassy carbon electrode at a potential of
—0.2V vs NHE in a solution containing 0.0l M Cu?* + 0.01 M
Pb2* + 1M HBE,. Sweep rate, v = [0mVs™'

cathodic region relative to the reversible potential of
copper, while the second one corresponds to dissolution
of the copper—-nickel solid solution.

The LSVs of the systems with formation of inter-
mediate phases and intermetallic compounds are
shown in Fig. 6 for the solutions containing (1) copper
ions, (2) zinc ions and (3) both ions of the same con-
centrations (0.1 M), all in the 0.5M Na,SO, and in
Fig. 7 for the solutions containing (1) copper ions,

(2) cadmium ions and (3) both ions of the same concen-
trations (0.1 M) in the electrolyte of 0.5M Na,S0O, +
1 x 107*M H,S0,, together with their phase diagrams
[8]. Itis seen that LSVs of the systern with intermediate
phases (Cu-Zn) are different from those obtained for
the system with intermetallic compounds (Cu-Cd).
The deposition peak of zinc is shifted in a positive
direction, while that of cadmium is not. On the other
side, contrary to a relatively simple dissolution pattern
in the system Cu-Zn, in the system Cu—Cd several
anodic dissolution peaks are observed.

3.2. The second procedure of investigation

Potentiostatic j-¢ transients of deposition of thin
layers of Cu-Pb alloy on rotating glassy carbon disc
electrodes from the solution containing ions of both
metals (0.05M Cu’* + 0.1M Pb** + 1M HBF,)
and the corresponding LSVs of dissolution of these
alloys in the solution of lead ions (0.01 M Pb?* + 1M
HBF,) are presented in Fig. 8. It is seen that peaks of
dissolution of lead and copper are separated and that
a small hump appears after the dissolution peak of
pure lead from the alloy, as was also observed in Figs
I and 2.

Figure 9 represents potentiostatic j—t transients of
deposition and corresponding LSVs of dissolution of
thin layers of Cu-Ni alloys. The alloys were deposited
from the solution of 0.05M Cu’* + 2M Ni** +
0.5M Na,C,H,0, + 0.035M NaCl and were dissolved
in the chloride containing solution of Ni** ions (0.1 M
NiCl, + 0.5M NH,Cl), to prevent passivation of
deposited nickel. Curve 2 in Fig. 9(b) corresponds to
dissolution of pure nickel, deposited from the Watts
bath at the constant current.

Potentiostatic j~ transients of deposition and the
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Fig. 3. Phase diagram of the Cd-Zn binary alloy and linear sweep voltammograms of a fixed glassy carbon electrode in various solutions:
(1) 0.1M Cd** + 0.5M Na,SO,; (2) 0.1M Zn’* + 0.5M Na,SO,: (3) 0.IM Cd** + 0.1M Zn’* + 0.5M Na,SO,. Sweep rate, v =

0mVs™,
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Fig. 4. Phase diagram of the Pb-Co binary alloy and linear sweep voltammograms of a fixed glassy carbon electrode in various solutions:
(1) 0.0t M Pb?* + 0.5M NaClO, + 0.01M HCIO,; (2) 0.01M Co** + 0.5M NaClO, + 0.01M HCIO,; (3) 0.01M Pb?* + 0.01M
Co*™* + 0.5M NaClO, + 0.01 M HCIO,. Sweep rate, v = SO0mVs™'.

