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a  b  s  t  r  a  c  t

The  electrochemistry  of  copper(I)  and  copper(II)  chloride  complexes  in  the  RTIL  1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide,  BMPTf2N, has  been  studied  with  constant
current  electrolysis  and  cyclic  staircase  voltammetry  at temperatures  between  21.0  and  96.0 ◦C and  in
different concentrations  of  chloride.  The  chloride  concentration  was  controlled  by  addition  of  1-butyl-
1-methylpyrrolidinium  chloride,  BMPCl.  An  important  finding  is  the  evidence  of  a three-coordinated
complex,  Cu(I)Cl32− which  has  not  been  found  in  organic  chloroaluminates  without  a  significant  increase
eywords:
onic liquid
yrrolidinium
opper chloride complex
sallis thermostatistics
ransport equations

in  temperature.  Two  Cu(I)  species  were  found  at molar  ratios  of [Cl−]/[Cu]  <  4. The  kinetic  parameters
for  the  quasi-reversible  Cu(I)–Cu(II)  electron  transfer  were  obtained  with  non-linear  fitting.  Success-
ful  fits  required  that  the  charge  transfer  coefficients  for the  reduction  of  Cu(II)  (˛)  and  oxidation  of
Cu(I)  (ˇ)  did  not  sum  up  to unity,  i.e. ˛ +  ˇ  /=  1. This  result  was  interpreted  using Tsallis  non-extensive
thermostatistics.
. Introduction

1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
mide, BMPTf2N, is an air and moisture stable hydrophobic
oom temperature ionic liquid, RTIL. It was first investigated by
acFarlane et al. [1] for its physical properties, including phase

ransition temperature, viscosity, density and conductivity. Also,
he electrochemistry and deposition of Si [2,3], Al [4,5], Ta [6],
e, In and Cu [7] in BMPTf2N has been reported. In these cases,
hloride salts were used without additives as the source of metal
ons with the exception of Ta, where the experiments were carried
ut in the presence and absence of LiF as an additive. Metal salts
ith inorganic anions have limited solubility in RTILs based on
uorinated anions. Two different approaches to improve their
olubility have been reported in the literature: addition of a
omplexing agent with components common to both the RTIL and
he inorganic salt [8],  or using a salt which has a common anion
ith the RTIL [9].

The electrochemistry of copper(I) and copper(II) chloride com-
lexes has been thoroughly investigated in the chloroaluminate
onic liquids. Hussey et al. [10] reported that the reduction of Cu(II)
s reversible, and that the reduction of Cu(I) to metallic Cu pro-
eeds through instantaneous three-dimensional nucleation in the

∗ Corresponding author. Tel.: +358 9 470 22585; fax: +358 9 470 22580.
E-mail address: lasse.murtomaki@aalto.fi (L. Murtomäki).
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acidic AlCl3− butylpyridinium chloride IL. Also nernstian slopes
were obtained by varying the ratio of [Cu(II)] to [Cu(I)], suggesting
that these cations are not complexed with chloride ions in acidic
compositions. Nanjundiah and Osteryoung [11] utilized both the
Lewis acidic and Lewis basic regimes of the same IL, and found evi-
dence of Cu(I)Cl43− and Cu(II)Cl64− in the Lewis basic regime using
potentiometric measurements. Laher and Hussey [12] reported the
equilibrium between Cu(I)Cl2−, Cu(I)Cl32−, and Cu(I)Cl43− in the
Lewis basic AlCl3− 1-ethyl-3-methylimidazolium chloride IL. They
found that 2 and 4 coordinated complexes would dominate at 40 ◦C,
but the equilibrium shifts toward a 3 coordinated complex when
the temperature is raised.

Our previous research on the Cu2+ electrochemistry [13] has
shown that there could be two species present in homogenous
equilibrium in BMPTf2N with added BMPCl. At relatively low con-
centrations of chloride, approximately 1:1 molar ratio of BMPCl and
Cu(II)Cl2, cyclic voltammetry would show two  separate Cu2+ reduc-
tion waves at potentials positive to Cu deposition on Pt. Raising the
temperature did not change the relative magnitudes of these waves,
but the shape of the wave at the lower potential was changed drasti-
cally. As the chloride content was increased, the wave at the higher
potential, which showed no change with respect to temperature
apart from obvious effects, would vanish, leaving just the wave at

the lower potential. The same behavior will be seen further in this
paper, as the redox processes are measured by oxidation of Cu(I).

Electrochemical measurements in Cu(II)Cl2 solutions with mini-
mal  added chloride are quite hard to quantify because Cu(II)Cl2 can

dx.doi.org/10.1016/j.electacta.2012.09.062
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:lasse.murtomaki@aalto.fi
dx.doi.org/10.1016/j.electacta.2012.09.062
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Table 1
Prepared electrolyte solutions. The copper mass fraction was  determined by AAS
analysis (Varian 240, air–acetylene flame, � = 324.8 nm). The total chloride con-
tent was  determined by mass assuming a weighing accuracy of 1 mg.  A density
of  1.41 g/cm3 for BMPTf2N [1] was used to calculate the concentrations.

Solution Concentration (mM)  mg(Cu)/mg

total [Cl−] [Cu(II)] [Cu(I)]

Cl− a 77 ± 2
Cl− b 184 ± 2
Stock Cu(II) 397 ± 3 46 ± 1 2.07 ± 0.04
Low Cu(II) 397 ± 3 51 ± 1 2.32 ± 0.02
Low Cu(I) 399 ± 3 45 ± 2 2.05 ± 0.07
High Cu(I) a 392 ± 2 92 ± 2 4.17 ± 0.08
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High Cu(I) b 435 ± 2 92 ± 2 4.15 ± 0.09
High Cu(I) c 480 ± 2 93 ± 2 4.21 ± 0.08

e dissolved only by complexation with chloride. Such solutions
re turbid, thus the concentration of the electroactive species is
nknown. The electrochemical study presented in this paper starts
rom the Cu(I) species which, at the chloride contents considered,
o not have the same solubility problems as Cu(II)Cl2.

