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a  b  s  t  r  a  c  t

In  this  work,  simultaneous  characterisation  of  conductivity,  viscosity  and  heterogeneous  kinet-
ics  is demonstrated  in  a  deep  eutectic  solvent  based  on  choline  chloride  and  ethylene  glycol,
using  concurrent  steady  state  voltammetric  and  impedance  measurements  at  a rotating  disc  elec-
trode.  A  theoretical  treatment  based  on  post-experimental  correction  of  ohmic  losses  is  shown  to
be  reliable.  The  parameters  determined  at  25 ◦C are: standard  rate  constant  of  electron  transfer
k0 = 10  ±  1 × 10−4 cm  s−1, charge  transfer  coefficient  ˛ =  0.39  ±  0.03,  formal  potential  E0′ =  0.430  ±  0.005  V
vs.  Ag/AgCl,  conductivity  �  =  10.1 ±  0.3  mS  cm−1, dynamic  viscosity  � =  37  ±  3 mPa  s, diffusion  coefficient
of  Cu2+ DO =  1.32  ±  0.5 × 10−7 cm2 s−1 and  Stokes  radius  of  the Cu2+ complex  RH =  0.33  nm.

Conventional  conductivity  and  rheometric  measurements  were  also  performed.  The  electrolyte  con-
ductivity  and  dynamic  viscosity  were  8.0  ± 0.3  mS  cm−1 and 41  ± 3 mPa  s  respectively  at  25 ◦C. These
values  compare  well  with  the values  determined  using  electrochemical  methods.  The  deep  eutectic  sol-
vent used  has  been  shown  to exhibit  conductivity  and  viscosity  comparable  to  modern  ionic  liquids  based
on discrete  anions.  The  Stokes  radius  of  the [CuCl4]2− complex  formed  confirms  the  similarity  of  these
deep  eutectic  solvents  to  basic  chloroaluminate  ionic  liquids.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Deep eutectic solvents (DES) are a class of materials, similar
to chloroaluminate ionic liquids that are formed by complex-
ation of the anion in a halide salt by means of hydrogen
bonding. The prototypical salt is choline chloride (ChCl or (2-
hydroxyethyl)trimethylammonium chloride) and typical hydrogen
bond donors are either amines [1],  diols [2] or carboxylic acids [3].
DES based on these combinations show a significant capacity to
dissolve metal chlorides, making them simple to use for studies
of metal chloro complex electrochemistry and electrodeposition in
particular [4].  The primary advantages of DES, compared to regular
ionic liquids, are the extremely low cost of the precursors and their
general biodegradability.

In a previous paper we presented kinetic parameters describing
the Cu2+/Cu+ redox reaction shown in Eq. (1) in a DES consisting
of ethylene glycol and choline chloride [5],  which is commonly
referred to as ethaline.

[CuCl4]2− + e−kred�
kox

[CuCl3]2− + Cl− (1)
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That work was based on stationary electrode techniques and
showed that electron transfer was  rate determining, i.e., that
the homogeneous reactions relating to the loss or acquisition of
a chloride ligand were not apparent. In this paper the benefits
gained from using hydrodynamic techniques in the study of elec-
trochemical behaviour in ionic liquids are illustrated, specifically
when using a rotating disc electrode (RDE). The RDE is a well-
established experimental technique with a long history in the
study of electrochemical systems [6]. The main mode of oper-
ation is to determine current as a function of potential under
steady-state mass transfer, since such a system is relatively triv-
ial to describe mathematically and to acquire experimentally. A
wide range of complicated reaction mechanisms can be readily
characterised using this technique, for instance coupled hetero-
geneous and homogeneous reactions [7]. In many of these cases
analytical expressions describing the I–E relationship exist or can
be readily derived. This greatly simplifies the process of identify-
ing and characterising a mechanism that describes the observed
behaviour.

An additional benefit when using a RDE is that the hydrody-
namic characteristics of the electrolyte, i.e., the kinematic viscosity,
manifest themselves in the experimental data. This can be used
to determine the Stokes’ radii of the diffusing species with high
precision, since the necessary measurements can be performed
concurrently under identical conditions. In combination with other
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techniques, such as UV–vis, this allows a more reliable compari-
son of electrolyte systems, since there is less ambiguity regarding
speciation.

The use of RDE techniques in the study of ionic liquids is poten-
tially hindered by their viscous nature and poor conductivity [8].
This work illustrates that these limitations in no way prevent the
accurate characterisation of a fast heterogeneous reaction. Since
the technique is based on steady state behaviour there are two
strategies available to deal with solution resistance. The first is to
perform compensation in real time using analogue feedback cir-
cuitry. In this case the slow measuring speeds used during RDE
measurements place minimal demands upon the dynamic per-
formance of the potentiostat and reference electrode. It is then
possible to purposefully restrict the bandwidth of the potentiostat
and thereby reduce noise and the risk of instability from feedback
circuitry. Alternatively, it is possible to perform complete compen-
sation of solution resistance after the experiment has been carried
out by simply subtracting the product of the measured current
and the solution resistance from the applied potential; this is not
possible for transient techniques such as cyclic voltammetry.