corresponding LSVs of dissolution of thin layers of
Cu-Zn and Cu-Cd alloys are shown in Figs 10 and 11.
Thin layers of alloys were deposited from the solutions
containing ions of both metals (Fig. 10(a), 0.01M
Cu’* + 02M Zn** + 0.5M (NH,),SO, + 0.05M
[{CH,N(CH,COOH)CH,COONa], - 2H,0 and Fig.
11(a), 0.05M Cu’* + 0.2M Cd’* + 0.5M Na,S0, +
1 x 107*M H,S0,) and were dissolved in the solutions
containing ions of the less noble metal (Fig. 10(b),
0.01M Zn?* + 0.5M Na,SO, and Fig. 11(b), 0.01 M
Cd* + 0.5M Na,SO, + 1 x 107°M H,SO,). In

the first system, at overpotentials at which a significant
amount of zinc was deposited, the existence of three
different structures, aside from the pure copper phase,
is indicated by three peaks. The most actively dis-
solving structure was found to increase in quantity
with increase of deposition overpotential. The second
system gives a more complex dissolution pattern with
a dominant peak at 0.5V vs Cd**/Cd and with all
peaks increasing with increasing deposition over-
potential.

The LSV of dissolution of Cu-Cd alloy (curve 2),
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Fig. 5. Phase diagram of the Cu-Ni binary alloy and linear sweep voltammograms of a fixed glassy carbon electrode in various solutions:
(1) 0.01M Cu?* + 0.5M Na,80,; (2) 0.01M Ni** + 0.5M Na,S0,; (3) 0.01M Cu’* + 0.01M Ni** + 0.5M Na,SO,. Sweep rate,

v = 10mVs™'.
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Fig. 6. Phase diagram of the Cu-Zn binary alloy and linear sweep voltammograms of a fixed glassy carbon electrode in various solutions:
(1) 0.1M Cu** + 0.5M Na,SO,; (2) 0.1 M Zn>" + 0.5M Na,S0,; (3) 0.IM Cu?* + 0.1M Zn’* + 0.5M Na,SO,. Sweep rate, v =

S0mvVs™'.

obtained from the solution containing 0.075M Cu** +
0.2M Cd** + 0.5M Na,SO, + 1 x 107°M H,S0,
at overpotential of — 1.1V vs Cu’*/Cu for 20s, is
shown in Fig. 12 together with the LSV of dissolution
of pure cadmium (curve 1). It is seen that four dissol-
ution peaks, interpolated between the peaks of dis-
solution of pure cadmium and pure copper, are present
on the voltammogram.

4. Discussion
4.1. Eutectic type of alloys

If the interaction between two components in the solid
phase is negligible, the free energy of each component
should not change and the reversible potential of each
component in the alloy should be the same as the
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Fig. 7. Phase diagram of the Cu—Cd binary alloy and linear sweep voltammograms of a fixed glassy carbon electrode in various solutions:

(1)0.1M Cu* + 0.5M Na,SO, + 1 x 10-3M H,80,; (2) 0.1 M Cd>* + 0.5M Na,SO, + 1 x 10-3M H,S0,: (3) 0.1 M Cu** + 0.1 M
Cd** + 0.5M Na,SO, + 1 x 107*M H,S0,. Sweep rate, v = 50mVs~'.
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Fig. 8. Potentiostatic j— transients of deposition (a) and corresponding linear sweep voltammograms of dissolution (b), of Cu-Pb alloy.
(a) Solution: 0.05M Cu** + 0.1M PH’* + 1M HBF,; r.p.m. = 1000; (1) # = —0.40V vs Ca®*/Cu; 2) y = —0.50V vs Cu**/Cu;
(3)n = —0.52V vs Cu**/Cu. (b) Solution: 0.01M Pb?* + 1M HBF,; r.p.m. = 1000; sweep rate, v = 2mVs~',

reversible potential of the pure component of the cor-
responding grain size. The anodic LSV of dissolution
of such an alloy should possess only two separate
peaks of dissolution of each component from the alloy
(3, 4].

