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Abstract—Electrochemical behavior of a copper electrode in solutions of calcium chloride in dimethylformamide
was studied in the concentration range 0.027-0.63 M at various electrode potentials. The diffusion-kinetic
characteristics of the CaCu alloy formed on the copper surface under the conditions studied were calculated.
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Recently, a new field of chemistry, chemistry of
intercalated compounds and, in particular, cuprates in the
system BiPCaCuO, has been rapidly developing [1, 2].
The interest in these compounds is due to broad prospects
for their use as new superconductors, hyperanisotropic
materials, and materials for new generations of reversible
chemical power sources. Synthesis of superconducting
cuprates with exceedingly high transition temperatures
(225 K and higher), development of algorithms to be used
in a search for compounds with a high temperature of
transition into the HTS state, and design of new methods
for synthesis of HTS materials are the most important
areas of basic research in chemistry and technology
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Fig. 1. Potentiostatic curves for cathodic incorporation of
calcium into copper from a 0.63 M solution of CaCl, in DMF
at various potentials. (7/) Current density and (7) time; the same
for Figs. 3-5. E(V): (1) 2.2, (2) 2.4, (3) 2.6, (4) 2.8, and
(5) —3.0; the same for Figs. 2-4.
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of high-temperature superconductors [1-4]. Rather
promising as regards controlled synthesis of metallic
composites with the HTS stoichiometry, distinguished
by homogeneous distribution of components, is the
electrochemical method of cathodic incorporation [5].
This method is used to obtain composite structures
differing in oxidizing properties from metallic alloys.
Studies devoted to this subject are few in number.
Thus, development of theoretical foundations of new
electrochemical techniques for deposition of complex-
composition films possessing the structure and properties
of HTS is a topical field of electrochemical technology.

Treatment of surface metal layers by the method of
electrochemical incorporation at room temperature can
change the nature of the metal surface by imparting a
number of specific physical properties and provide a high
degree of purity of a product [5].

EXPERIMENTAL

The experiment was performed on a setup including
a P-5848 potentiostat and a KSP-4 self-recorder or
oscilloscope. The cathodic treatment of samples was
made in the potentiostatic mode at potentials of —2.2
to —3.0 V in solutions of calcium chloride CaCl, in
dimethylformamide (DMF), with concentrations of
0.027,0.09, 0.36, and 0.63 M. The polarization time at
each prescribed potential was 45 min, and a nonaqueous
silver chloride electrode (s.c.e.) served as reference.
A high-purity (99.99%) copper plate with a working
surface area of 1.5 cm?2 was used as the working electrode.
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Table 1. Calcium content of the copper electrode

Depth, um Content, wt %, in indicated sample
no. 1 no. 2
145 11.1 11.3
185 9.4 10.2
210 8.3 8.3
230 7.8 8.2

Prior to experiments, the electrode surface was subjected
to a mechanical treatment. The experiments were carried
out at a temperature of 20°C.

It was found that the time dependences of the current
density, i—, in cathodic polarization of the copper
electrode in a solution of CaCl, in DMF at potentials of
—2.2t0-3.0 V (relative to nonaqueous s.c.e.) have a form
characteristic of the process of cathodic incorporation
to give a solid solution of calcium in copper (Fig. 1).
The fact that, in the course of time, the current density
at the electrode tends to zero indicates that a diffusion
front of calcium ions is formed and moves into the
copper electrode [5, 6]. The potentials of an unpolarized
copper electrode in solutions of CaCl, in DMF are given
below:

Solution concentration,  0.027  0.09 0.36 0.63
M

Zero-current potential -0.38 -047 -0.52 -041
Ez/csV

The shift of the zero-current potential of the copper
electrode into the negative region after the cathodic
polarization (Fig. 2) indicates that calcium is incorporated
into copper via the reaction

xCa?* + 2xe =x[ICu 5 Ca,Cu (1)

The highest negative value of the steady-state zero-
current potential (—0.93 V) and a uniform, homogeneous
surface of the Ca(Cu) electrode are obtained, as shown by
visual inspection with an MPD-1 microscope, at a polar-
ization potential of —2.6 V.

