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Electrochemical behaviour of copper in N,/N-dimethylformamide
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The electrochemical deposition and dissolution of copper in 0.0025 M CuSO4 +
N,N-dimethylformamide + 0.5 M KClO,4 solution was examined by the rotating disc and
potentiodynamic methods. Both platinum and copper were used as working electrodes.
A wide polarization range —1 to +2 V vs. SCE, and several temperatures between 25 and
55 °C were encompased. The Cu/electrolyte interface was found to be permanently out
of equilibrium, as a consequence of the development of a passivating layer. In accor-
dance with the classic theory of a copper electrode in acidified aqueous solutions, the
cathodic and anodic Tafel lines of metallic copper define a unique value of the exchange
current density, however, their slopes do not correspond to the classic theory.
Keywords: copper, N, N-dimethylformamide, electrode kinetics, rotating disc electrode,
passivation.

INTRODUCTION

Following the development of copper refinig procedure, many autors have
examined the copper electrode from the viewpoint of anodic dissolution in aqueous
sulphuric acid solutions.!~7 Bockris et al. 1.2 showed that anodic dissolution in acid-
ified water solutions, discribed by overall reaction:
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proceeds through the two following steps:
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Cu e Cu™ + ¢~ (fast) 2)
and
ka 3
Cu™ e CuZ* + ¢ (slow) )

C3

In concentrated solultions of copper salts, anodic dissolution is accompanied
by passivation, which has been attributed either to oxide formation or to over-
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saturation of the near-to-electrode electrolyte layer.” ! Kiss and Farkas!? ascer-
tained that the passive layer may be composed of an inner, oxide, layer and an outer,
salt, layer.

Burrows et al., 13 using the rotating disc method, also showed that copper de-
position from a 0.01 M CuSOy4 solution acidified by sulphuric acid proceeds
through the above mentioned two steps, with step (3) being slow. The Tafel slopes
were determined to be 46 mV for the anodic and 134 mV for the cathodic Tafel line.

In a series of papers,' 426 copper electrodes were examined in aqueous solu-

tions of either sulphate and chloride mixtures,!'4 or chlorides alone. The pote-
ntiodynamic /-E curve of 0.01 M CuCl in 0.05 M HCI shows one cathodic and two
anodic current peaks.! The influence of Na™ and NH, " cations on the crystalliza-
tion overvoltage was ascertained.©

A number of authors,!”2 examining the anodic dissolution of copper in

aqueous chloride solutions, ascertained that concentration polarization prevails, con-
nected to the diffusion of CuClz%’ and CuCl3% ions. Within a relatively narrow Tafel
region, Tafel slopes of 50 mV~" and 60 mV24 were determined.

By cyclic voltammetry, Crousier and Pardesuss2® showed the formation of a
CuCl film during the anodic dissolution of copper in an aqueous 3 % NaCl solution;
the formation of soluble CuCl, ions preceding the film deposition. Stojanovié et
al.?” confirmed that copper dissolution in concentrated chloride solution proceeds
under diffusion control, and ascertained the influence of the chloride concentration
on the dissolution kinetics.

A number of papers reported the results of studies of the copper electrode pro-
cesses in aprotic solvents. In such solvents, if deaerated in the absence of air, the
possibility of oxide film formation during anodic dissolution can be excluded. In a
rather old paper (1969), Biallozor?8 examined polarographically the cathodic depo-
sition of copper from its perchlorate salts dissolved in both N,N-dimeth)élfor-
mamide (DMF) and acetonitrille (AN). Ten years later, Biallozor and Poletek,” us-
ing both potentiostatic and galvanostatic methods, examined the anodic dissolution
and cathodic deposition of copper from Cu(ClO4), and Cu(BF4); in AN +0.25 M
LiClOy4. In 2 0.094 M Cu(BF4), solution, Tafel slopes of b, = b, =155 mV, and an
exchange current density within the limits 1.9-3.5 mA cm 2 were found. Under a
too slow scan rate, chemical dissolution according to the equation:

Cu+ Cu* =2Cu" 4)
may become faster than cathodic deposition, as noted earlier by Kratochvil et al 30

Tsiamis et al.3! examined the voltammograms of Cu(ClOy4), in AN, in the
presence of complexing agents. They found a pair of well separated peaks corre-
sponding to the steps Cu?*+¢ < Cu'and Cu™ +¢ < Cu. The authors attributed
the separation of the peaks to the stabilization of the Cu™ species in solution by
complexing.

