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The electrochemical behavior of Cu(I) and Cu(II) species in the ionic liquid 1-buthyl-3-methylimidazolium
chloride, BMIMCl, on a platinum electrode in the interval of 333–363 K, has been investigated. Experiments per-
formed in a controlledN2 atmosphere cell show that: (i) Cu(I) can be oxidized to Cu(II) and reduced to Cu(0), and
(ii) Cu(II) can be reduced to Cu(I) by copper metal according to a comproportionation reaction whose constant
has been calculated.
The diffusion coefficients of Cu(I) and Cu(II) have been obtained by different electrochemical techniques. The
dimensionless Schmidt numbers (Sc= ν/D)were also calculated to characterize the solute globalmass transport
through its environment. The kinetic parameters for the quasi-reversible electrochemical exchange Cu(II)/
Cu(I) (i.e. the intrinsic rate constant of charge transfer, k0, and the charge transfer coefficient, α), as well as the
reversible half wave potential, Er1/2, have been obtained for the first time in the mentioned ionic liquid, by
simulation of the cyclic voltammograms and logarithmic analysis of the convoluted curves.
The apparent standard potential of the electrochemical system Cu(I)/Cu(0) has been determined by
potentiometry. Founding that nucleation and crystal growth plays an important role in the electrodeposition
of metallic Cu onto the Pt surface. Experimental current–time transients followed the theoretical models based
on instantaneous nucleation with three-dimensional growth of the nuclei at the studied temperatures. Electro-
deposits of copper were obtained by potentiostatic electrolysis and analyzed by scanning electron microscopy
with EDAX.
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Keywords:
Copper
Ionic liquids
Diffusion coefficient
Kinetic parameters
Nucleation
1. Introduction

Ionic liquids (ILs) are commonly defined as compounds that are com-
posed of cations and anions and melt at temperatures below 100 °C [1].
Theyhave beenproposed as alternative solvents in electrodeposition pro-
cesses due to: (i) theirwide electrochemicalwindow,which allow the de-
position of high quality films including films of reactive metals, (ii)
moderate ionic conductivity (no extra supporting electrolyte is required),
(iii) low vapor pressure, (iv) significant thermal stability, (v) low toxicity
and (vi) non flammability. As a result, electrodeposition in ILs can be a
powerful tool for obtaining nanocrystalline materials without using any
additive, being in most cases the less environmentally hazardous option.

Furthermore, ILs have found applications in various stages of nuclear
fuel cycle: (i) as a substitute for n-dodecane in aqueous reprocessing,
and (ii) as a possible alternative to high temperature molten salts in
non-aqueous reprocessing [2,3]. To this end, various ILs having a wide
electrochemical window, and adequate thermal and radiation stability
has beenproposed, being one of them the 1-butyl-3-methyl imidazolium
chloride (BMIMCl) [3].

In order to realize and compare the possibilities offered by ILs versus
molten salts in electrodeposition process and non-aqueous reprocessing,
data on the physical and electrochemical properties of ILs, electrochemi-
cal properties of the elements, etc. must be accumulated. Taken into ac-
count that there are many challenges one must face with when using
ILs, such as the high viscosity in comparison with conventional solvents
and molten salts, as well as their complex structure leading to abnormal
results in mass and charge-transfer dynamics. To this end, we have
chosen the BMIMCl as media and copper as the transition element to
be studied, andwhose electrochemical behavior is well known inmolten
chlorides [4,5], due to the fact that copper is a base metal that nowadays
is essential in the electronics industry [6,7] and can also be involved in
electrochemical separation strategies bymeans of the formation of inter-
metallic compounds [8].

Copper plays a strategic role in electronics, particularly in printed
circuit manufacture and specially for circuits interconnections in
which copper has been replacing the historically dominant interconnect
material aluminum, due to its lower resistivity that leads to decreased
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resistance–capacity delay [9,10]. The formation of a continuous and
void-free Cu thin film is essential to the fabrication of Cu interconnects
in microelectronics.

Several studies on copper electrochemistry in ionic liquids have
been reported in the literature. CuCl is insoluble in 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIM–BF4) but becomes soluble
when an excess of chloride ions, a complexing agent, is introduced to
form the chloride rich ionic liquid (EMIM–Cl–BF4) [11], allowing the
electrodeposition of Cu by the reduction of Cu(I) species. In this chloride
rich media, the electrochemical system Cu(I)/Cu(II) exhibits a quasi-
reversible charge transfer behavior, and the kinetic parameters have
been provided by Chen et al. [12].

The solubility of copper salts in 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP–Tf2N) based electrolytes is
also limited. El Abedin et al. [13], managed to introduce Cu(I) ions in
solution by anodic dissolution of copper, and deposited copper thin
films with a nanocrystalline structure on gold substrates. The electro-
chemistry of Cu(I) and Cu(II) chloride complexes in the (BMP-Tf2N)
with different concentrations of chloride, (i.e. addition of 1-butyl-1-
methylpyrrolidinium chloride BMPCl), has been studied by Vainikka
et al. [14]. The electrochemical system Cu(II)/Cu(I) has been found
quasi-reversible, the diffusion coefficients and kinetic parameters of
electron transfer being reported. The authors also pointed out: i) the ef-
ficiencyof the chemical reaction betweenCu(II) andCu(0) for preparing
Cu(I) electrolytes, and ii) the existence of a three-coordinated complex
CuCl32− when the molar ratio [Cl−]/[Cu(I)] is higher than 4.7, whereas
there is also evidence of a second copper complex, CuCl2− at smaller
ratios. The formation of the three-coordinated complex, CuCl32−, has
also been pointed out by Laher and Hussey [15] in the Lewis basic
AlCl3-1-ethyl-3-methylimidazolium chloride at temperatures higher
than 313 K.