Since even tiny amounts of atmospheric oxygen or moisture
hange the behavior of the system, i.e. introduce additional reaction
echanisms and complex equilibria, the measurements are prefer-

bly carried out in an inert atmosphere of a glove box. When metals
re to be deposited electrochemically from RTILs, the reduction
otential may  also depend on the complex speciation. The pur-
ose of this work is to study further the different copper chloride
omplexes and elucidate the kinetics of the prevailing reactions.

. Experimental

.1. Reagents and solutions

The chemicals used were Cu(II) chloride (Alfa Aesar, 99.995%,
ltra dry, sealed ampoule), 1-butyl-1-methylpyrrolidinium chlo-
ide (Fluka, ≥99.0%) (BMPCl), 1-butyl-1-methyl-pyrrolidinium
is(trifluoromethylsulfonyl)imide (Fluka, ≥98.5%) (BMPTf2N).
hree sets of solutions were prepared in a glove box (Vacuum
tmospheres Company) under argon atmosphere which was
irculated through a gas purifier. An opened jar of P2O5 was
ept inside the glove box to further remove water from the inert
as. The oxygen and water contents were both found to remain
elow 2 ppm. First, for the study of chloride only, two solutions
ontaining 77 ± 2 mM and 184 ± 2 mM BMPCl in BMPTf2N were
repared by mixing after several hours with a magnetic stirrer,
ielding clear solutions.

For the electrochemical study of copper chloride complexes, a
econd set of solutions with a molar ratio of ca. 8 of total chloride
o total copper, and a third set with three different molar ratios of
–5 of total chloride to Cu(I), were prepared from a stock solution
f Cu(II) that was  made by mixing BMPTf2N, BMPCl and Cu(II)Cl2.
he stock solution was mixed vigorously for several hours, during
hich it turned yellow. Cu(I) electrolytes were prepared from a
ortion of the stock solution by the addition of 5 mm long, 5 mm
iameter Cu slugs lathed from a 9 mm diameter copper rod (Koch-
ight, ≥99.95%). The solution turned colorless during ca. 24 h under
igorous mixing. The final Cu(I) concentration is assumed to be a
esult of complete comproportionation,

u2+ + Cu → 2Cu+ (1)

hat is, twice the starting Cu(II) concentration. The stock solution

ad the concentration ratio of Cl− to total Cu of ca. 8. The com-
roportionation reaction obviously brought this ratio down to ca.

 by doubling the Cu concentration (see Table 1). Thus, in order to
ake a Cu(I) electrolyte with similar molar ratio of Cl− to total Cu
 Acta 87 (2013) 739– 748

as the stock solution, a portion of the comproportionated solution
was diluted with a mixture of BMPCl and BMPTf2N. This solution
is referred to as the “Low Cu(I) solution”. The rest of the compro-
portionated solution was divided in three portions, to which two of
them BMPCl was added to modify the chloride content. As the Cu(I)
concentration was not reduced by dilution for these solutions, they
are referred to as the “High Cu(I) solutions”.

The stock solution was  used in the first experiments, but it was
found that Cu(II) was gradually reduced to Cu(I). The Cu(I) solutions
did not exhibit the same behavior. Thus, a fresh Cu(II) solution was
made in the same way as the stock solution. The new Cu(II) solution
is referred to as the “Low Cu(II) solution”. Table 1 holds a summary
of the electrolytes described above.

2.2. Apparatus

The electrochemical experiments were carried out in the
same glove box where the electrolytes were prepared. A three-
electrode setup was  mainly used, and modifications to this setup
will be clarified in the corresponding experimental sections. A
(1.00 ± 0.01) mm diameter Pt disc was  used as a working electrode.
The diameter was measured with a microscope. Some of the experi-
ments utilize a reference electrode consisting of a 0.7 mm diameter
Cu wire inside a glass capillary that has a narrow opening separat-
ing the reference electrolyte from the bulk electrolyte. However,
due to its high impedance, this capillary electrode was not utilized
in most of the measurements, but it was used to calibrate a wire
reference electrode in direct contact with the electrolyte.

Galvanostatic experiments in all Cu(I) electrolyte solutions
and potentiostatic experiments in the High Cu(I) solutions were
conducted with the Autolab PGSTAT302N controlled with GPES
software. The cyclic staircase voltammetry (CSV) responses in
the Low Cu(I) and Low Cu(II) solutions were measured at dif-
ferent temperatures using a Princeton Applied Research Model
263A potentiostat. The iR drop was compensated for by positive
feedback. In order to determine the solution resistance, a EG&G
Princeton Applied Research Model 5208 Dual Lock-In Amplifier was
attached to the PAR 263A potentiostat, and a 10 kHz sine wave of
10 mV(RMS) amplitude was applied to the cell. The real part of the
impedance was assumed to be a sufficient approximation of the
solution resistance, and it was  compensated for at least 75%, current
range permitting.

The temperature was controlled with a Supercool PR-59 Peltier
controller attached to a specially constructed heating–cooling-
module. The module utilized a 60 W Peltier element, which was
sandwiched between an aluminum CPU cooler (cold side) and a
block of copper (hot side). An aluminum cylinder attached to the
hot side with a heat-conducting adhesive worked as a mantle for
the glass vial containing the electrolyte. A glass-bead 10 k� NTC
resistor inside the copper block on the hot side was  used for the
Peltier controller feedback circuitry, but the actual temperature
inside the electrolyte vial was measured with a J-type thermocou-
ple inside a glass sheath. The thermocouple voltage was amplified
using an AD594 monolithic thermocouple amplifier IC with internal
cold junction compensation.

3. Results and discussion

3.1. Cu(I) oxidation in the High Cu(I) solutions

The CSV responses in the High Cu(I) electrolytes were measured
using a Cu wire as a reference electrode and a copper coil as an

auxiliary electrode. The copper wire reference potential was  cor-
rected against the capillary reference filled with the High Cu(I) a
electrolyte. The correction was  3 mV  against the High Cu(I) a elec-
trolyte (itself), and 15 mV  against the High Cu(I) b and c electrolytes.
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ig. 1. Steady-state response recorded in the High Cu(I) a solution containing
92 mM of total chloride. Scan rate is 1 mV/s.

he true starting and switching potentials were adjusted in line
ith the measured corrections for each electrolyte solution.