As can be seen in Figs 1-3 and 8, on the voltammo-
grams of the Cu-Pb and Cd-Zn systems, two separate
sharp peaks are observed which may be ascribed to
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Fig. 9. Potentiostatic j—¢ transients of deposition (a} and corre-
sponding linear sweep voltammograms of dissolution (b), of Cu-Ni
alloy. (a) Solution: 0.05M Cu?* + 2M Ni#* + 0.5M Na,C,H,0; +
0.035M NaCl; r.p.m. 1000; () = —0.60V vs Cu?*/Cu; 3) np =
—1.10V vs Cu**/Cu; (4) 5 = —1.20V vs Cu?**/Cu. (b) Solution:
0.1M Ni#* 4+ 0.5M NH,Cl; r.p.m. = 1000; sweep rate, v =
2mVs~', Curve 2 represents dissolution peak of pure nickel
deposited from Watts bath.

separate dissolution of each component. When the
applied potential of deposition is more positive than,
or equal to —0.4V vs Cu**/Cu, only copper is
deposited on the rotating glassy carbon disc electrode.
No further increase in current in the range of cathodic
potentials from —0.2 to —0.4V vs Cu>*/Cu, proves
that deposition is carried out at the diffusion limiting
current density for copper ions (Fig. 8(a), /¢ transient
1). On the LSV of such a deposit only one dissolution
peak of pure copper is present (Fig. 8(b), curve 1). At
higher overpotentials (j—¢ transients 2 and 3 of
Fig. 8(a)), codeposition of lead commences and the
dissolution LSV of such an alloy reflects this fact
(curves 2 and 3 of Fig. 8(b)). The hump which appears
on the voltammograms of Figs 1, 2 and 8 at some
potential more positive than the reversible potential of
lead is not unexpected, since the immiscibility of the
two metals is not ideal. It is known from the literature
that the solubility of solid lead in solid copper is very
small in alloys obtained by metallurgical processes,
but is about 10wt % of Pb in electrodeposited alloys
[11]. Accordingly, the hump may be attributed to
some lead dissolved in solid copper. As can be seen in
Fig. 2, this hump appears after holding the glassy
carbon electrode at a potential negative to the reversible
potential of lead for 20 min (curve 3) and becomes
higher with increased amount of deposited lead and
copper {curve 4).

Dissolution peaks of deposited metals are not always
as sharp and reversible as in the voltammograms of
Figs 1-3 and §, because of possible passivation of
deposited 1.etals. In such a case and considering only
the LSV of dissolution of a mixture of the two metals,
one can come to a wrong conclusion concerning the
nature of alloying. Such an example is shown in Fig. 4
for the system Pb-Co. It is seen that deposition of
pure cobalt (curve 2) starts at about —0.75V vs NHE,
while dissolution of deposited cobalt commences at a
potential more positive than that (about — 0.5V vs
NHE) and takes place through two broad peaks.
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Fig. 10. Potentiostatic j-¢ transients of deposition (a) and corresponding linear sweep voltammograms of dissolution (b), of Cu-Zn alloy.
(a) Solution: 0.01M Cw’* + 02M Zn** + 0.5M (NH,),S0, + 0.05M [CH,N(CH,COOH)CH,COONa}, - ZH,0; r.p.m. = [000;
(N = —0.80VysCu?*/Cu; () = — L0V vsCu*/Cu; (3) 7 = — 114V ys Cu?t/Cu; (4) 57 = —1.17V vs Cu’*/Cu. (b) Solution: 0.01 M

Zn't + 0.5M Ma,SO,; r.p.m. = 1000; sweep rate, v = 2mVs™'.

Because of such a dissolution characteristic of cobalt
in the solution investigated, one may conclude (con-
sidering only the LSV of a mixture of two metals,
curve 3) that lead and cobalt make an alloy more
noble than either of the pure metals, which should not
be possible according to their phase diagram and
solubility data in the solid phase [12, 13].

4.2. Solid solutions

It has been calculated [14] that the injection of vacancies
during dissotution of solid solutions is an unlikely
process and it has been experimentally demonstrated
earlier [15] that copper and nickel dissolve practically
simultaneously from their solid solutions, although
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the difference between the standard potentials of pure
metals is 0.575V.

Recently, the theory of dissolution of different types
of alloys has been developed [4], showing that the LSV
of dissolution of solid solution should possess two
separate (though not sharp) peaks, the first one corre-
sponding to preferential dissolution of the less noble
component at more negative potentials.