This paper is concerned with the electrochemical behavior of
CuClp1 − p and CuClm2 − m – hereafter denoted as Cu(I) and Cu(II) – in a
chloride rich ionic liquid, BMIMCl, on a Pt electrode in the interval of
temperatures between 333 and 363 K. The first part of the paper is de-
voted to the electrochemical systemCu(II)/Cu(I). In this way, the intrin-
sic rate constant of charge transfer, k0, the charge transfer coefficient,α,
the reversible half way potential, Er1/2, as well as the diffusion coeffi-
cients of both Cu(I) and Cu(II) have been calculated for the first time
in the mentioned ionic liquid, being the obtained values compared
with those reported in other media with similar viscosity. In the second
part, the standard potential of the electrochemical system Cu(I)/
Cu(0) has been determined, as well as the equilibrium constant of the
comproportionation reaction between Cu(II) and Cu(0). In addition,
results concerning the electrodeposition of copper thin films from a
solution containing Cu(I) at three temperatures are reported.

2. Experimental

2.1. General features

Stock solutions of Cu(I) and Cu(II), were prepared and stored until
their use inside a homemade glove box under a N2 gas atmosphere,
by direct addition of anhydrous CuCl and CuCl2 (Alfa Aesar 99.999 and
99.995% respectively) to the ionic liquid BMIMCl (Aldrich 95%, Mm
174.67 g/mol, CAS: 79917-90-1).

A portion of the respective stock solutionwas transferred to the elec-
trochemical conical cell. Once, outside the globe box, dry dinitrogen
(Alphagaz N2 (1) purchased from Air Liquide) was bubbled through
the solution to ensure the absence of oxygen and water. To calculate
Cu (I) and Cu(II) concentrations in mol·cm−3, the variation of density
(ρ, g cm−3) of the BMIMCl with temperature (K) must be taken into
account, according to the following equation [16,17].

ρ ¼ 1:2452−0:0005490 T: ð1Þ
2.2. Electrodes and instrumentation

The electrochemical experiments were carried out under a N2 atmo-
sphere, using an EG&G PAR Model 273 A potentiostat/galvanostat con-
trolled with the PAR EG&G M270 4.6 software. The electrochemical
data were analyzed with the Echem software PAR EG&G Model 271,
the Cool Kinetics Analysis software 1.00, and the Condecom 2000 CV
System version 1.20 EG&G Instrument. A multimeter Fluke 45, was
also used for potentiometric measurements.

A three electrode setup configuration electrochemical conical
double wall cell, Metrohm 6.1415.150, was used connected to a
TAMPSON TC3 thermostat to control the temperature. Pt wires
(ϕ=1mm, surface 0.133 and 0.165 cm2) were used as working elec-
trodes, the counter electrode was always an Amel Pt type 10
8053019, with an area of 0.64 cm2. Due to the difficulty in preparing
and stabilizing well-defined references, the use of quasi-reference
electrodes, QRE, is a common practice in electrochemical studies in
ionic liquids [18]. The majority of reports that employ QRE in ILs
are based on silver or platinum immersed directly into the IL system
[18,19]. When a Cu(I) solution is used, either Ag or Pt wires can be
used as a QRE. Notwithstanding, in order to prevent any chemical re-
action between Cu(II) and Ag(0), only Pt wires must be used for the
studies with Cu(II) solutions. Unless stated, all the potentials will be
referred to a Pt (QRE).

Previous to its use, the Pt wires electrodes were manually polished
using a felt cloth impregnated with 1 μm alumina size suspension
(Buehler), and with a diamond suspension (Struers) 1 μm in diameter.
Afterwards the electrodes were cleaned with acetone in an ultrasonic
bath, then with distilled water and concentrated hot sulfuric acid, and
finally with ultrapure water Milli-Q.

3. Results and discussion

3.1. Qualitative characterization of the electrochemical systems of copper
on a Pt electrode

Fig. 1 depicts a representative example of the cyclic voltammograms
obtained with a solution of Cu(I) (C0 = 2.35 × 10−5 mol cm−3) on a Pt
electrode, inwhich twowell separatedprocesses can be observed. In the
potential region between −0.7 and −1.4 V (zone 1), Cu(I) is reduced
trough a cathodic wave Ac, associated with a sharp anodic peak Aa,
which can be attributed to the formation/dissolution of a new phase,
presumably Cu metal. This hypothesis was confirmed by deposition of
the metal under potentiostatic conditions. The EDX analysis showed
that the deposit so obtained consisted of metallic copper.