Sestili et al.3? examined the reduction of Cu2* ions on a Pt-microelectrode in
bot AN and DMF. They found the reduction of Cu?* ions to metalic copper in AN to
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proceed in two thermodynamically well separated steps, while in DMF only a
one-step reduction was observed. Thereby the authors concluded that the interme-
diate Cu* species are thermodynamically stable in AN, but not in DMF. Upon the
addition of chloride salts, the number of waves increased, as different species, such
as Cu?*, CuCl", CuCly, CuCls™, CuC142’, were formed in the solution.

Biallozor and Lisovska,33 using both stationary and dynamic galvanostatic po-
larization of a platinum electrode in 0.025-0.1 M Cu(ClOy); solutions in DMF +0.25
M LiClQOy, within the narrow potential range of 0.07 to —0.04 V vs. SCE, established
that both the deposition and dissolution of copper proceed as a one-step processes.

Malyszko and Scendo,3* using cathodically directed polarization of a rotating
platinum disc in 0.001 M Cu(ClOy4), in DMF + H>O mixed solvents with 0.5 M
LiClO4 added as the supporting electrolyte, within the potential range 0.2 to —0.6 V
vs. SCE, registered a two-step voltammetric wave, and interpreted it by the forma-
tion of stable intermediate Cu" species. They examined the kinetics of the electrode
in the potential region 0.1 to—0.1 V, in which only the redox couple Cu?"/Cu* mani-
fests itself.

As one can see from this literature survey, only two papers>2-33 relate to the
electrochemical behaviour of metalic copper in DMF based solutions, and, more-
over, the first one considers only the electroanalytical aspect, while the second one
is rather old and encompasis only a very narrow potential range, —0.04 to 0.07 V.

In this work, using both the cyclic voltammetry and rotating disc methods
over a wide potential range, —1 to +2.0 V vs. SCE, at several temperatures between
25and 55 °C, and using also AC impedance measurements at the open circuit poten-
tial, new data on the electrochemical behaviour of metallic copper in DMF based
solutions were obtained.

EXPERIMENTAL

The investigations were performed in an argon deaerated three electrode cell. Before use, the
N,N-dimethylformamide (Merck) was dried for 4 days over dry zeolite 4A, and distilled under re-
duced pressure at 40 °C. Anhydrous CuSOg4, obtained by heating the crystallohydrate for 3 days at
240 °C, was added to N,N-dimethylformamide + 0.5 M KClO4. Since dissolution proceeded very
slowly, and a part of the salt remained undissolved, the effective concentration was determined by di-
luting a sample solution with a large amount of water and adding KI in excess; the iodine liberated as a
cosequence of the reduction Cu(Il) = Cu(I) was determined by titration with a standard thiosulphate
solution.

An EG&G PAR Model 273 Potentiostat/Galvanostat, equiped with a Houston Instruments
Model 2000 x-y recorder was used for the DC measurements. For the AC impedance measurements,
an EG&G PAR Model 5208 Two-Phase Lock-in Analyzer was added to the previous system.

RESULTS AND DISCUSSION

Figure 1 displays the voltammograms obtained in 0.0025 M CuSO4 + DMF +
0.5 M KClO4 on a rotating platinum disc, using a polarization rate of 50 mV s1and
various rotating frequencies.
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Fig. 1. The voltammograms ob-
tained on a rotating Pt-disc in a
0.0025 M CuSOy4 solution in
DMF containing 0.5 M KClO4 at
25 °C, at a scan rate of 50 mV/s,
and at rotating frequencies (f) of
5, 10, 20, 30 and 40 rps.

On scaning the potential in the cathodic direction, starting from a deep anodic
region, it is obvious from Fig. 1 that the current begins to rise at about +0.1 V form-
ing a prewave. The prewave is not connected with any deposit formation, and its
height does not depend on the rotation frequency. By extending the cathodic polar-
ization below —0.1 V, the prewave continues to a wide main wave having the form of
a plateau. The main wave is related to metallic copper deposition, which was evi-
denced by chemical analysis of the deposit. The plateau current is linearly related to
the square root of the rotation frequency (Fig. 2), which shows that the copper depo-
sition proceeds under mass transfer control.
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o 2 4 6 & 10 12 14 15 DMF containing 0.5 M KCIO, at
(,0“2 / 5-1/2 25 OC.