However, the experimentally recorded LSVs of dis-
solution of electrodeposited thin layers of copper-—
nickel alloys (Fig. 9(b) curves 3 and 4), contradict this
theory. It is seen that dissolution of the copper—nickel
alloys takes place through one peak only and that the
peak potential of this dissolution is more positive than
the peak potentials of dissolution of pure metals. This

025 050 075
E/V vs. Cd2¥Cd

Fig. 11. Potentiostatic j—f transients of deposition (a) and corresponding linear sweep voltammograms of dissolution (b), of Cu-Cd alloy.
(a) Solution: 0.05M Cu®* + 0.2M Cd** + 0.5M Na,SO, + 1 x 107°M H,S0,; rp.m. = 1000; (1) # = —0.60V vs Cu’*/Cuy;
Q)n = —080V vs Cu®*/Cu; 3)np = —0.90V vs Cu®*/Cu; (4) n = —0.95V vs Cua®>*/Cu; (5) 7 = — 1.00V vs Cu**/Cu. (b) Solution:
0.01M Cd** + 0.5M Na,SO, + | x 107*M H,S0,; r.p.m. = 1000; sweep rate, v = 2mVs .
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Fig. 12. Linear sweep voltammograms of dissolution of pure Cd
(curve 1) and Cu-Cd alloy (curve 2} in the same solution as in
Fig. 11(b), with sweep rate, v = 1mVs~'. Alloy was deposited at
y = — 1.1V ys Cu®*/Cu for 20s with r.p.m. = 1000 in the sol-
ution containing 0.075M Cu** + 0.2M Cd** + 0.5M Na,SO, +
I x 107°*M H,SO,.

repeats the earlier finding [15] that copper and nickel
dissolve simultaneously from their solid solutions and
that the copper-nickel alloy is more noble than either
of the pure metals.

Tt is known from the literature [16] that metal atoms
in ideal solid solutions are completely randomly
arranged and that solid solutions can contain short
and long range order. However, some alloys, for
example those in otherwise totally miscible copper and
gold, possess ‘superlattice’ structures (CuAu and
Cu,Au superlattice). Knowing that atoms of copper
and nickel are randomly arranged in their solid sol-
utions [8], it is obvious that the dissolution LSV of
such a solid solution should possess only one peak.

The peak potential being more noble than those of
the components could be due to two causes: there
could either be a significant free energy change in
mixing, or some kinetic factor may cause the shift of
the peak away from its reversible position in the posi-
tive direction. The ideal mixing in the Cu-Ni case,
indicated by the phase diagram (Fig. 5), eliminates the
first cause.

4.3. Intermediate phases and]or intermetallic
compounds

The LSVs of dissolution of copper-zinc alloys are
shown in Fig. 10(b). It is seen that the shape of the
voltammogram depends on the amount of deposited

zinc. At the overpotential of —0.80V vs Cu?*/Cu (j-¢
transient 1) only copper was deposited on the glassy
carbon disc electrode and on the LSV of dissolution of
that deposit only one peak of dissolution of pure
copper, with the peak potential of 1.08 V vs the zinc
reference electrode, is present. During the j-¢ transient
2, copper was deposited at its diffusion limiting cur-
rent density and the deposited alloy contained about
66at. % of zinc. According to the phase diagram of
copper-zinc alloy (Fig. 6), alloy with 66at. % of zinc
should be characterized at low temperatures with two
intermediate phases, " and y. The LSV of dissolution
of that alloy (Fig. 10(b), curve 2), does possess two
broad peaks which could be ascribed to dissolution of
zinc from the two intermediate phases at potentials of
about 0.25 and 0.97V vs Zn’*/Zn, the third peak
pertaining to dissolution of copper. Such a large dif-
ference in the chemical potential of zinc in the two
phases, with relatively small difference in copper con-
tent, is indeed difficult to understand. It may well be
that even an « phase is formed under these conditions.
As the amount of zinc in the electrodeposited alloy
increases (75 at. % in curve 3 and 83 at. % in curve 4),
these two peaks become more pronounced and one
new peak appears at the beginning of dissolution of
the alloys, which should correspond to the dissolution
of zinc from the intermediate phase richest in zinc.