Zone 2, shows another group of signals, the anodic wave Ba asso-
ciated with the cathodic wave Bc, with the expected shape for an
electrochemical exchange in which the reduced and oxidized species
are both soluble in solution, and consequently it could be assigned
to the oxidation of Cu(I) (wave Ba) and the reduction of the
electrogenerated Cu(II) (wave Bc). The number of electrons involved
in this electrochemical step was determined by square wave
voltammetry.

For a simple reversible reaction between species in solution, the net
current-potential curvemust be bell-shaped and symmetrical about the
half wave potential, like those represented in Fig. 2 [20]. The width of
the half-peak, W1/2, depends on the number of electrons exchanged
and on the temperature as follows [21]:

W1=2 ¼ 3:52
RT
nF

ð2Þ

The validity of Eq. (2) was verified by plotting the peak current vs.
the square root of the frequency. A linear relationship was observed in
the 1–50 Hz frequency range. According to Eq. (2) a value of 1.0 ± 0.1



Fig. 1. Cyclic voltammogram obtained with a solution of Cu(I) in the BMIMCl ionic liquid on a Pt electrode (C0 = 2.35 × 10−5 mol cm−3, T = 363 K, sweep rate 50 mV s−1).
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electrons was obtained, confirming that the waves Ba/Bc correspond to
the electrochemical exchange:

Cu Ið Þ−1e↔Cu IIð Þ ð3Þ

In this high chloride contentmedia, the activity of Chloride, aCl−, is as-
sumed to be aCl− = 1; the very well separated one-electron stages
showed in Fig. 1, pointed out the stabilization of Cu+ by chloride com-
plexation,with only onepredominant chlorocomplex, CuClp1 − p, probably
CuCl32−, taken into account the results reported in other ILs with less Cl−

contents [14,15]. Hereafter the CuClp1 − p and CuClm2 − m chlorocomplexes
will be denoted as Cu(I) and Cu(II) respectively.
Fig. 2. (a) Net-current SWVs for the oxidation of Cu(I) (Co= 2.38 × 10−5 mol cm−3, T= 343 K)
ranging from 2 to 200 Hz. (b) Variation of the current with square of the frequency.
3.2. Electrochemical system Cu(II)/Cu(I)

Themain purposes of this section are: i) to investigate the applicabil-
ity of various transient electrochemical techniques for the determination
of diffusion coefficients, ii) to take into account the solvent contribution
through its viscosity to the solute transport, and iii) to determine the
kinetic parameters relative to the electrochemical system.
3.2.1. Determination of the Cu(I) and Cu(II) diffusion coefficient. Verification
of Arrhenius's law

3.2.1.1. Results obtained by cyclic voltammetry. A detailed investigation
of the electrochemical system Cu(II)/Cu(I) was performed. Series of
on a Pt electrode (S= 0.165 cm2). Pulse height: 25mV; potential step: 2mV; frequencies

Image of Fig. 1
Image of Fig. 2


92 E. Barrado et al. / Journal of Electroanalytical Chemistry 768 (2016) 89–101
voltammograms were recorded in the BMIMCl ionic liquid containing
either Cu(II) or Cu(I) chlorocomplexes, for a variety of scan rates on a
Pt wire electrode and at the selected temperatures (after compensation
of the solution resistancewhichwas determined by the positive feedback
technique) (Figs. 3a and 4a). In all cases, plots of the cathodic and anodic
peak currents versus the square root of the scan rate were found to be
linear for potential scan rates ranging from 10 to 800 mV s−1 (Figs. 3b
and 4b), while the peak potentials do not depend on the scan rate up
to 200 mV s−1 (Figs. 3c and 4c). According to the theory of linear
sweep voltammetry [20,22,23], up to a sweep rate of 150 mV s−1 the
electron process is controlled by the rate of mass transfer, whereas for
higher scan rates, the electron transfer rate is significantly lower than
that of the mass transport.

Despite the expected quasi-reversibility of the electrochemical
system, the diffusion coefficients of Cu(II) and Cu(I), could be deter-
mined at the working temperatures from the voltammograms obtained
at sweep rates up to 0.150 V s−1, (i.e. sweep rates at which the electron
transfer is reversible on the timescale of the experiment), making it
possible to use the Randles–Sevcik equation.

Ip ¼ 0:4463 nFð Þ3=2SC0D
1=2v1=2 RTð Þ−1=2 ð4Þ

where C0, D and S, are the concentration (mol cm−3), diffusion coeffi-
cient of electroactive species (cm2 s−1) and the electroactive area of
the electrode (cm2) respectively.

It has to be indicated that when a Pt wire was used as working
electrodes, it is possible to use Eq. (4), which is relevant to plane
semi-infinite diffusion, because under the experimental conditions,
v ≥ 10 mV s−1, the corrections related to cylindrical geometry can be
neglected [23,24].

The diffusion coefficient of Cu(I) and Cu(II) were calculated respec-
tively from the slopes of the anodic and cathodic relationships, like
those showed in Figs. 3 and 4. Mean values of the diffusion coefficients
obtained at the studied temperatures are gathered in Table 1.