2. Theory

The conventional method of interpreting data measured at an
RDE is to develop a Koutecký–Levich plot, viz I−1 vs. ω−1/2, where I
is the current and ω is the angular frequency of rotation. For a quasi-
reversible reaction the plot should be linear and the intercept at the
ordinate axis gives the kinetic current, Ik. Thereafter a plot of ln(Ik)
vs. potential can be used to determine the equilibrium potential Eeq,
the standard rate constant k0 and the charge transfer coefficient ˛.

An alternative approach, made possible by the digital era, is to
perform a direct fit of the I–E relation measured during a single
voltammogram. At the steady-state, the surface concentrations of
the reacting species are [9]:

Cs
O = C∗

O + I

nFADO/ıO
; Cs

R = C∗
R − I

nFADR/ıR
(2)

where Cs and C* are the surface and bulk concentrations of O, the
oxidised species or R, the reduced species, D is the diffusion coef-
ficient of O or R, ı is the diffusion layer thicknesses and all other
symbols have their usual meaning. These can be substituted into a
kinetic model of choice, such as the Butler–Volmer equation, and
Eq. (3) results [10]; kred and kox refer to the potential rate constants
of reduction and oxidation, respectively:

I = nFA(koxC∗
R − kredC∗

O)

1 + kredıO/DO + koxıR/DR
= Ik

1 + kredıO/DO + koxıR/DR

kox = k0e(1−˛)f (Eeff−E0′
); kred = k0e−˛f (Eeff−E0′

)

(3)

where f = zF/(RT)  and Eeff = E − RsI. Accurate determination of Ik
using the Koutecký–Levich plot requires real time compensation
of the ohmic loss, which will scale with current and hence the rota-
tion speed. If the value of the solution resistance Rs is known from,
say, impedance measurements, the effective potential, in kred and
kox can be calculated when Eq. (3) is fitted to experimental data.
Although a fit requires prior determination of the diffusion coeffi-
cients, it is not a problem since they can easily be measured with
transient techniques [5].  A fit then returns the value of E0′

, k0,  ̨ and
the bulk concentrations.

Alternatively, the formulation utilising limiting currents pro-
vides a more robust estimate of the kinetic parameters by
eliminating any error in the values of the diffusion coefficients or
kinematic viscosity. Because the limiting currents are [9]

Il,c = −nFADO

ıOC∗
O

; Il,a = nFADR

ıRC∗
R

(4)

Eq. (3) can be converted using Eq. (4) to

I = koxC∗
R − kredC∗

O

(nFA)−1 − kredC∗
O/Il,c + koxC∗

R/Il,a
(5)

Using either approach, the limiting case of infinite rotation
speed is the kinetic current Ik shown in Eq. (3).  This can, in princi-
ple, be fitted to kinetic currents, determined in the normal manner
from the Koutecký–Levich equation.

From the hydrodynamic theory [11] the thickness of the diffu-
sion boundary layer is defined as ı = 1.61D1/3ω−1/2�−1/6, where
� is the kinematic viscosity. Combining this with Eq. (4) thus pro-
vides a means to estimate the dynamic viscosity � from the limiting
current. Furthermore, the hydrodynamic radius rH of the react-
ing species can be estimated using the Stokes–Einstein equation,
D = kBT/(6��rH), where kB is the Boltzmann constant and all other
symbols have their usual meaning.

In addition to characterising the kinetics using the methods
outlined above, it is also possible to perform Electrochemical
Impedance Spectroscopy (EIS) measurements at the RDE. This has,
for instance, been discussed by Boillot et al. [12] for an aqueous
potassium ferri/ferrocyanide system. The observed behaviour is
similar to that described by the Randles’ equivalent circuit at a
stationary electrode, with two important differences. Firstly, the
surface concentrations during the entire EIS measurement are
unambiguously defined at an RDE, as shown in Eq. (2).  Secondly,
at sufficiently low AC frequencies the impedance deviates from the
behaviour of a stationary electrode, and replacement of the infinite
length Warburg element with a finite-length Warburg element is
required:

Zw,s = Rct√
jωEIS

(
kred · tanh(ıO

√
jωEIS/DO)√

DO

+kox · tanh(ıR

√
jωEIS/DR)√

DR

)
(6)

where ωEIS corresponds to the angular frequency of the AC exci-
tation and j is the imaginary unit (j2 = −1).At sufficiently high AC
frequencies the diffusion impedance is described by the Warburg
impedance, i.e., when tanh(ı

√
jωEIS/D) ≈ 1.

The charge transfer resistance, Rct, is given by Eq. (7) [10,13]:

Rct = RT

n2F2A
· 1

(˛kredCs
O + (1 − ˛)koxCs

R)
(7)

In this work the double layer capacitance has been approxi-
mated by a constant phase element. The impedance of a constant
phase element is given by Eq. (8).

ZCPE = 1
(jω)nY0

(8)

where n is the frequency exponent and Y0 the standard admit-
tance. The total impedance response is determined by combining
the elements described above as shown in Eq. (9)

Z = Rs +
(

1
ZCPE

+ 1
Rct + Zw,s

)−1
(9)

Newman [14] has derived the following simple relation between
observed solution resistance, Rs, and conductivity, �, for a disc elec-
trode with the radius of a provided that the reference electrode is
placed infinitely far from the disc surface.

Rs = (4�a)−1 (10)

Newman also illustrated that for finite electrode separation dis-
tances of even a few centimetres the deviation of the observed
solution resistance from the limiting value is only around 5%. Hence
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