During the reverse, anodic polarization, the cathodically deposited copper be-
gins to dissolve anodically when the potential attains roughly 0.0 V. However,
above 0.2 V passivation inhibits the dissolution forming a current peak, and higher
overvoltages, above 0.9 V, are necessary for dissolution to continue (the second
peak). Above approx. 1.6 V, dissolution is complete and a current jump appears.
This current jump also appears in the same manner in the absence of the copper salt,
and, therefore, it may be attributed to solvent oxidation.
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Fig. 3. The voltammograms obtained on a platinum electrode in a 0.0025 M CuSO4 solution in DMF
containing 0.5 M KClO4 at 25 °C in the potential interval from +0.6 to —0.05 V; left: the influence of

scan rate: after steady state was attained on the stationary electrode, the scan rates were adjusted in the
sequence 200, 100, 50 and 20 mV s']; right: the influence of the rotation frequency: the rotation fre-
quencies were adjusted in the sequence: 0, 5, 10, 20 and 30 rps at a constant scan rate of 50 mV s,

The cathodic prewave starting at + 0.1 V on bare platinum is observable only if
a copper salt is present in the electrolyte. Therefore, according to a report of the be-
haviour of the Cu2*/Cu* redox pair in DMF + H,O mixtures, 4 this prewave may be
attributed to the reduction Cu2* — Cu*. It is, however, worth mentioning that the
prewave under consideration is connected to a process leading to electrode pa-
ssivation. Namely, by cycling the potential within a reduced range, namely between
0.6 and—0.1 V, at a scan rate slower than 20 mV s1, a progressive diminishing of the
current during each subsequent polarization cycle can be observed.

Under particular conditions, namely after multiple repetition of the polariza-
tion cycles within the range 0.6 to —0.05 V at the high scan rate of 100 mV s1, the
I-E curve may attain a time-independent form. In Fig. 3 (left), several po-
tentiodynamic /—F curves, recorded after steady state was attained, are presented. If
scan rates lower than 20 mV s were applied, the non-stationary nature of the
potentiodynamic curves became expressed, and repetition of the polarization cy-
cles caused a progressive decrease of the peak heights.

The current peak heights in Fig. 3 (left) depend non-linearly on both the scan
rate and the square root of the scan rate, but the dependence on scan rate is closerto a
linear one.

Figure 3. (right) shows the voltammograms recorded at a constant scan rate of
50 mV s~! with various rotation frequencies. It can be seen that both the anodic and
cathodic currents are practically independent of rotation frequency.
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All the facts observed are consistent with the concept, developed previously
for acidified water solutions,!3 that the Cu* ion appears to be an intermediate spe-
cies in the processes of copper deposition and dissolution. Similar to the case of a
copper electrode in aqueous solutions, in DMF step (2) also appears to be the slow
in DMEF, since the prewave current in Fig. 1 does not depend on the rotation fre-
quency. However, the case under consideration is specific in that the appearance of
intermediate species leads to passivation of the electrode. We suppose that the inter-
mediate Cu* ions are retained on the electrode surface in the form of a compex with
solvent molecules. Complexation is required to explain the electrochemical inac-
tivity of the adsorbed ions. To resolve the actual structure of the passivation layer,
the methods of molecular structure analysis must be employed.

It is worth mentioning that a bare Cu surface undergoes a permanent pa-
ssivation even under open circuit conditions. Namely, if a freshly polished copper
electrode is dipped into the solution under investigation, the complex impedance di-
agram recorded immediately upon submergence corresponds to a reversible pro-
cess, with approximately zero charge transfer resistance. However, after 10 min, the
complex impedance correponds to a slow activation controleed process, having a
charge transfer resistance of the order of 100 Q cm?. After one hour in contact with
the electrolyte, the copper/electrolyte interface shows a purely capacitive behav-
iour. That may be explained by a chemical dissolution (Eq. (4)) characteristic of
copper metal in a solution containing Cu?* ions.2%30 As assumed, the thus formed
Cu™ ions most probably remain at the surface complexed in a certain way with the
solvent molecules.