3.2.1.2. Results obtained by convolutive potential sweep voltammetry
(CPSV). In the formulation of diagnostic criteria in the previous section,
only the peak current and potential values have been used, ignoring the
information contained in the rest of thewave. In order to overcome this
Fig. 3. (a) CVs obtained with a Cu(I) solution (Co = 2.60 × 10−5 mol cm−3, T = 353 K) on a Pt
peak currents with the square root of the sweep rate. (c) Variation of the cathodic and anodic
disadvantage, the convolution of the cyclic voltammograms has been
carried out. The key aspect of the convolutive potential sweep voltamm-
etry, also referred to as semi-integral electroanalysis [25,26], is the con-
voluted (semi-integrated) current m(t), where i(u) is the current from
the voltammogram.

m tð Þ ¼ 1
π1=2

Z t

0

i uð Þ
t−uð Þ1=2

du ð5Þ

m(t) reaches a limiting value, m*, described by:

m� ¼ nFSCoD1=2 ð6Þ

at potential values sufficiently anodic or cathodic to ensure zero surface
concentration and complete concentration polarization of the reactant.

Fig. 5 depicts examples of the cyclic voltammograms obtainedwith a
solution of Cu(II), and their corresponding semi-integral curves. It can
be observed that the direct and reverse scans are not identical and
that hysteresis behavior occurs between the up and down sweeps
being more important for higher scan rates, supporting the fact that
the electrochemical system Cu(II)/Cu(I) is not fully reversible. On the
other hand, the convoluted curves of the voltammograms exhibited
well defined limiting currents, which values are independent of the
scan rate. Therefore, the Cu(I) and Cu(II) diffusion coefficients could
be computed from their respective boundary semi-integral values by
means of Eq. (6) [20,22,26]. The obtained results are gathered in Table 1.

3.2.1.3. Results obtained by chronopotentiometry. The diffusion coeffi-
cients were also determined by chronopotentiometry, by means of the
Sand's equation [20,22,23,26]

Iτ1=2 ¼ nFSC0D
1=2π1=2

2
ð7Þ

where τ is the transition time measured in the chronopotentiograms,
and C0, D and S have the same meaning and units indicated previously.

Transition times for several applied currents, I, weremeasuredwhen
solution of Cu(I) or Cu(II) were employed, and the resultant Jτ1/2 C−1

versus J plots yielded to a constant value, indicating that the fluxes of
electrode (S= 0.165 cm2). Scan rates ranging from 50 to 500 mV s−1. (b) Variation of the
peak potentials with the logarithm of the sweep rate.

Image of Fig. 3


Fig. 4. (a) CVs obtainedwith a Cu(II) solution (C0= 2.24 × 10−5 mol cm−3; T= 363 K) on a Ptwire electrode (S= 0.133 cm2); scan rates ranging from 25 to 600mV s−1. (b) Variation of
the cathodic and anodic peak current with the square root of the sweep rate. (c) Variation of the cathodic and anodic peak potential with the logarithm of the sweep rate.
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the respective electroactive species was diffusion controlled and that all
the requirements for using the Sand equation were fulfilled.

Fig. 6 shows examples of the chronopotentiograms obtained with a
solution of Cu(I) on a Pt electrode at various imposed currents, when
the concentration of Cu(I), the surface area of the working electrode
and the temperature of the system were kept constant. The square
root of the transition time changed linearly with the applied current,
and the diffusion coefficients was calculated by Eq. (7).

3.2.1.4. Results obtained by chronoamperometry. A study of the electro-
chemical oxidation of Cu(I) and reduction of Cu(II) on the platinum
electrode was also made using chronoamperometry. Fig. 7 shows ex-
amples of the chronoamperograms obtained with a solution of Cu(II)
on the Pt electrode. By plotting the variation of the current vs 1/t1/2 at
the potentials at potential values in the mass-transfer controlled re-
gion, where the concentration of the electroactive species is nearly
zero at the electrode surface, and the current is totally controlled
by mass transfer (i.e. electrode kinetics no longer influence the cur-
rent), it can be shown that the experimental data obey the Cottrell
law [20,22,23,26].

Id tð Þ ¼ nFSD1=2C0

π1=2t1=2
ð8Þ
Table 1
Diffusion coefficient of Cu(I) and Cu(II) in BMIMCl by different electrochemical techniques, dyn

D Cu(I)/10−8 cm2 s−1

T/K 333 343 353 363
CV 2.2 ± 0.2 4.0 ± 0.3 7.4 ± 0.3 13.3 ±
CPSV 3.0 ± 0.6 4.3 ± 0.4 10.6 ± 0.2 16.0 ±
CP 1.7 ± 0.6 3.5 ± 0.3 8.3 ± 0.5 10.3 ±
CA 1.6 ± 0.4 3.2 ± 0.3 9.6 ± 0.5 12.2 ±
Mean value 2.1 ± 0.9 3.8 ± 0.7 9.0 ± 0.8 13.6 ±
η/mPa s 536.78 [16] 270.07 [16] 149.16 [16] 89.07
ν/cm2 s−1 5.05 2.55 1.42 0.85
SC/106 238 68.1 15.8 6.6

a values reported by Mandroyan et al. in a deep eutectic solvent (choline chloride–ethylene
The diffusion coefficients were therefore calculated from the slopes
of the respective straight lines.

Table 1 reports the values of the diffusion coefficients DCu(II) and
DCu(I) obtained by using the above electrochemical techniques.