If the components of the alloy make intermetallic
compounds, dissolution peaks on the LSVs are very
well defined, as can be seen in Fig. 11(b), for the
copper—cadmium alloy. The j—t transient 1 corresponds
to the deposition of pure copper and on the LSV of
dissolution only one peak is present. As the amount of
cadmium in the alloy increases new peaks appear on
the voltammograms, but the dissolution peak of copper
remains almost the same.

The number and the height of peaks also depend on
the amount of deposited copper. At lower concen-
trations of copper ions (a smaller amount of copper is
deposited per unit time because the diffusion limiting
current density is lower), the number of dissolution

;peaks is reduced, but peaks at more positive potentials

(near the dissolution peak of copper) become more
pronounced. If the amount of copper in the deposited
alloy increases, the number of dissolution peaks
increases (reaching a maximum number of four) and
three of them become more pronounced, while the
more positive one almost disappears.

A typical dissolution LSV of copper-cadmium alloy
with more than 80at. % of cadmium is shown in
Fig. 12, curve 2. (The amount of deposited zinc and
cadmium in at. % was obtained from the total charge
under the transient reduced for the charge under the
Jj-t transient of deposition of copper by its diffusion
limiting current density.) In the same figure, the vol-
tammogram of dissolution of pure cadmium is pres-
ented by curve 1. Four separate peaks (A, B, C and
D), interpolated between the peaks of dissolution of
pure cadmium and pure copper, may be ascribed to the
dissolution of cadmium from four different intermetal-
lic compounds marked on the phase diagram in Fig. 7.
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Table 1. Calculated amounts of copper contained in the deposited
Cu-Cd intermetallic compounds

Peak  Assumed  Charge of Calculated Total charge

formula dissolved Cd  charge of Cu  of Cu
(Cem™?) (Cem™?) (Cem™2)

Cu Cu - 0.850 0.850

A CuCd, 0.213 0.071

B Cu;Cdq 0.170 0.106

C  CuCd 0942 1.256 1.697

D Cu,Cd 0.132 0.264

It is logical to assume that the increase in the noble
character of cadmium in the compound parallels the
increase in the copper content. Hence, the peaks from
A to D should reflect the presence of the compounds
in the order CuCd,, Cu;Cd,, Cu,Cd; and Cu,Cd.

If this assumption is valid, the same charge as that
under the copper peak should be obtained from the
sum of charges under the cadmium dissolution peaks
multiplied by the corresponding stoichiometric ratios
(copper to cadmium) arising from the formulae. The
result is seen in Table 1. It is found that the sum of
charges almost exactly doubles that obtained from the
copper peak. This was calculated, however, assuming
that copper dissolves exchanging 2 electrons per atom.
The figures, thus, indicate that only one electron per
atom should be taken for the calculation of the sum.
This is not unexpected since it is known that copper
dissolution occurs in two steps, the second step
necessitating the presence of cuprous ions in the reac-
tion layer. In the rotating disc experiment, cuprous
ions are likely to be swept away before they are further
oxidized.

Furthermore, a question arises as to whether all the
phases are present in the alloy as deposited, or, as
suggested by Swathirajan [4], the alloy may consist
initially of a single phase, richest in cadmium, and
subsequent phases are obtained by phase transition
during the anodic sweep (as the cadmium content is
decreased). If the latter was the case, a rational
relationship between charges under different peaks
(pertaining to gradual release of cadmium) should
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exist till only copper remained in the deposit. Thus,
if the stoichiometry of the known compounds is
CuCd,, Cu;Cd;, Cu,Cd; and Cu,Cd, and trans-
formation from one into the other took place, the
ratio between the charges under the peaks should be
1:0.607:0.179:0.347. Since such a relationship was
not found experimentally, the result indicates that all
the phases are present in the sample independently of
each other and before the start of the anodic sweep.