In Fig. 3 (right), the electricity corresponding to the cathodic process for zero
rotation frequency amounts to 1.2 mC ¢cm2. This value exceeds by about 6 times
the amount of 0.22 mC cm2, required to form a monolayer of adsorbed monovalent
atoms on platinum.35 That means that the thickness of the passivation layer on a
copper/electrolyte interface corresponding to steady state, is considerably larger
than a monolayer thickness.

Passivation in the region of the open circuit potential seems to be an overall
characteristic of non-noble metal electrodes in aprotic solvents (see for instance
zinc deposition from a DMF based solution.30).

Figure 4 shows the voltammograms obtained with a freshly polished platinum
disc, at a rotation frequency of 10 rot s~1 and at a scaning rate 5 mV s1, over a re-
duced potential range, 0.3 to—0.6 V. The copper deposition current starts in this case
at potentials more negative than 0.0 V, adding itself to the prewave current consid-
ered above. In accordance to Fig. 1, the process becomes exclusively diffusion con-
trolled below —0.3 V. At the observed concentration, the limiting deposition current
is considerably higher than the prewave current and their ratio increases with in-
creasing rotating frequency. If, after cathodic deposition, reverse polarization is ap-
plied, an anodic current peak, starting at approx. 0.0 V, can be observed, which cor-
responds to the anodic dissolution of metallic copper. Upon exceeding 0.2 V, the
dissolution rate decreases as a consequence of passivation. The next cathodic polar-
ization cycle, labeled in Fig. 4 by a double arrow, is characterized by a more ex-
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Fig. 4. The voltammograms obtained on a ro-
tating Pt-disc ina 0.0025 M CuSOy solution in
DMF containing 0.5 M KC1O4 at 25 °C, in the
potential interval from 0.3 V to —0.6 V, at a
scan rate of 5 mV s7! and at a rotation fre-
quency 10 rps. The first and the second polar-
ization cycle are marked by a one-fold and a
two-fold arrow, respectively.

pressed cathodic prewave, as well as by an increased overvoltage for metal deposi-
tion. If cathodic polarization did not exceed—0.3 V, the cathodic deposit may be dis-
solved completely up to 0.2 V, before passivation attenuates the dissolution.

The passivation appearing during anodic dissolution is most probably due to
the same reason as the one appearing during cathodic polarization. Namely, Cu™
ions appearing in step (2), remain adsorbed in the form of a complex with solvent
molecules.

If an virgin copper electrode is subjected to anodic dissolution within the po-
tential interval 0.0 to 0.2 V, the peak current can exceed by two order of magnitude
that corresponding to cathodically deposited copper on a Pt cathode. This fact ex-
cludes the presumption that supersaturation by copper salts might cause anodic
passivation above 0.2 V. If cyclic polarization of a bare copper electrode is per-
formed within the potential range 0.1 to —0.25 V, a progressive decrease of the an-
odic current can be observed, indicating a progressive passivation, accompanied by
a progressive increase in the overvoltage required for metal deposition. Prolonged
polarization cycling may lead to complete attenuation of all electrode processes
within the potential range mentioned.

The amount of charge consumed for cathodic deposition, if corrected for the
charge relating to the prewave current, practically equals to the charge consumed
for anodic dissolution. This indicates that the loss of copper via Cu™ ion diffusion
during anodic dissolution is negligible.

The Tafel plots of the voltammograms obtained at the low polarization rate of
5mV s~! within the range —0.3 to 0.2 V, at various temperatures, after correction for
diffusion limitations, are presented in Fig. 5. The potential range of Tafel-like be-
haviour is relatively narrow, as a consequence of the high value of the exchange cur-
rent density. The intrinsic characteristics of the Tafel lines at a given temperature is
that they intersect mutually at a point corresponding to the open circuit potential,
thus defining a unique value of the exchange current density.
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Fig. 5. Tafel plots of the voltammograms obtained on a rotating platinum disc in a 0.0025 M CuSO4
solution in DMF containing 0.5 M KCIOg4 at temperatures 25, 45 and 55 °C. The scan rate and ro-
tating frequency were 5 mV s1and 10 ps, respectively.