The “steady-state” curve (CSV at 1 mV/s) of Cu(I) oxidation, mea-
ured under vigorous stirring using a magnetic stirrer, shows two
aves (Fig. 1), the second one at ca. 1.2 V (b) being 50% lower than

he first one at ca. 0.8 V (a). This result seems rather difficult to
xplain, because if there was only one Cu(I) species undergoing sec-
nd oxidation from Cu(II) to Cu(III), the limiting current (b) would
e twice the limiting current (a). The separate waves must, there-
ore, correspond to two Cu(I) complexes. The equilibrium between
hese complexes has to settle, however, rather slowly, because we
ee two waves, i.e. within the time frame of the experiment hardly
o change in their relative concentrations apparently takes place. If
here was a facile homogeneous equilibrium between the two Cu(I)
omplexes, only a single oxidation wave would be seen. A finite ele-
ent simulation was done assuming that the two  complexes differ

y one chloride, and, indeed, a curve similar to Fig. 1 could be recov-
red (see Appendix A). These simulations are not, however, able to
esolve the composition of the complexes.

The oxidation of Cu(I) was studied further with cyclic voltam-
etry (CSV) using all three High Cu(I) solutions. The CSV responses
ere recorded using 1 mV steps at the scan rates of 50, 100 and

00 mV/s from 0.25 V to 1.5 V. Also, voltammograms of a plain chlo-
ide solution are shown to prove that the wave at ca. 1.2 V is not
ue to chloride oxidation. As can be seen in Fig. 2, the oxidation
ave at ca. 1.2 V is suppressed by increasing the total chloride con-

entration. Neither cathodic nor anodic peak potentials coincide,
hich rules out adsorption and supports the existence of a diffusing

pecies. Hence, we suggest equilibrium

u(I)Cl − + Cl− ↔ Cu(I)Cl 2− (2)
2 3

hich agrees with the observation that adding chloride in the
olution removes one of the complexes. The stoichiometry of
he complexes still remains unknown and reaction (2) must be

ig. 2. Left: Cyclic voltammograms of three High Cu(I) electrolytes with total chloride con
ight:  Only 77 mM Cl− , scan rate is 0.01, . . .,  1.0 V/s.
Fig. 3. Temperature dependence of the Pt pseudo-reference measured in the Low
Cu(II) electrolyte against the capillary reference filled with the Low Cu(I) electrolyte.

considered just as a reasonable suggestion. Since docking more
chlorides into the complex probably changes its conformation, and
since the diffusion coefficient of Cl− in this IL is lower than those
of the Cu complexes, as shown later on, the rate of reaction (2) can
be, indeed, quite low.

3.2. Cyclic staircase voltammetry of the Low Cu(I) and Low Cu(II)
solutions

The fact that one of the copper chloride species can be
suppressed with a sufficient addition of chloride enables the quan-
tification of the remaining electron transfer process. The Low Cu(I)
and Low Cu(II) electrolytes were used to determine the cyclic
staircase voltammetry (CSV) response of the Cu(I)–Cu(II) electron
transfer as a function of temperature and scan rate. Using a step
size of 10 mV, scan rates of 10, 20, 30, 50, 100, 200, 300, 500, and
1000 mV/s were measured at temperatures 21.0, 25.5, 34.4, 42.9,
51.8, 60.6, 69.5, 78.2, 87.0, and 96.0 ◦C. In the Low Cu(I) electrolyte,
a copper coil was used as a counter electrode and a copper wire as
a reference electrode, whereas in the Low Cu(II) electrolyte, both
the counter and the reference electrodes were made of platinum,
with the same physical dimensions as their copper counterparts.
Thus, the Cu(II) measurements were made with a platinum pseudo-
reference, which was  offset afterwards for all temperatures by
measuring its potential relative to the capillary reference filled with
the Low Cu(I) electrolyte (Fig. 3). The determination of the off-
set was made separately and quickly to avoid excessive crossover
between the reference electrolyte and the bulk electrolyte. The
temperature dependence is fairly linear over the whole temper-
ature range. The potentials in Fig. 3 are used to correct for the

potential scale in all Low Cu(II) measurements, which appears as
a drift of vertex potentials in Fig. 6. The measured CSVs and their
corresponding fits at 25.5 ◦C and 96.0 ◦C are shown in Figs. 4 and 5.
Fig. 6 shows the CSVs at 1 V/s in all the measured temperatures.

centrations of 392 mM (- - -), 435 mM ( ), 480 mM ( ), scan rate is 0.05 V/s.
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Fig. 4. CSVs for Cu(I) oxidation (left) and Cu(II) reduction (right) at 25.5 ◦C. Experimental data: black solid line; fitted data: gray dashed line; v = 10, . . .,  1000 mV/s.
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Fig. 5. CSVs for Cu(I) oxidation (left) and Cu(II) reduction (right) at 96.0 ◦C. Exp

he temperature dependence of the cathodic peak potential cor-
esponding to the reduction of Cu(II) shows a very strong shift of
500 mV,  contrary to the oxidation of Cu(I), which merely increases

n magnitude as the temperature is increased. This is an indi-
ation of strongly asymmetrical electron transfer (i.e. apparent

 /= 0.5).
Simulation of cyclic staircase voltammetry requires some expla-

ation. In modern potentiostats a linear scan is approximated with
mall potential increments, �E, at small time intervals, �t.  Accord-
ng to our experience, the smaller �E  is, the noisier is the current
ignal. When measurements are made in a glove box, the poten-
iostat usually resides outside, forcing to use long wires. Since the
love box is not an ideal environment for electrochemical mea-
urements due to noise, it can thwart the success of a transient
easurement, which requires fast potential control. Yet another

ource of noise is iR compensation with positive feedback, which is
navoidable in ILs of low conductivity. To achieve reliable poten-
ial control, larger potential steps must be applied, which, if the
ame ‘scan rate’ is concerned, reduces the rate at which the poten-
ial is updated. This enables the circuit to bypass transients in
he beginning of a potential step, where the variation of the non-

aradaic currents produced by capacitances in the long wiring and
he double layer are at their highest. Updating the potential at
his transient makes the read current both unstable and unde-
ned. Although an increase in step size alleviates these problems,

ig. 6. CSVs for Cu(I) oxidation (left) and Cu(II) reduction (right) at v = 1 V/s. Experiment
ncreases with temperature.
ntal data: black solid line; fitted data: gray dashed line; v  = 10, . . .,  1000 mV/s.

it seriously undermines the interpretation of peak currents and
potentials with known theories of true linear voltammetry [14,15].