The solute transport results have to take into account the solvent
contribution through its viscosity (i.e. a viscosity increase leads to a
more difficult solute mass transport). Kinematic viscosities ν/m2 s−1

defined as the ratio between dynamic viscosity η/kg m−1 s−1 and den-
sity ρ/kg m−3 were calculated from [16,17] and gathered in Table 1.

In order to take into account the effect of the viscosity on Cu(II) and
Cu(I) diffusion coefficients, the dimensionless Schmidt number (Sc =
ν/D) was calculated to characterize the solute global mass transport
through its environment. The calculated Sc numbers are also gathered
in Table 1.

It has to be mentioned that the values of the diffusion coefficients
obtained in this work are in good agreement with those reported for
Pd(II) [27] and U(VI) [28] in the same ionic liquid, and also with those
reported byMandroyan et al. [29] for Cu(II) and Cu(I) in a Deep Eutectic
Solvent (choline chloride–ethylene glycol) with a similar dynamic
viscosity to BMIMCl (see Table 1).

In order to know if there are significant differences between: i) the
calculated data at different temperatures, ii) the calculated data using
different electrochemical techniques, and iii) the calculated data for
amic viscosity (η) [12], kinematic viscosity (ν), and Schmidt number of Cu(I) and Cu(II).

D Cu(II)/10−8 cm2 s−1

343 363
0.3 2.8 ± 0.2 11.5 ± 0.3
0.4 3.7 ± 0.1 13.0 ± 0.4
0.4 2.5 ± 0.2 10.0 ± 0.2
0.5 3.6 ± 0.3 12.2 ± 0.5
0.8 18.6a [29] 3.6 ± 0.4 11.7 ± 0.7 22.8a [29]

[16] 84.0 [29] 270.07 [16] 0.086 [16] 89.07 [29]
0.79 [29] 2.55 0.85 0.79 [29]
4.3 75.0 7.6 3.5

glycol) at 273 K [29].

Image of Fig. 4


Fig. 5. CVs (___) and their corresponding convoluted curves (- - -). Experimental conditions: Cu(II) solution: C0 = 2.24 × 10−5 mol cm−3;T= 363 K; scan rates: (red lines) 150 and (blue
lines) 500 mV s−1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Cu(I) and Cu(II), a statistical treatment, a two-way analysis of variance
(ANOVA) [30] was carried out and the results are gathered on Table 2.
The null hypothesis was the non-existence of significant differences
between the calculated units. Concerning the temperature effect, the
calculated F statistic was higher than the critical F value, therefore the
null hypothesis must be rejected, whereas for the other effects, the
calculated F statistics was lower than a critical F value, then the null
hypothesis must be maintained, and it can be concluded that with a
95% confidence level: i) the fourmethods used to calculate the diffusion
coefficients lead to the same values, ii) there are no significant differ-
ences between the diffusion coefficients of Cu(I) and Cu(II) species,
Fig. 6. (a) Chronopotentiograms obtained on a Pt electrode (S = 0.165 cm2) with a Cu(I) solu
and iii) the diffusion coefficients change with temperature, following
Arrhenius's law in the temperature range measured (Fig. 8):

logD ¼ 2:34 �0:91ð Þ−3340 �317ð Þ
T

ð9Þ

the activation energy for the diffusion was found to be 64 ± 6 kJ/mol, a
value in agreement with the previously reported for Pd(II) (63 kJ/mol)
[27] and Eu(III) (62.6 kJ/mol) [31] in the same ionic liquid.
tion, C0 = 2.35 × 10−5 mol cm−3 at various applied currents ranging from 80 to 300 μA.

Image of Fig. 5
Image of Fig. 6


Fig. 7. (a) Current–time transients resulted from chronoamperometric experiments for the electroreduction of Cu(II) (C0 = 2.24 × 10−5 mol cm−3; S = 0.133 cm2; T = 363 K) on a
platinum electrode at various potentials ranging from 0.050 to −0400 V vs the Pt (b) relation between square root of time and current at a potential value where the reaction is
diffusion controlled.
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Plots of lnD vs. T/η can be made to check the fractional Stokes–
Einstein relation in the following equation:

D∞ T=ηð Þm ð10Þ

Good linearity was found with correlation coefficients N98%. The
slopes of these lines, i.e. the exponent m was 0.98.

3.2.2. Evaluation of the kinetic parameters relative to the electrochemical
system Cu(II)/Cu(I)

According to the previous results, the oxidation of Cu(I) or the
reduction of Cu(II) at the interface of the Pt electrode, involves a diffu-
sion step of the respective electroactive species Cu(I) or Cu(II) from
thebulk solution to the electrode, a one-electron transfer step character-
ized by the intrinsic rate constant, k0, and the charge transfer coefficient,
α, and a second diffusion step corresponding to the electrogenerated
species, Cu(II) or Cu(I), from the electrode surface to the bulk.

The kinetic parameters k0 and α can be obtained in practice: i) by
simulation of the cyclic voltammograms, and ii) from the analysis of
the convoluted curves.

3.2.2.1. Determination of the charge transfer kinetic parameters by
simulation of the cyclic voltammograms. The voltammograms were
very reproducible, therefore the information of interest could be easily
extracted from the comparison of the experimental curves and the sim-
ulated voltammograms calculated using a simulation computer program
(M271 COOL kinetic analysis software 1.10). The simulation method is
based upon a non-linear simplex optimization of the parameters in a
Table 2
Two-way analysis of variance (ANOVA) of the data reported on Table 1.

