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An examination of the chemical literature reveals that the reduction of cupric ions to copper metal on a drop-
ping mercury electrode may proceed by various routes depending on the composition of the solution [1]. The reduc-
tion of simple Cu* ions in a solution of inert electrolytes which do not form copper complexes yields a single polar-
ographic wave representing a two-electron transfer process,

Cu?* - 2e~ - Cu. (1)

If the solution contains ligands capable of forming stable complexes with Cu** and Cu* ions, or with Cu*
only, the polarization curve will exhibit two waves, each one representing the addition of a single electron

Cu?* + e~ — Cut; (2)
Cut 4 e~ — Cu®, (3)

In this case the cuprous ion represents a reaction intermediate which is stable in the region of the first wave
but unstable in the region of the second, It would seem reasonable that even in the absence of complexing agents
the reduction should proceed in two stages and the fact that only one wave is observed might be due to the instabil-
ity of Cu* ions in such solutions within the investigated range of potentials. One piece of indirect evidence in favor
of this explanation comes from the observation that as the concentration of CI” ions in a solution containing cu*t
ions is decreased the two reduction waves approach each other and merge into one when the chloride concentration
drops to 0,02 N [2].

Consequently it seemed worthwhile to investigate the mechanism of electrolytic reduction of curpic ions in a
sodium sulfate solution in order to find some direct evidence for the formation of cuprous copper as an unstable re-
action intermediate. To solve this problem we used the previously described [3] revolving disc electrode surround-
ed by a ring; this apparatus constitutes a unified mechanical system consisting of two electrically independent elec-
trodes, a disc and a concentric ring, lying in the same plane and separated by a thin insulating band, In addition to
this, study of the reduction of cupric chloride enabled us to get additional experimental support for the theoretical
relationships derived by Yu. B, Ivanov and V. G. Levich for a ring—disc electrode [4].

According to Ivanov and Levich if no reaction takes place in the bulk of the solution the current on a ring
electrode I will be given by the equation

rafrs

S x2dx
(3 — 1)72 [x3 — 0,75 (r1/r2)?]

0,81 —0,75 (r/ra)’] 1 4 np
K= T+ k84/Dp ny

(4)

where 1 A ls the current on the disc electrode limited by the diffusion of the reactant to the disc; ry is the radius of
the disc; r; and rg are the inside and the outside radii of the ring; k is the rate constant for the conversion of the in-
termediate to the final product on the disc electrode; Dy, is the diffusion coefficient of the reaction intermediate;
8 is the width of the phase boundary diffusion layer of the intermediate; n, and np give the number of electrons
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involved in reactions on the disc and the ring electrodes, respectively. Combining all the parameters dependent on
the electrode geometry into a coefficient N we get

/ ng NI,
K= a, T r8,Dg (5)

Equation (5) can also be converted into another form [3]:

Dg )'/. c%
s 6
h— ®
where c% is the concentration of the reaction intermediate at the disc surface at the given potential; 2 A and c A are
the bulk and surface concentration of the starting material; D A is the diffusion coefficient of the same material; F
is Faraday's number.
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Fig. 1. A) The polarization curve for the - sl
reduction of Cu** jons on a gold-amalgam 4
disc cathode in a 5 + 10~*N CuSO, + 1 N KCl1 —1
. 0 -0 -02 -0 ,n.c.e.
solution (m = 5200 rpm); B) the correspond- ’ P —
ing limiting Cu* oxidation current on the A
ring electrode plotted as a function of the Fig. 2. A) The polarization curve for the
disc electrode voltage. reduction of Cu** ions on a platinum disc
cathode in a 3 - 10°2 N CuSO, + 1 N Na,SO;
On our experiments the limiting current for the oxida- solution (m = 2150 rpm); B) the correspond-
tion of the cuprous ions formed in the reduction of Cu** ions ing Cu* oxidation current on the ring elec-
on the disc electrode was measured on a gold ring electrode. trode plotted as a function of the disc elec-
Measurements were done under nitrogen at 21 + 1°C on elec-  trode voltage.

trodes revolving at rates ranging from 900 to 9000 rpm,

Figure 1 shows the polarization curve for the reduction of Cutt in a solution of 5 - 1074 N CuSO; + 1 N KC1
on a gold amalgam disc cathode (A) and the corresponding curve of the limiting current for the oxidation of cu-
prous ions on the ring as a function of the disc electrode voltage (B).