The theory of staircase voltammetry is discussed thoroughly in
the literature for both reversible and quasi-reversible electrode
kinetics [16,17]. Digital simulation of cyclic staircase voltam-
mograms (CSV) has also been reported [18]. A successful analysis
requires a simultaneous match of the experimental peak poten-
tials and peak currents to their corresponding working curves.
Since in staircase voltammetry, contrary to linear sweep voltam-
metry or CV, the peak potential is a rather poorly defined quantity
[16], the entire CSV was fitted to the experimental data using
the Levenberg–Marquardt algorithm. A simulation program was
written in C [19,20], where mass transfer is described in a semi-
infinite domain according to Fick’s 2nd law as usual. Orthogonal
collocation (OC) [21] was used in the simulations, approximating
the concentration profile with an Nth order Legendre polynomial.
For the sake of flexibility, N could take values between 0 and
50. In OC, polynomials of an order as low as N = 9 can be used
without a significant loss of accuracy. For the time integration,
the Runge–Kutta–Fehlberg fourth-(fifth-) order algorithm, with
an adaptive time step was used [22]. An arbitrary potential step

function E(t) was  applied, the values of which were stored in a
vector along their points of time. Integration between the data
points in time was done with shorter time steps adjusted by the
Fehlberg4(5) integrator, which means oversampling in the time

al data, black solid line, fitted data, gray dashed line; T = 21.0, . . .,  96.0 ◦C. Current



T. Vainikka et al. / Electrochimica Acta 87 (2013) 739– 748 743

Table 2
Fitted parameters at different temperatures. The errors are sums of the inaccuracies of bulk concentration (±2 mM),  electrode radius (±10 �m), and temperature (±1 K). Ea

is the activation energy and B the frequency factor.

T (K) DCu(II) (10−7 cm2 s−1) DCu(I) (10−7 cm2 s−1) k0 (10−4 cm s−1)  ̨  ̌ E0 ′ ′ (mV)

294.2 0.47 ± 0.07 0.9 ± 0.2 0.19 ± 0.02 0.226 0.523 733.6
298.7  0.56 ± 0.09 1.1 ± 0.2 0.25 ± 0.02 0.226 0.541 739.3
307.5  0.8 ± 0.1 1.5 ± 0.3 0.40 ± 0.03 0.226 0.570 746.7
316.1  1.1 ± 0.2 2.2 ± 0.4 0.67 ± 0.05 0.220 0.597 756.2
324.9  1.5 ± 0.2 3.1 ± 0.5 1.1 ± 0.1 0.208 0.621 766.8
333.8  2.0 ± 0.3 4.3 ± 0.7 2.0 ± 0.2 0.189 0.635 778.2
342.7  2.6 ± 0.4 6 ± 1 3.5 ± 0.3 0.167 0.644 791.2
351.3  3.4 ± 0.5 8 ± 1 6.0 ± 0.5 0.146 0.654 804.1
360.2  4.3 ± 0.7 10 ± 2 10.4 ± 0.8 0.125 0.666 817.9
369.1  5.4 ± 0.9 12 ± 2 17 ± 1 0.111 0.673 833.1

Errors ±0.002 ±0.003 ±0.3
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kinetics in some other IL systems has not required the modification
of the Butler–Volmer equation, it should be stressed that impor-
tance of the charge correlations vary from one system to another

33
Ea kJ/mol 29.7 ± 0.1 32.0 ± 0.2 

B  (8.8 ± 0.5) ×10−3 cm2 s−1 (4.4 ± 0.4) ×10−2 cm2 s−1

omain. If oversampling were omitted, current between the onset
f the potential step and the sampling point of the current would
ot be integrated, resulting in erroneous data. Our method is very
imilar to the COOL algorithm [23,24] which also utilizes the full
urve. But, contrarily to the COOL algorithm, it does not ignore
he background current, determines the goodness of fit from the
xamination of a variance–covariance matrix, and can fit multiple
nweighted data sets of data in one go.

Since it is plausible that also Cu(II) has more than one chloride
omplexes in the solution, the possibility of homogeneous reac-
ions in the simulations was considered. Numerous attempts were

ade to fit the data to varying models. Only with the Scheme-
f-Squares shown in Scheme 1 it was possible to find at each
emperature a set of parameters which was able to reproduce
he measured voltammograms. Yet, the temperature and scan rate
ependence of the parameters made no sense; hence also this
cheme was rejected. In the case of High Cu(I), it was indirectly
roved that the rate of the homogeneous chemical reaction (2) is
uite low. Therefore, when performing ‘potential scans’ at rates sig-
ificantly higher than that in Fig. 1, it is reasonable to assume that
omogeneous reactions in the Scheme-of-Squares are not sensed
t all. Consequently, the final fits were carried out ignoring the
omogeneous reactions.

Although Figs. 4–6 show separately the CSVs for Cu(I) and Cu(II)
t each temperature, all the data recorded at different scan rates for
oth Cu(I) and Cu(II) is fitted simultaneously. The fitted coefficients
re shown in Table 2, and the corresponding Arrhenius plots are
hown in Fig. 7. It was necessary to allow separate charge trans-
er coefficients  ̨ and  ̌ for oxidation and reduction, i.e.  ̨ +  ̌ /= 1.
his became apparent when fitting oxidation and reduction waves
eparately. The kinetic current i thus is

i

FAk0
= Cs

Oe−˛f� − Cs
Reˇf� (3)
here O and R are the respective subscripts for the oxidized and
he reduced species; C is the concentration, k0 is the heteroge-
eous rate constant, A is the electrode area. The potential with

2

4Cu(II)C l 3

4Cu(I )Cl

3Cu(II)C l 2

3Cu(I )Cl

2Cu Cu
e

Cl

e

e

Cl

3Cl3Cl

cheme 1. Scheme-of-Squares used in attempt to explain the voltammograms.
54.2 ± 1.5

(7 ± 4) × 104 cm s−1

respect to the standard potential is � = E(t) − E0 ′, and superscript
‘s’ denotes the concentration at the surface. The meaning of the
diffusion coefficients is discussed in the Appendix A.