DCu(I) DCu(II)

Factor Fcalculated Fcritical Factor Fcalculated Fcritical

Temperature 78.8 3.86 Temperature 516.8 10.13
Technique 3.72 3.86 Technique 6.01 9.28

DCu(I) and DCu(II) at 343 K DCu(I) and DCu(II) at 363 K
DCu(I) and DCu(II) 3.80 10.13 DCu(I) and DCu(II) 1.54 10.13
Technique 0.46 9.28 Technique 0.20 9.28
normalized space derived from linear regression of themeasured current
on a calculated dimensionless current function, ψ, [32–34].

For quasi-reversible charge transfer the dimensionless current, ψ, is
a well-known function of the kinetic parameters (α, κ, Er1/2), where α
is the charge-transfer coefficient, Er1/2 the reversible half-wave potential
(V), and kappa κ, that is defined by means of Eq. (11)

κ ¼ k0

D 1−αð Þ=2
Cu IIð Þ Dα=2

Cu Ið Þ
ð11Þ

being k0 the apparent standard rate constant (cm s−1), DCu(II) and DCu(I)

the diffusion coefficients (cm2 s−1).
As it was expected from the previous diagnostic criteria, for low scan

rates a goodfit with the experimental voltammogramswas achieved for
a reversible model, whereas the best fits were found for a quasi-
reversible process for scan rate values higher than 150 mV s−1. Repre-
sentative examples of this simulation are shown in Fig. 9(a–b) and the
average values obtained are gathered in Table 3.

On the other hand, the reversible half wave potential, Er1/2, obtained
following this methodology, can be used for calculating the apparent
standard potential, E0, of the electrochemical system Cu(II)/Cu(I) by
using the following equation [20,22,23,26]:

Er1=2 ¼ E00 þ
RT
F

ln
D1=2

Cu Ið Þ
D1=2

Cu IIð Þ
ð12Þ

3.2.2.2. Determination of the charge transfer kinetic parameters from the
analysis of the convoluted curves. As an alternative approach to the esti-
mation of the kinetic parameters, an analysis of the convoluted curves
was carried out. Goto and Oldham [35] and Myland and Oldham [36]
have derived linear plots of logarithmic functions of convoluted current
as a function of E for a quasi-reversible process.

The derived equation for a quasi-reversible reduction process is [35]:

E ¼ Er1=2 þ
2:3RT
αF

log
k0

D1=2 þ
2:3RT
αF

log B0 ð13Þ

Image of Fig. 7


Fig. 8. Variation of the diffusion coefficients of Cu(II) (□) and Cu(I) (♦) with temperature. Verification of Arrhenius's law.
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where

B0 ¼
m�−m−mexp

F
RT

E−Er1=2
� �� �

I

2
664

3
775: ð14Þ

Whereas, for a quasi-reversible oxidation process the derived equation
is [36]

E ¼ Er1=2 þ
2:3RT
1−αð ÞnF log

D1=2

k0
þ 2:3RT

1−αð ÞnF logB ð15Þ

with

B ¼ I

m�−m−mexp
nF
RT

Er1=2−E
� �� �

2
664

3
775 ð16Þ

In these equations, m is the convoluted current, m* its limiting value
and I the intensity in the cyclic voltammograms. An example of the
logarithmic analysis is shown in Fig. 10.

The average values of k0 and α obtained from the plot of the poten-
tial versus the logarithmic function of convoluted current, using the dif-
fusion coefficients values obtained before, are summarized in Table 3,
being possible to see the agreement between the different calculating
methods employed. According to Matsuda and Ayabe's criteria [37],
the exchange Cu(II)/Cu(I) can be qualified as quasi-reversible on a Pt
electrode at the three studied temperatures.

3.3. Electrochemical system Cu(I)/Cu(0)

3.3.1. Apparent standard potential of the electrochemical system
Cu(I)/Cu(0). Equilibrium constant of the comproportionation reaction

The apparent standard potential of the electrochemical system
Cu(I)/Cu(0), was obtained by potentiometry, measuring the equilibrium
potential of a copper wire immersed in a solution containing
Cu(I) 2.24 × 10−2 mol Kg−1, by means of the Nernst equation:

Eeq ¼ Eapp0 Cu Ið Þ=Cu 0ð Þð Þ þ 2:3
RT
F

log Cu Ið Þ½ � ð17Þ

The obtained results are gathered in Table 4.
Furthermore, the equilibrium constant associated to the

comproportionation reaction:

Cu IIð Þ þ Cu 0ð Þ⇌2Cu Ið Þ ð18Þ

can be calculated from the apparent standard potentials of the systems
Cu(II)/Cu(I) and Cu(I)/Cu(0) by means of the following equation:

log k ¼ F
2:3RT

Eapp0 Cu IIð Þ=Cu Ið Þð Þ−Eapp0 Cu Ið Þ=Cu 0ð Þð Þ
� �

ð19Þ

the obtained values, gathered on Table 4, show that Cu(II) can be
completely reduced to Cu(I) by copper metal. A similar behavior
has been reported by Vainikka et al. [14] in the 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide with 1-butyl-1-
methylpyrrolidinium chloride.