From data obtained through such measurements one can evaluate the coefficient N in Equation (5). A pre-
cise determination of N requires that the current recorded on the ring electrode be corrected for the background
current, which is determined under conditions where no Cu* ions are formed on the disc electrode— in general this
means when Iy = 0. If however an amalgamated electrode is used cuprous ions may form at the surface of the

'disc even in the absence of a polarization current on account of a reaction involving the mercury which then
dissolves,
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2Hg 4- 2Cu2+ - Hgst 4 2Cu*. (1)
As a result even when I, = 0 an appreciable current will be recorded on the ring electrode.
These complications can be eliminated either by the use of an unamalgamated gold disc or by measuring the

background current on the ring under conditions where the current on the gold amalgam disc electrode is equal to
the second limiting current on the cathode curve (I = I"9) and the surface concentration [Cu*)s is essentially zero,
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Fig, 4. The limiting current on
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Fig. 3. The limiting current in the concentration of Cu'" in sulfate
oxidation of Cu' ions on a ring elec- solutions.
trode (sulfate solutions) as a function
of the disc electrode voltage; CuSO, For an electrode with the dimensions: ry = 0,25 cm, 1,
conc.: 1) 3 10-2 N; 2) 3 - 107! N = 0,276 cm, and r3 = 0.359, and rotating at velocities below 5000
(n.c.e.). rpm, we got a coefficient N = 0,415 + 0,01, which is a slight im-

provement over the value obtained before (0,38 [3]) and is in good
agteement with the theoretical value of 0.41-0.42 calculated from Eq. (4); one has to allow for a probable uncer-
tainty of 5% due to the approximate nature of Equation (4). At higher rotational velocities turbulent flow tends to
reduce the value of N a little (at m = 7200 rpm N = 0,36).

In Fig. 2A we have plotted the polarization curve for the reduction of Cu*'.+ on a rotating platinum disc elec-
trode in a 3 + 10" N CuSO, + 1 N Na,SO, solution. As in the case of the dropping mercury electrode the curves ex-
hibits only one wave. In Fig.2B, where the current on a ring anode at a potential ¢ = 0.4 v(n.c.e.) is plotted
against the disc voltage ¢ o, one can see that in a certain range of disc voltages a non-zero current is detected on
the ring which at first increases with increasing ¢ ,, attains a maximum, and drops to zero. The fact that a current
does flow through the ring indicates that the reduction taking place on the disc electrode produces an intermediate
product which can undergo oxidation and which could not under the circumstances be anything else but a cuprous
ion. As additional evidence we might point out that the polarization curve for the oxidation of this intermediate
on a gold ring electrode exhibits the same characteristics as the corresponding curve for the oxidation of Cu' in a
KCl solution, A tenfold increase in the concentration of cupric ion raises the peak on the ring curve by a factor of
2.5-3 (Fig. 3). In a sodium sulfate solution free of copper ions the ring current within the same range of potentials
does not exceed the background current,

Thus it is possible to detect the cuprous ions formed during the reduction of cupric sulfate on a disc electrode.

The concentration of cuprous ions on the surface of the disc will depend on the reversibility of the reaction in
which the second electron is taken up, Eq. (3). Should this reaction be irreversible the [CuJ’f]s will exceed the equi-
librium concentrations, In such cases the rate constant k can be readily determined from Eq. (5), But if the reac-

tion is reversible we will have a [Cu"]s equal to the equilibrium concentration, which can be determined from the
Nernst equation,
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The 58 mv region within which the ring curve descends sharply and the shape of the ring current vs, [CuSO,)
curve provide evidence for the reversibility of reaction (3). Equation (6) shows that the oxidation of Cu* ions on
the ring should yield a current proportional to the surface concentration [Cu*];. The experimentally determined
maximum ring currents were approximately proportional to [Cu"'*’]"s'5 (Fig. 4), which agrees with what one would
expect from the law of mass action [Cutls = V K [Cuz’f]g, (8), where K is the equilibrium constant,

When the surface concentration [Cu‘L]s measured on a disc-ring electrode at a voltage which would maintain
a disc current of 0.1 Id([Cuz+]s = 0,27 N) is compared with the value determined under similar conditions from the
limiting cu’ oxidation current on a disc electrode in a solution in which a thermodynamic equilibrium has been es-
tablished between Cu'™, Cu*, and Cu® ([Cu**]o = 0.27 N) one finds that the former is 2.8 times greater than the
latter. The difference, though, is relatively small, Hence if all these factors are taken into consideration one has
to conclude that the investigated reaction step is reversible but the copper deposited on the electrode surface is in
a slightly activated state, That problems involved in the growth of the crystal lattice may have something to do
with this effect [5] can be deduced from the fact that the surface concentration [Cu"]S on a copper-plated disc elec-
trode declines with time after the polarization is terminated. Mattson and Bockris likewise concluded in their work
[6] that the step discussed above is reversible,

The rise on the Ig = f(¢ ) plot (Fig. 2B and 3) is caused by the irreversible reduction of Cu' on a platinum
disc surface which has not as yet become plated with copper. The very sharpness of the rise can be explained as
follows: atlow current densities copper is deposited only on individual activated protions of the platinum electrode
{7), and also the reaction initially proceeds at very high overvoltages. The formation and expansion of copper-
plated sites greatly increase the rate of the Cu* == Cu’® process.

An electrode freshly plated with copper fails to yield a rise on the polarization curve thus providing additional
evidence for the reversibility of the cuprous ion reduction reaction.

The authors wish to express their deep gratitude to Acad. A, N, Frumkin for his comments on the results,
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