The fact that the simulation of the experimental voltam-
mograms requires the use of transfer coefficients such that

 ̌ /= 1 −  ̨ can be considered as an indication that the Boltz-
mann equilibrium distribution, which can be retrieved from the
Butler–Volmer equation at zero current, does not describe accu-
rately the ionic distributions. This fact is likely to be a consequence
of the charge correlations in an IL and requires the use of a gen-
eralized statistical thermodynamics. It has been observed that the
ionic distribution in the vicinity of a strongly charged surface [25]
and in the monolayer region of a monolayer protected nanoclus-
ter [26] Tsallis thermostatics can satisfactorily account for the
charge correlations through a Tsallis entropic index q < 1 (q = 1 cor-
responds to the classical Boltzmann statistics). In a similar form
as the Poisson–Boltzmann equation is modified in Tsallis thermo-
statistics by replacing the Boltzmann factor e−ε/kT by the Tsallis

q-exponential [26,27], e−ε/kT
q ≡

[
1 − (1 − q)(ε/kT)

]1/(1−q)
we  pro-

pose to replace the exponentials in Eq. (3) with the corresponding
q-exponential.

Satisfactory agreement between the experiments results and
the simulations was  achieved by using a single value for the transfer
coefficient  ̨ at each temperature. Moreover, the value obtained for
the entropic index, q = 0.8, . . .,  0.9, can be considered to be in agree-
ment with previous finding in charge-correlated systems [25,26].
Although the description of the heterogeneous electron transfer
-2
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geneous rate constant k0 (�).



744 T. Vainikka et al. / Electrochimica Acta 87 (2013) 739– 748

Table 3
Fitted parameters at different temperatures using q-exponent, Eq. (4).

T (K) DCu(II) (10−7 cm2 s−1) DCu(I) (10−7 cm2 s−1) k0 (10−4 cm s−1)  ̨ q E0′ (mV)

294.2 0.49 ± 0.08 0.9 ± 0.2 0.14 ± 0.02 0.2874 0.908 739.8
298.7  0.57 ± 0.09 1.1 ± 0.2 0.19 ± 0.02 0.2809 0.911 745.0
307.5  0.8 ± 0.1 1.6 ± 0.3 0.32 ± 0.03 0.2716 0.917 751.6
316.1  1.1 ± 0.2 2.2 ± 0.4 0.56 ± 0.05 0.2575 0.919 760.6
324.9  1.5 ± 0.2 3.1 ± 0.5 0.98 ± 0.08 0.2398 0.918 770.9
333.8  2.0 ± 0.3 4.3 ± 0.7 1.7 ± 0.1 0.2185 0.907 782.2
342.7  2.6 ± 0.4 6 ± 1 3.1 ± 0.2 0.1956 0.883 795.0
351.3  3.4 ± 0.5 8 ± 1 5.2 ± 0.4 0.1757 0.855 807.6
360.2  4.2 ± 0.7 10 ± 2 8.8 ± 0.7 0.1579 0.827 820.9
369.1  5.2 ± 0.9 12 ± 2 14 ± 1 0.1532 0.808 835.6

Error  ±0.0004 ±0.003 ±0.3

a
f
b
T
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−

a
(
F

w
t
t
T
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(
t

3

a
c
t
t
d
c

t

Ea kJ/mol 29.0 ± 0.2 31.7 ± 0.2 

B  (6.8 ± 0.5) ×10−3 cm2 s−1 (3.9 ± 0.3) ×10−2 cm2 s−1

nd that the value of q here obtained indicates a moderate deviation
rom the classical, low-coupling limit where the correlation can
e neglected and Boltzmann statistics applies. In any case, this
sallis-modified Butler–Volmer equation might be useful in future
lectrochemical studies on ILs. The q-exponential modified kinetic
urrent in the fit is

i

FAk0
= Cs

Oe−˛f�
q − Cs

Re(1−˛)f�
q (4)

nd the results are shown in Table 3. The shapes of the fitted CSVs
not shown) are almost identical to the previous ones shown in
igs. 4–6.

The comparison of the results for the q-exponential fit in Table 3
ith the non-conjugate (  ̌ /= 1 − ˛) results in Table 2 shows that

he diffusion coefficients are not significantly different, whereas
he heterogeneous rate constant is smaller for the q-exponential fit.
he activation energies are not significantly different between the
wo fits. Although not directly comparable, the transfer coefficients
˛’s) in both cases have the same declining behavior with increasing
emperature, the q-exponential fit giving slightly larger values.

.3. Constant current electrolysis of chloride solutions

In a constant current experiment, the surface concentration of
n electroactive species drops to zero at the transition time �, which
an be seen as a rapid change in the cell potential. With metal elec-
rodes in aqueous solutions, the electrode potential easily drifts to
he water splitting region but this problem does not occur in ILs. The
iffusion coefficient D of the electroactive species (see Appendix A)
an be calculated from its transition time � via the Sand equation
√ √
i �

cb
= nFA D�

2
(5)

In Eq. (5) i is the applied current, n the number of electrons
ransferred, F the Faraday constant, A the electrode area and cb the
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Fig. 8. E–t curves measured in the 77 mM (a) and in 184 mM B
55.8 ± 0.9

(10 ± 3) ×104 cm s−1

bulk concentration of the electroactive species. The Sand equation
is valid also under kinetic control of the current, only the electrode
potential then increases due to the activation overpotential. If
homogeneous kinetics [28] or natural convection intervenes, the
Sand equation is naturally not valid.