3.3.2. Electrochemical study of copper deposition
The experimental voltammograms suggest the presence of a nucle-

ation phenomenon (Fig. 11), but mainly in a qualitative way. The elec-
trodeposition of copper does not commence until a potential well
beyond Erev is reached, an important separation being observed be-
tween the cathodic and anodic. The reason for this behavior is that the
formation of stable Cu nuclei on an inert surface requires a potential
more negative than the reduction of Cu(I) on a Cu surface.

Chronoamperometry was chosen to study the nucleation/growth
process of copper on a Pt wire and a Pt disc electrode. The experiments
were conducted with a Cu(I) solution, by stepping the potential from a
value where no reaction of copper deposition takes place to those po-
tentials sufficiently negative to initiate the nucleation/growth process
(i.e. more cathodic than −1.175 V). To obtain accurate measurements
and repeatable and reliable results, the structure and size of the elec-
trode surface as well as the diffusion layer must be renewed before

Image of Fig. 8


Fig. 9. Cyclic voltammograms of Cu(I) on a platinum electrode at 343 K blue line (____) experimental results; doted pink line (- - -) simulated results corresponding to a reversible process;
doted gray line (- - -) simulated results corresponding to a quasireversible process (α = 0.48, k0 = 6.76 × 10−4 cm s−1) (a) sweep rate: 50 mV s−1; b) sweep rate: 350 mV s−1.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Kinetic parameters of Cu(II)/Cu(I) exchange in the BMIMCl obtained by differentmethods.

Technique T/K E1/2− vs.
Pt/mV

α log k0/cm s−1

CV(Kinetic analysis software,
COOL algorithm)

333 −70 ± 3 0.46 ± 0.04 −3.71 ± 0.05
343 −51 ± 1 0.48 ± 0.02 −3.17 ± 0.02
353 −44 ± 1 0.46 ± 0.06 −3.31 ± 0.10
363 −41 ± 1 0.48 ± 0.03 −3.32 ± 0.11

CV + CPSV 333 0.56 ± 0.05 −3.77 ± 0.10
343 0.58 ± 0.05 −3.55 ± 0.02
353 0.56 ± 0.03 −3.54 ± 0.02
363 0.50 ± 0.05 −3.35 ± 0.03
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eachmeasurement in order to obtain the same electrode/electrolyte in-
terface conditions at the beginning of each test. Therefore, after every
run: i) the deposited metal was removed from the surface by polarizing
the working electrode anodically at −0.450 V for a controlled time
(90s), and ii) the solution was stirred without applying any voltage
(open circuit) for 20 s, until initial conditions are restored.

Examples of current–time transients resulting for such experiments
are shown in Fig. 12. These transients initially exhibited a sharp current
spike due to charging of the electrode double layer after the potential
stepwas applied. Thiswas followedby a rising current due to the forma-
tion and subsequent growth of copper nuclei on the electrode surface.
The current then passed through a broad maximum (tm, Im) and finally

Image of Fig. 9


Fig. 10. Cyclic voltammogram (___), its corresponding convoluted curve (——), and logarithmic analysis of the convoluted curve following a quasi-reversible model (——). Experimental
conditions: Cu(I) solution on a Pt wire electrode (Co = 2.60 × 10−5 mol cm−3, T = 353 K, scan rate 0.200 V s−1).
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decreased with a linear I vs t−1/2 relation displaying diffusion-
controlled process. The time necessary to reach current maximum, tm,
depends on the overpotential, and decreases as the potential is made
more negative.

In order to identify the copper nucleation mode, the dimensionless
experimental current–time transients obtained at different applied ca-
thodic potentials were compared with the dimensionless theoretical
transientmodels derived by Scharifker andHills [38]. Themodels utilize
the coordinates of the chronoamperometric peaks in order to distin-
guish between the two limiting nucleation mechanisms: instantaneous
and progressive, and are represented by Eqs. (20) and (21) respectively:

i
im

� �2

¼ 1:9542
1− exp −1:2564 t=tmð Þð Þ½ �2

t=tmð Þ ð20Þ

i
im

� �2

¼ 1:2254
1− exp −2:3367 t=tmð Þ2

� �h i
t=tmð Þ

2

ð21Þ

Instantaneous nucleation corresponds to immediate activation of all
nucleation sites, where the rate of further nuclei formation is negligible
in the time frame of the experiments. On the contrary, during progres-
sive nucleation, the rate of new nuclei formation in the time frame of
the experiment is not negligible.

In Fig. 13 the dimensionless experimental data, extracted from the
chronoamperometric curves, are represented together with the theo-
retical curves for instantaneous and progressive nucleation at different
temperatures. According to the figure is apparent that the initial stages
of electrochemical deposition of copper on both platinum electrodes in
the BMIMCl can be explained in terms of a model involving
instantaneous nucleation with three-dimensional growth of the nuclei.
The experimental data always fits the model in the 343–363 K
Table 4
Redox potentials for Cu(II)/Cu(I)and Cu(I)/Cu(0)in BMIMCl/(V versus Pt, molal scale).