Since the results obtained in the system under investigation do not oppose the
mechanism proposed by Mattson and Bockris,! with a slow step (3), and with negli-
gible losses due to Cu* diffusion, the rate equation may be expressed in fhe follow-

ing simple form:
. o, E -a E
=j,|exp =2 —ex < 5
] Jo[ P(RT nj F{ T nﬂ (6]

where:
B3
S ap, (6)
o :2ch3( Kay kazj C. %
Kes Keo
A, = 2 - B3
OLc = B3

and where 3 presents the symmetry factor of reaction (3). However, the Tafel
slopes in this case (Table 1) do not correspond to the ones for 33 =0.5 (46 and 135
mV) which is probably caused by the participation of Cu' ions in the adsorption
processes leading to a screening of the electrode surface.

TABLE I. Kinetic parameters of the copper electrode in a 0.0025 M CuSOy solution in DMF contain-
ing 0.5M KCIO4

T/K Jo/mA cm2 b/mV b,/mV E./V vs. SCE
298 0.166 98 100 —0.001
318 0.339 100 95 0.004

328 0.436 99 90 0.007




ELECTROCHEMICAL BEHAVIOUR OF COPPER 679

CONCLUSIONS

Froma 0.0025 M solution of CuSO4 in DMF containing 0.5 M KClOy, the de-
position of copper on a rotating disc electrode proceeds under diffusion control over
the wide potential range of —0.3 to—1 V vs. SCE. The cathodically deposited copper
dissolvs anodically in the potential range 0.0 to 1.6 V, with a wide potential window,
0.2 to approximately 1.2 V, within which electrode passivation hinders the anodic
process.

The use of a virgin copper electrode enabled the conclusion to be reached that
the copper electrode in the medium under investigation undergoes permanent
passivation, and that both the deposition and dissolution of metallic copper proceed
under permanent competition with the passivation process. It was asumed that all
the passivation processes are due to the adsorption of intermediate Cu® ions
complexed with solvent molecules.

The Tafel lines of both the cathodic and the anodic processes of metallic cop-
per intersect mutually at the open circuit potential, enabling it to be concluded that
the Mattson-Bockris mechanism,! developed for acidified aqueous solutions, can
also be applied here. The disagreement of the values of the Tafel slopes to this
mechanism is probably due to the adsorption of Cu® intermediate ions in an
electroinactive form. A temperature change within the range 25 — 55 °C does not in-
fluence the mechanism of the electrode processes.

U3BOJ

EJIEKTPOXEMMICKE OCOBMHE BAKPA Y PACTBOPY N,N-TUMETHUJI
DPOPMAMMU] + 0,5 M KClO4

B. BOJUHOBUR,' B. KOMHEHWR,' M. [IJEIIYUR' u C. MEHTYC?

lMeu_m/zymeo-thexnmlomxu akyameiu y [Toozopuyu, 81000 Ioozopuua u 2<Dal<y/zmmﬂ 3a puauuky xemuyjy,
Beozpaocku ynuesepauitieiti, Citiyoeniticku iwipz 16, 11000 Geozpao

EnexTpoxemujcko u3fBajame U pacTBapama 6akpa y pactsopy 0,0025 M CuSO4 +
N,N-pumeTun popmamup + 0,5 M KCIO4 ucnutuBano je moMmohy porupajyhe enekrpose u
NOTeHIUOANHAMUYKOM MeTofoM. Kao pajHa enexTpoga kopuitheHa je mnaTuHa Kao U caM
Gakap. Mcnutuamuma je o0yxBaheH IMPOKU HHTEpBaJ oTeHuyujana, —1 1o 2 V npema 3KE,
Kao 1 MHTepBan Temnepartypa 25 — 55 °C. Habeno je aa je rpanuna Cu/eIeKTpOIUT CTATHO Y
HEpaBHOTEXKHOM pEKUMY 300T KOHCTAHTHOI clopor rpabema nacupHor cinoja. Kao u y
BOJICHUM pacTBopuMa, Tadenose npaBe KaTOAHOr U aHOAHOT Mpolieca CeKy ce Ha MOTEH-
[ujajy OTBOPEHOr Koula, AeUHUIIYhM jeJUHCTBEHY BPEJHOCT CTpyje H3MeHe, MebyTum
IUXOBH Harubu He OAroBapajy KJIacH4HO] TeopHju OakapHe eJeKTpOjie Y BOAEHHUM pa-
CTBOpHUMA.

(ITpumsbeno 26. pebpyapa 1999, pesuanpano 23. mapra 2000)
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