In the constant current experiments with BMPTf2N electrolytes
containing BMPCl, the electrode reaction was the oxidation of free
chloride to chlorine (n = 1 in Eq. (5)). A copper block with several
cylindrical compartments of 5 mm  depth and 5 mm diameter was
used as an electrolyte container; it also worked as an auxiliary elec-
trode. To reduce problems involving preconditioning and chlorine
poisoning, the working electrode was removed from the container
between each measurement, wiped clean, and placed in a com-
partment containing fresh electrolyte. A two-electrode setup was
used because the uncompensated ohmic resistance has virtually no
effect on the transition time. The transition times were determined
using the internal analysis tool of GPES measurement software.
In the cb = 77 mM BMPCl electrolyte (Fig. 8a), oxidizing currents
of 1.7 �A, 6.5 �A, 8.5 �A, 11.0 �A, and 30.0 �A were applied, and
in the 184 mM BMPCl electrolyte (Fig. 8b), oxidizing currents of
4.0, 15.0, 20.0, 25.0, and 30.0 �A were applied. The E–t graphs for
the lowest currents in both electrolytes were recorded at 100 ms
resolution and the rest at 1 ms  resolution fast mode. The currents
below 30.0 �A were chosen so that the transition times were of the
same order of magnitude, making the comparison between the two
chloride electrolytes easier.

Fig. 9 shows that the product i
√

�/cb from Fig. 8 remains con-
stant with i, proving that chloride is directly oxidized without a
preceding reaction [28]. Furthermore, it also indicates that the dif-
fusion coefficient D does not vary significantly as a function of the
concentration. Error bars can be drawn estimating an error of 0.01 s

for the transition time, 0.1 �A for the current, and using the errors
for the two  concentrations calculated previously. The reason why
the error bars vary without an obvious trend is that the errors of
each term in the product i

√
�/cb are not of equal order. The final
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ig. 9. Test of the Sand equation for the oxidation of chloride in two different con-
entrations: 77 mM (©) and 184 mM (�) of BMPCl in BMPTf2N.

esult for the product i
√

�/cb is taken as a mean, weighted with
he error bars, which obviously biases the result toward the values
btained using the higher concentration (184 mM)  and the highest
urrents. The value is thus 0.216 ± 0.002 �A s1/2/mM.  The diffusion
oefficient of chloride can be calculated using the Sand equation
5). Using an error of 10 �m for the electrode diameter, DCl− is
1.03 ± 0.06) × 10−7 cm2 s−1 at 26 ± 1 ◦C.

.4. Constant current electrolysis of the Low Cu(I) solutions

Fig. 10(a) shows the potential–time curves measured in the Low
u(I) electrolyte, i.e. oxidation of Cu(I) to Cu(II), and the corre-
ponding plot of i

√
�/cb vs. i. Oxidizing currents were employed

n the range from 0.75 �A to 30.0 �A. The open circuit poten-
ial of the cell was initially around 0.25 V, but it was returned to
pproximately 0.45 V by mixing after an oxidizing constant cur-
ent experiment, which provided sufficient reproducibility. The
ransition times were measured using the same three-electrode
ell setup in which the cyclic voltammograms were recorded.
ecause iR-compensation is of no concern in transition time mea-
urements, potentials were recorded against the copper capillary
eference electrode filled with the Low Cu(I) electrolyte. Measure-
ents with � > 100 s must be disregarded, apparently due to the

nset of natural convection. This perturbation can also be seen
ncreasing to a lesser extent between currents from 1.0 �A to
.0 �A. Therefore, the value of i

√
�/cb for Cu(I) oxidation is taken as

 weighted mean from values obtained using the highest currents
etween 10.0 �A and 30.0 �A. In a similar manner, as with the
xidation of chloride in Fig. 9, the error bars have been drawn

n Fig. 10(b), estimating an error of 0.01 s for the transition time.
he final value of i

√
�/cb is (0.236 ± 0.006) �A s1/2/mM.  The diffu-

ion coefficient of Cu(I) can be calculated using the Sand Eq. (4)
s DCu(I) is (1.23 ± 0.11) × 10−7 cm2 s−1 at (26 ± 1) ◦C, which is in
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ig. 10. (a) Potential–time curves measured in the Cu(I) electrolyte. Current (10.0–30.0 �
ith  0.75, 1.0, 2.0, 3.0 and 5.0 �A currents are included to show that the Sand equation is
Fig. 11. Potential-time responses at 30.0 �A constant current in three 0.1 M Cu(I)
electrolytes with different total chloride concentration: 392 mM (- - -), 435 mM (

), 480 mM ( ). Current is switched on at t = 1.0 s.

good agreement with the value obtained from fitting the CSVs,
(1.1 ± 0.2) × 10−7 cm2 s−1 at 25.5 ◦C.

3.5. Constant current electrolysis of the High Cu(I) solutions

Following the successful analysis of the chloride electrolyte, and
the low Cu(I) concentration electrolyte, the results can now be
used to analyze the High Cu(I) electrolytes. Transition times were
measured using the same two-electrode setup and measurement
procedure as for the chloride solutions. An oxidizing current of
30 �A was applied, and the E–t data was recorded at 1 ms  resolution
in each High Cu(I) electrolyte. The combined oxidation of both the
Cu(I) species and chloride can be seen in Fig. 11.  The onset potentials
for oxidations seen below 1.5 V in Fig. 11 are in excellent agreement
with their voltammetric counterparts in Fig. 2. Both CSV and current
step indicate the same potential range for Cu(I) oxidation (0.8 V).
The potential of chloride oxidation at ca. 2.1 V is also consistent
with previous results (Fig. 8). At the lowest chloride concentration,
the extra wave is seen even in the constant current experiment.
Determination of the transition time of the other Cu(I) complex
with sufficient accuracy is, however, rather difficult, because its
concentration is relatively low.

Table 4 shows the transition times in each electrolyte deter-
mined from the 1st oxidation wave corresponding to Cu(I), at ca.
0.8 V, and the 3rd oxidation wave corresponding to Cl− oxidation,
at ca. 2.1 V. Since DCl− was  obtained from the first set of experi-
ments (Fig. 9), the concentration of free Cl− can be calculated from
the transition times of the 3rd waves in Fig. 11.  Similarly, since
DCu(I) was  determined in the second set of experiments (Fig. 10),
the concentration of the ‘first’ Cu(I) complex oxidized at ca. 0.6 V

can be also calculated. The error of the electrode area is canceled
by using the product i

√
�/cb instead of the diffusion coefficient.