It is interesting to note that the shape and the height
of the peaks depend on the time spent at open circuit
in the nitrogen atmosphere before dissolution. The
LSV presented in Fig. 12 is obtained immediately
after deposition, but if deposited alloy is left at open
circuit in a nitrogen atmosphere for 15min, the peak
A disappears and the peak B becomes higher. It is
obvious that immediately after the deposition, the
alloy is in a meta-stable state and hence tends to
achieve a lower free energy, i.e. the stable equilibrium
state, by some solid state reaction. This is being
investigated, together with the influence of the amount
of deposited copper on the shape of alloy dissolution
voltammograms and the results will be reported later.

It is known that often the configuration of atoms
that has the minimum free energy after mixing does
not have the same crystal structure as either of the
pure components and that this new structure is known
as an intermediate phase. The difference between the
intermediate phase and the intermetallic compound is
not in their structures, but in the change of their free
energies with composition. When small composition
deviations cause a rapid rise in free energy, the phase
is known as an intermetallic compound. The inter-
mediate phases do not have such a sharp change in
free energy with composition [16}, as it is schematicaily
presented in Fig. 13. This means that the reversible
potential of the less noble metal in the intermetallic
compound is a singular point, while in the intermedi-
ate phase it is not well defined and depends on the
change of the free energy with compaosition. This could
be the reason why the dissolution peaks of the less
noble metal from intermetallic compounds are much
sharper than the dissolution peaks of the same com-
pound if it had the character of an intermediate phase.

INTERMEDIATE

COMPOUND PHASE
]
o | ;! o Cp
]
GA B Gy GA
ideal Ecomposition
A XB—- B A XB—* B

Fig. 13. Schematic representation of a change of the free energy with composition for intermetallic compound and intermediate phase.
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Table 2. Reversible potentials, free energy changes of cadmium enter-
ing different intermetallic compounds and activity of cadmium in the
intermetallic compounds

Formula of Reversible Free energy Activity
intermetallic  potential of formation (moldm3)
compound (V vs Cd**/Cd) (kJmol™")

Cu,Cd 0.57 —110.0 58 x 107%
Cu,Cd, 0.36 —69.5 6.8 x 107"
Cu;Cdy 0.22 —42.5 3.8 x 1078
CuCd, 0.05 —-9.6 2.1 x 1072

4.4. Reversible potential and the free energy change
of cadmium in the formation of intermetallic
compounds

The reversible potential of cadmium metal in the sol-
ution of its ions, £, which is, in our experiments, the
potential of the reference electrode, is given by the
Nernst equation
EX = EG + %1n degs )

where EG is the standard potential of cadmium and
dcq 18 the activity of cadmium ions in the solution;
the activity of pure metal being taken as unity.

The reversible potential of cadmium in the inter-
metallic compound, E, is given by the equation

cd ca , RT. dcpr
Er,all Er,O + 2F ln aCd,a]I (2)
(it is assumed that the surface free energy contribution
at the interface alloy/electrolyte is negligible) where
degan 1S the activity of cadmium in the intermetallic
compound.

The difference between the two reversible potentials,

AE, is given as

RT
—AE = E* — Efﬁl = 2F In acqay 3)
and from this
'—ZFAE = RT ln aCd,an = AGan (4)

where AG,, is the free energy of formation of the
intermetallic compound.

As a first approximation, by extrapolating the rising
portion of the anodic current of the peaks (as it is sche-
matically presented in Fig. 12) to the potential axis,
using Equations 3 and 4 it was possible to calculate the
reversible potential and the free energy of formation
of the intermetallic compounds and the activity of
cadmium in these compounds. The result of such a
calculation is presented in Table 2.
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