The presence of calcium atoms in copper was
confirmed by a laser microspectral analysis [7] on an
OMMZ.450.501-M installation (Spektr 2000) at depths
of 145, 185, 210, and 230 pum for three spectral lines:
3181.28, 2997.31, and 3179.53 A (Table 1). A calc-
ium gluconate sample served as reference. The data
acquisition system included a recording unit, electronic
interface with laser and spectrograph control systems,
and IBM-compatible personal computer.
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Fig. 2. Effect of the potential of cathodic incorporation of
calcium on the run of zero-current £~ curves for a CaCu

electrode in a 0.63 M solution of CaCl, in DMF.
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Fig. 3. it dependence for the copper electrode at different
potentials of cathodic incorporation of calcium from a 0.63 M

solution of CaCl, in DMF.

According to the results of an analysis of diffusion
parameters (Table 2) found by plotting i~V (Fig. 3) and
i—1/\t (Fig. 4) dependences, their values tend to increase
with the cathodic treatment potential. Extrapolation of the
i—'t dependences to the i axis makes it possible to find
the current density at the instant when the polarization
is switched on, i(0), which characterizes the rate of the
event of electrochemical incorporation itself [8]:

xCaZt +2xe=Cu S Ca,Cu 2)

and to estimate the amount of introduced calcium atoms
in coppert, I'cycy), in terms of the log i~¢ dependence by
the equation

Tcaca) = i0)/nF(Alog i/Af) 3)

This enabled calculation of the diffusion coefficient
of calcium atoms in the Ca,Cu alloy, D¢y(cy), from the
product ¢, \D, (Table 2).

It is known [9] that, as the electrolyte concentration
increases, the fraction of ion—ion interactions grows and
the solution structure may be transformed. This reflects
on the state of the interface between the electrolyte
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Table 2. Diffusion-kinetic characteristics of the copper electrode at various cathodic treatment potentials Ec in a 0.63 M solution

of CaCl, in DMF
a -2 12 ¢ a\/ﬁa>< 108: I a(Cu)s D, a(Cu) < 10159
Ee, V ki, mA €m =5 nclol crcn’2 512 i(0), mA cm? moCl (CCH;’Z ¢ é(I:n)Z s
2.2 0.81 0.7 2.0 221 0.121
24 1.49 1.37 3.0 4.44 0.484
2.6 3.05 2.8 85 12.6 1.936
2.8 2.18 2.0 10.2 48.05 1.024
-3.0 6.68 6.13 13.5 33.31 9.409
a k., incorporation constant.

Table 3. Diffusion-kinetic characteristics of the copper electrode at a cathodic treatment potential of —=3.0 Vin a 0.63 M solution

of CaCl, in DMF
a Y cca Dea < 10°%, ) - Ccaccwy Deagcn * 107,
CaCl,, M kin,” MA cm " s mol cm2 52 i(0), mA cm™ mol cm”™ aCm s
0.027 8 7.35 2.6 5.18 7.29
0.09 5.6 5.14 3.2 7.54 0.32
0.36 12.9 11.8 5.0 21.6 0.11

solution and the electrode and, consequently, on the
behavior of calcium ions being incorporated. According
to the run of the i—¢ curve, the maximum current density
i(0) increases with the solution concentration (Fig. 5).
Results of an analysis of the i,z curves plotted in the i\t
and i1\t coordinates are listed in Tables 2 and 3. The
dependence of cc,\D, on the solution concentration is
ambiguous. The maximum value of cCa\/DCa (11.8 x
10-8 mol cm2 s-12) was obtained for CaCl, solutions
with a concentration of 0.36 M.

The products of the concentration ¢, of calcium ions
being incorporated by their diffusion coefficient raised
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Fig. 4. i—1/\t dependence for the copper electrode at different
potentials of cathodic incorporation of calcium from a 0.63 M
solution of CaCl, in DMF.

to power 1/2 were calculated, for the cathodic potentials
and CaCl, solution concentrations under study, by the
equation [8]

o = Ai/A(1/1) = nFN ee, \De,. (4)

from the slope coefficient of the dependences i—\¢
(Fig. 4). The values obtained are listed in Tables 2 and 3.

CONCLUSIONS

(1) The surface of copper can be, in principle,
modified with calcium from an aprotic organic solution
of the corresponding salt by the method of cathodic
incorporation.

i, mA cm2

601, s

Fig. 5. Potentiostatic curves for cathodic incorporation
of calcium into copper from at a potential of —3.0 V from
various-concentration solutions of CaCl, in DMF. Solution
concentration (M): (/) 0.027, (2) 0.09, and (3) 0.36.
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(2) Under the conditions studied, the calcium
distribution across the thickness of a copper sample
steadily decreases from 11% at a depth of 145 um to 8%
at 230 pm.

(3) Under the polarization conditions specified, a solid
solution of calcium in copper is formed.
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