Results are given in Table 4; an error of 0.1 �A has been estimated
for the current.
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Table 4
Transition times measured for oxidations of Cu(I) and Cl− , calculated values of i

√
� and the calculated concentrations of the ‘major’ Cu(I) complex and free Cl− .

[Cl−]tot (mM)  [Cu]tot (mM)  Cu(I) oxidation �/s Cl− oxidation �/s Cu(I) oxidation i
√

�/�As1/2 Cl− oxidation i
√

�/�As1/2 [Cu]major (mM) [Cl−]free (mM)

± 0.3 

± 0.3 

± 0.3 

f
t
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(
c

f
t

F
3

392 ± 2 92 ± 2 0.30 ± 0.01 0.78 ± 0.01 16.5 

435 ±  2 92 ± 2 0.41 ± 0.01 1.37 ± 0.01 19.1 

480  ± 2 93 ± 2 0.47 ± 0.01 2.08 ± 0.01 20.6 

A simple mass balance calculation using the values in Table 4
or the highest total chloride concentration (480 mM)  reveals
hat multiplying the total concentration of copper by three (thus
ssuming all copper exists as Cu(I)Cl32− and subtracting the result
rom the total chloride concentration gives the remaining “free”
hloride concentration (480 mM–3  × 93 mM),  (201 ± 8) mM,  in
ood agreement with the measured value (201 ± 3 mM).  This
oes not rule out the possibility that two Cu(I) species can be
resent in other electrolyte solutions. Therefore, it is pertinent to

nvestigate the mass balance considering the complexes Cu(I)Cll1−l

nd Cu(I)Cll1−m, where l is the coordination number of the major
pecies and m the coordination number of the minor species. The
atio between the amount of bound chloride calculated, on the one
and, by subtracting the free chloride concentration from the total
hloride concentration, and calculated, on the other hand, from
he coordination numbers in the complexes is

 = [Cl−]tot − [Cl−]free

l · [Cu]major + m([Cu]tot − [Cu]major)
(6)

The value R = 1.0 indicates a correct chloride mass balance.
ig. 12 shows the ratios R calculated for the different total chloride
oncentrations indicated in Table 4 using different “l–m” chemical
chemes. As an example, in a “3–2” scheme, l = 3 and m = 2.

Fig. 12 shows that the mass balance can only be satisfied if the
ajor species is Cu(I)Cl32− (that is, l = 3). It is thus concluded that

u(I) is mostly as a three coordinated chlorocomplex in the stud-
ed concentration range. Another supporting fact is that there is
nly one oxidation wave seen for Cu(I) at the highest chloride con-
entration (480 mM)  in Fig. 11.  In this concentration, the ratio R
akes value closest to unity in the “3–2” and “3–3” coordination
chemes, which is also true for the other concentrations. The “3–2”
cheme is more plausible, because the increasing chloride concen-
ration would favor the formation of Cu(I)Cl32− over Cu(I)Cl2−. The
chemes “3–3” and “3–4” would not explain the disappearance of
he second oxidation wave in Figs. 2 and 11 when the total chloride
oncentration is increased. Hence, in the studied molar ratio range
[Cl−]/[Cu(I)] < 8) and ambient temperature the dominant chloride

omplex must be Cu(I)Cl32−.

It must be realized that in the systems studied above, exact
orms of the transport equations are, difficult to assess due to
he ion-pairing, the degree of which is not known, or without the
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ig. 12. Values of the ratio R (Eq. (6)) calculated for total Cl− concentrations of
92 mM (©), 435 mM (�), and 480 mM (�) in different coordination schemes “l–m”.
26.4 ± 0.3 71 ± 2 123 ± 2
35.1 ± 0.2 82 ± 2 163 ± 2
43.2 ± 0.2 88 ± 2 201 ± 3

knowledge of the exact composition of the species present in the
system. Therefore, the values of the transport parameters must
be considered only as apparent, which is, however, sufficient for
analytical or practical purposes and in, say, metal deposition from
ILs. Yet, looking at Fig. 9, for example, it is clear that errors possibly
made in the analysis are practically insignificant or canceled out.

4. Conclusions

The mass transport constants and kinetic parameters of electron
transfer for copper chlorides in the RTIL BMPTf2N in the presence
of a complexing salt BMPCl were determined. The mass trans-
fer was studied with constant current electrolysis, and the results
were in agreement with cyclic staircase voltammetry. Allowing the
charge transfer coefficients  ̨ and  ̌ of the Butler–Volmer kinet-
ics to be independent of each other, viz.  ̌ /= 1 − ˛, the measured
cyclic voltammograms were fitted accurately. Simultaneous fitting
of multiple data with different oxidation states for copper showed
that the system is quasi-reversible and that the diffusion coeffi-
cient for Cu(I) is significantly higher than for Cu(II). Deviation of
the charge transfer coefficients from a single value of ˛ could be
explained using the non-excessive Tsallis’ thermodynamics.

The method of reacting Cu(II) with solid Cu through compro-
portionation proved to be an efficient method for making Cu(I)
electrolytes, as the conversion appeared to be complete in all
applied electrolytes. The number of the coordinating chloride ions
of the dominant Cu(I) species was determined to be three. Evidence
of a second copper complex was also presented. Such information
is crucial in controlling the chemistry of coordinating compounds
in RTILs. Knowing the requirements to maintain a certain degree of
complexation, or the mere knowledge of the possibility of multiple
prevailing species, is key to controlling and analysing the electro-
chemistry of any system.
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Appendix A.

A.1. Simulation of Fig. 1

To prove that Fig. 1 can be, indeed reproduced by the slow
homogeneous reaction, a simulation was done with the follow-
ing parameter values: D1 = 6 × 10−8 cm2 s−1, D2 = 10−7 cm2 s−1,
D3 = 5 × 10−8 cm2 s−1, D4 = 9 × 10−8 cm2 s−1, D5 = 10−7 cm2 s−1,

K = k1/k2 = 25 dm3/mol, [Cu]T = 0.092 mM,  [Cl]T = 0.392 mM,  thick-
ness of the unstirred layer 4 �m,  E0

1 = 600 mV,  E0
2 = 400 mV.