T/K Eo(Cu(I)/Cu(0)app /V Eo(Cu(I)/Cu(0)app /V kc ¼ ½CuðIÞ�2
½CuðIIÞ�

343 −0.836 ± 0.05 −0.051 ± 0.001 (3.4 ± 0.7) × 1011

353 −0.841 ± 0.03 −0.044 ± 0.001 (2.4 ± 0.8) × 1011

363 −0.845 ± 0.04 −0.041 ± 0.001 (1.4 ± 0.4) × 1011
temperature range, indicating that the nucleation mode of copper is
not influenced by temperature in this range.

3.3.3. Potentiostatic electrolysis
Based on the previous results, potentiostatic electrolysis were con-

ducted for SEM EDX analysis on Pt wires (0.5 and 1.5 mm diameter)
electrodes from the BMIMCl containing Cu(I). The plating solution was
stirred by bubbling dried N2 during the experiments. After the electrol-
ysis, the deposits were washed with water. All the deposits obtained
were red brown in appearance with good adhesion (i.e. the material
remained on the electrode surface after rinsing in an ultrasonic bath).

The microstructure of the films deposited at the Pt electrodes is
shown in Fig. 14. The films were homogeneous and continuous for all
the deposition parameters tested, and free of oxygen. They consisted
of particles nearly hemispherical in shape,with the following character-
istics: Median = 55.05 nm, first quartile Q1 = 44.37 nm, third quartile
Q3 = 84.27 nm.

4. Conclusions

The electrochemical behavior of Cu(II) and Cu(I) solutions in the
ionic liquid 1-buthyl-3-methylimidazolium chloride, BMIMCl on Pt
electrodes, has been investigated in the temperature range 343–363 K.
Experiments performed in a controlled N2 atmosphere cell show that
Cu(I) can be oxidized to Cu(II) and reduced to Cu(0), due to the stabili-
zation of Cu+ by chloride complexation, with only one predominant
chlorocomplex, CuClp1 − p, probably CuCl32−. The standard potential
of the redox couples Cu(II)/Cu(I) and Cu(I)/Cu(0) have been respec-
tively determined by simulation of the cyclic voltammograms and
potentiometry, showing that Cu(II) ions can be reduced to Cu(I) by the
copper metal according to the comproportionation reaction:

Cu IIð Þ þ Cu 0ð Þ⇌2Cu Ið Þ

whose constant has been calculated at three temperatures.
By combining different electrochemical techniques (i.e. cyclic

voltammetry, convolutive potential sweep voltammetry,
chronopotentiometry and chronoamperometry), it has been possible to
determine the kinetic parameters characterizing themass and the charge
transfers related to the electrochemical system Cu(II)/Cu(I).

Image of Fig. 10


Fig. 11. (___) Cyclic voltammogram for Cu deposition on a Pt electrode exhibiting a nucleation overpotential. (___) Cyclic voltammogram obtained on a Cu electrode in the BMIMCl without
Cu(I).
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The diffusion coefficient of Cu(I) and Cu(II) species were calculated
using the mentioned electrochemical techniques using a Pt wire
electrode. The statistical treatment of the data, a two-way analysis of
variance (ANOVA), showed that with a 95% confidence level, (i) all the
methods used for the evaluation of the diffusion coefficients lead to
the same value, and (iii) there are no significant differences between
the diffusion coefficients of Cu(II) and Cu(I) in the interval of the studied
temperatures.

The results pointed out the effect of the solvent viscosity on the
diffusion coefficient of the electroactive species. In order to take into
account this effect, the dimensionless Schmidt number (Sc = ν/D)
were calculated to characterize the solute global mass transport
through its environment.
Fig. 12. Potentiostatic current–time transients of a Cu(I) solution (C0 = 2.35 × 10−5
On a Pt electrode, the electrochemical exchange Cu(II)/Cu(I) takes
place in a quasi-reversible electrochemical mode. The intrinsic rate
constant of charge transfer, k0, and the charge transfer coefficient, α,
have been calculated for the first time in the mentioned ionic liquid,
by simulation of the cyclic voltammograms, logarithmic analysis of
the convoluted curves and from the steady-state current potential
curves.

On the other hand, nucleation and crystal growth plays an important
role in the electrodeposition of metallic Cu onto the Pt surface. Experi-
mental current–time transients followed the theoretical models based
on instantaneous nucleation with three-dimensional growth of the
nuclei at 343 and 363 K. Electrodeposits of copper were obtained by
potentiostatic electrolysis under N2 atmosphere and analyzed by
mol cm−3) on a Pt electrode (applied potentials from −1.200 V to −1.375 V).

Image of Fig. 11
Image of Fig. 12


Fig. 13. Comparison of the dimensionless experimental data derived from the current–time transients with the theoretical model for (1) instantaneous and (2) progressive nucleation at
different working potentials on a Pt wire (from−1.225 to −1.375 V).
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scanning electron microscopy with EDAX. They consisted of particles
nearly hemispherical in shape, being the median = 55,05 nm, Q1 =
44,37 nm, and Q3 = 84.27 nm.
Fig. 14. SEM micrographs of copper electrodeposits: (a) Pt wire 0.5 mm diameter
Ed = −1.4 V td = 3600 s, (b) Pt wire 1.5 mm diameter, Ed = −1.5 V td = 3600 s.
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