E808 Journal of The Electrochemical Society, 165 (14) ES808-E815 (2018)

Avoiding Pitfalls in the Determination of Reliable Electrochemical
Kinetics Parameters for the Cu?t— Cu!t Reduction Reaction in

Deep Eutectic Solvents

Dai Shen, ©®* Katherine Steinberg,

and Rohan Akolkar © **-*

Department of Chemical and Biomolecular Engineering, Case Western Reserve University, Cleveland, Ohio, USA

Deep eutectic solvents (DES), on account of their low-cost, non-flammability and electrochemical stability, are attracting attention
for their potential use in applications such as electrodeposition and energy storage. In these applications, knowledge of the transport
and electrochemical kinetics properties of DES is critically important. To date, attempts to measure the kinetics parameters of the
Cu?t + e = Cu!" reaction in ethaline DES have yielded a cathodic charge transfer coefficient () in the range of 0.2-0.3 suggesting
an unexpected asymmetric polarization behavior. In the present work, we pursued a comprehensive study of the kinetics and transport
properties of the aforementioned reaction. Using steady-state and transient polarization measurements on RDE and microelectrodes
combined with diffusion-reaction modeling, we demonstrate that the Cu?t/Cu'* transition exhibits a charge transfer coefficient in
the range of 0.49-0.54 and an exchange current density in the range 1.72—1.88 mA/cm?. Recommendations are provided for avoiding
pitfalls in kinetics analysis of highly resistive DES electrolytes. These recommendations include the application of accurate IRg
correction and the use of electrode configurations where the secondary current distribution is relatively uniform.
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Deep eutectic solvents (DES) are drawing attention as next-
generation electrolytes because of their numerous advantages over
conventional organic or ionic liquid electrolytes. These advantages in-
clude low-cost,'? ease of preparation,® biodegradability and environ-
mental benignity,* electrochemical stability,>~’ and non-flammability.
These advantages make DES electrolytes attractive for electrochemi-
cal applications such as thin-film electrodeposition®® and renewable
energy storage using flow batteries.!® A popular DES system incor-
porates ethaline which is a mixture of choline chloride (ChCl) and
ethylene glycol (EG) in a 1:2 molar ratio.'’ Electroactive species,
such as cupric (Cu**) and cuprous (Cu'*) ions are added to ethaline
in the form of their respective chloride salts. Abbott et al. investi-
gated the transport properties of such a DES system by performing
cyclic voltammetry (CV) studies.!! In the context of electrodeposition,
these investigators demonstrated high current efficiencies (>99%)
for Cu electrodeposition from dilute (10-20 mM) electrolytes and
the possibility to obtain bright Cu deposits via electronucleation in
a progressive mode.!! Ghosh et al. also obtained smooth deposits
with high current efficiencies (>90%) when using more concentrated
(200 mM) electrolytes.® The density, conductivity and viscosity of
CuCl,-containing ethaline at various concentrations and temperatures
were reported by Ghosh et al.'? Similar work was also done by Popescu
etal.l?

Lloyd et al. first reported the kinetics of Cu?t + e = Cu'* in
ethaline medium.'* These investigators reported a cathodic charge
transfer coefficient a ~ 0.2-0.3 and a reaction rate constant ko ~ (8-
11) x 10~*cm/s associated with the Cu?>*/Cu'* redox reaction. The
value of the charge transfer coefficient a well below 0.5 suggested an
asymmetric polarization behavior of Cu>**/Cu'* redox transition. Such
low values of a stand in contrast to accepted symmetric behavior (a ~
0.5) of this redox reaction in aqueous media. For example, Kiekens
etal.” reported a = 0.49 and kg = 4.6 x 1073 cr/s for the Cu?*/Cu'+
redox reaction. This apparent discrepancy in the kinetics parameters
motivated us to investigate more carefully the kinetics behavior for
Cu®*/Cu'* in ethaline with the goal of understanding the source of
this discrepancy.