Subscript 1 is used for Cu(I)Cl2 complex, 2 for Cu(I)Cl3 complex, 3
for Cu(II)Cl2 complex and 4 for Cu(II)Cl3 complex, and 5 for free
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ig. A1. Simulation of Fig. 1 The unit of k1 is dm3 mol−1 s−1. Scan rate is 2 mV/s.

hloride; k1 is the second order homogeneous rate constant for
l− addition and k2 the first order constant for its removal. The
lectrode reactions are assumed reversible. Hence, if k1 = 0.001,

 . .,  0.01 dm3 mol−1 s−1, the voltammogram looks similar to Fig. 1
Fig. A1 and Scheme A1).

.2. Transport equations in ILs

The use of the Nernst–Planck or Fick’s equations in ILs needs
ome consideration because the ionic liquid participates in carrying
lectric current, and because the number and meaning of the diffu-
ion coefficients has to be clarified. For instance, a pure IL consisting
f a cation A+ (species 1), an anion B− (species 2) is a single compo-
ent system from the point of view of thermodynamics. Then, by
efinition, no diffusion process can take place and the only trans-
ort coefficient is the electrical conductivity of the pure IL. Since the

onic flux densities must satisfy the condition M1j1 + M2j2 = 0 in the
arycentric reference frame, the mobility of one ionic species and

ts contribution to the total conductivity are inversely proportional
o its molar mass.

The constant current experiments reported in Figs. 8 and 9 have
een done in a binary system IL–salt where the salt has a cation A+

n common with the IL and a different anion Cl− (species 3). In this
inary system, the local electroneutrality condition c1 = c2 + c3 and
he Euler equation c1	1 + c2	2 + c3	3 = c12	12 + c13	13 = 1, where ci
nd 	i are the molar concentration and molar volume of species i
i = 1, 2, 3 or 12, 13), imply that the three ionic concentration gra-
ients can be written in terms of a single electrolyte concentration
radient

dc3

dx
= dc13

dx
,

dc2

dx
= dc12

dx
= −	13

	12

dc13

dx
,

dc1

dx
= dc2

dx
+ dc3

dx
= 	12 − 	13

	12

dc13

dx
.  (A.1)

The flux densities (in the barycentric reference frame) must sat-

sfy the condition

1j1 + M2j2 + M3j3 = M12j12 + M13j13 = 0 (A.2)

3Cu(II)Cl 2

3Cu(I)Cl

e

2Cu(II)C l
2Cu(I)Cl

e

k
1

k
2

Scheme A1. Scheme of reactions used to simulate Fig. 1.
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where Mi is the molar mass of species i (i = 1, 2, 3 or 12, 13), and
therefore j12 = − j13M13/M12. Thus, the ionic flux densities can be
presented in the diffusion–conduction form [29] as

j1 = j12 + j13 + t1
I

F
= M2

M12

I

F
+
(

1 − M13

M12

)
j3

j2 = j12 − t2
I

F
= − M1

M12

I

F
− M13

M12
j3

j3 = j13 − t3
I

F
= −D

dc13

dx
− t3

I

F

(A.3)

where ti is the (local migrational) transport number of species i
(i = 1, 2 and 3). The diffusion coefficient D actually characterizes the
interdiffusion of the two components although it is customary to
refer to D as the diffusion coefficient of ionic species 3. Obviously,
Eq. (A.3) satisfy the equation of the conduction electric current
density

j1 − j2 − j3 = I

F
(A.4)

and the transport numbers satisfy t1 + t2 + t3 = 1 and
M1t1 − M2t2 − M3t3 = 0.

The three independent transport coefficients of this system, (D,
t3 and electrical conductivity 
) can be related to the three friction
coefficients in the Stefan–Maxwell formalism [30], which is maybe
more appropriate to describe the transport processes in the IL,

c1∇ �̃1 = c1∇�1 + c1F∇� = K1,2(v2 − v1) + K1,3(v3 − v1)

c2∇ �̃2 = c2∇�2 − c2F∇� = K1,2(v1 − v2) + K2,3(v3 − v2)

c3∇ �̃3 = c3∇�3 − c3F∇� = K1,3(v1 − v3) + K2,3(v2 − v3)

, (A.5)

where ci and �̃i are the molar concentration and electrochemical
potential of species i, Ki,j is the friction coefficient between species
i and j, and vi = ji/ci is the velocity of species i. It is thus obtained
after lengthy algebra that


 = F2 K2,3(c1)2 + K1,3(c2)2 + K1,2(c3)2

K1,2K1,3 + K1,2K23 + K1,3K23

t3 = K1,2(c3)2

K2,3(c1)2 + K1,3(c2)2 + K1,2(c3)2

D = M12c1

M12c2 + M13c3

t3(c2)2

K1,2

[
	13

	12

(
∂�2

∂c2

)
T,p

+
(

∂�3

∂c3

)
T,p

]
.

(A.6)

The conductivity is obtained from the definition [29]

I = −


(
∇� + 1

F

3∑
i=1

ti

zi
∇�i

)
= −
(∇� − ∇�dif ), (A.7)

t3 is found from its definition as the relative contribution of
species 3 to the conductivity, and D is obtained by solving for
v2 − v1 = j12/c2 and v3 − v1 = j13/c3 from Eq. (A.5), and noticing that
(t2 + x2t1)j13 − (t3 + x3t1)j12 = x2j13 − x3j12, where x2 = 1 − x3 = c2/c1.
It is worth noticing that D depends on the composition and the
molar masses and volumes of the electrolytes.

If species 3 (Cl−) is a trace ion, c3 « c2, it becomes clear
from Eq. (A.6) and (A.3) that t3 ≈ 0 and the flux density of
species 3 can be described by Fick’s law, j3 ≈ − Ddc13/dx, where
D ≈ RTc13/(K2,3 + K1,3) can be considered approximately indepen-
dent of c13, because c13 ∝ K2,3 + K1,3. The equations derived in this
Appendix justify the use of Sand’s equation in the analysis of experi-
mental data and provide a clear meaning to the diffusion coefficient

D.

All the other experiments with Cu complexes are done in a
ternary system, which makes the derivations above quite tedious,
but the basic message remains the same: at trace concentrations the
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