Accurate kinetics measurements in DES electrolytes are particu-
larly difficult to conduct. This is because of the fact that, near ambient
temperature, DES systems such as ethaline are highly resistive with
ionic conductivities only in the 1-10 mS/cm range.!®!” Other DES
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systems with higher viscosities may be even more resistive.'®!” The
resistive nature of the electrolyte, as shown below, necessitates precise
IRq correction during kinetics measurements as also emphasized by
Lloyd et al.'"* Furthermore, care must be taken to avoid conditions
under which the resistive DES renders the current distribution on a
macro-electrode such as RDE to be highly non-uniform. This may be
accomplished by operating at low current densities; however, back-
ground currents often interfere with such low reaction rates and this
further adds uncertainty to the kinetics analysis. In this contribution,
we discuss the common pitfalls associated with kinetics measurements
inresistive DES electrolytes. While we use ethaline as a model system,
the best practices implemented in this work can be extended to other
DES systems. More importantly, we present a comprehensive study
of the transient (CV) and steady-state polarization measurements on
RDE and microelectrodes coupled with diffusion-reaction modeling.
Our study results in the identification of reliable kinetics parameters
for the Cu?*/Cu'* redox transition in ethaline.

Experimental

In the present study, electrochemical reduction of Cu?* to Cu'*
in ethaline DES was investigated. The electrochemical cell consisted
of a cylindrical Pyrex container with a flat bottom. A Teflon lid with
appropriate opening for electrodes was used to slow down the ab-
sorption of moisture and oxygen during cell operation. The ethaline
electrolyte was prepared by mixing choline chloride (ChCl, 99% pu-
rity, Acros Organics) and ethylene glycol (EG, anhydrous, 99.8%
purity, Sigma-Aldrich) in 1:2 molar ratio at 80°C until a homoge-
neous phase was obtained. All experiments were carried out at room
temperature (20 £ 1°C). Cupric chloride dihydrate (CuCl, - 2H,O0,
99% purity, Acros Organics) and cuprous chloride (CuCl, anhydrous,
99% purity, Acros Organics) were added to ethaline to provide Cu**
and Cu!* concentrations of 10 mM or 100 mM. The ethaline con-
taining CuCl, - 2H,0O was dried at 100°C for 12—14 hours to remove
moisture content. The electrolytes were then purged with Ar to re-
move dissolved O, before CuCl was added. The removal of O, is
critical in order to prevent bulk oxidation of Cu'* to Cu®*. The elec-
trolytes were stored under Ar atmosphere until experimentation and
were used as soon as possible to avoid further moisture and oxygen
uptake. For careful analysis, both Cu>* and Cu'* were added to the
ethaline electrolyte, so that the equilibrium potential of the working
electrode was well-defined, stable and reproducible. During electro-
chemical experiments, a three—electrode configuration was employed,
in which the working electrode was a 0.5 cm diameter platinum RDE
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Figure 1. Cyclic voltammograms (1500 mV/s) measured on a Pt RDE im-
mersed in ethaline in the presence of Cu?t (10 mM — green; 100 mM — blue)
and in the absence of Cut (black). Data at the higher Cu?*t concentration is
less convoluted by the background current which constitutes less than 2% of
the total measured current.

(mirror polished, Pine Research Instrumentation, Inc) with electrode
area of 0.196 cm?. Experiments were also carried out on a 10 pwm di-
ameter platinum microelectrode (BASi MF-2005, surface area = 78.5
wm?) working electrode. For all experiments, the counter electrode
was a 0.32 cm diameter graphite rod (Graphite store). The reference
electrode was a silver (Ag) wire (99.9% purity, Rio Grande) placed
in the electrolyte. The Ag wire formed a pseudo Ag/AgCl reference
electrode in contact with ethaline. Such reference electrodes have
been employed in previous studies of ethaline.'’** All potentials re-
ported below are with respect to the Ag/AgCl reference. A Princeton
Applied Research PARSTAT-4000 potentiostat with automated data
acquisition and /Rg compensation was used for all electrochemical
measurements. For cyclic voltammetry studies, scan rate was var-
ied between 10—1500 mV/s. RDE rotation speed was varied between
100-1500 RPM. Steady-state polarization studies were carried out at
a slow scan rate of 1 mV/s to minimize transient effects. Viscosity
measurements were done using an automated viscometer (RheoSense
microVISC). Electrolyte conductivity was measured using an Oakton
PC 2700 multi-purpose meter.

Cyclic Voltammetry Studies of Cu?**/Cu'* Redox Transition —
Avoiding Pitfalls and Obtaining Reliable Voltammograms

In this section, we show that sub-optimal experimental conditions
during CV, i.e., large background currents and incorrect /R, compen-
sation, can introduce errors in CV analysis. Selection of experimental
conditions to enable reliable CV data is first discussed, and then the
actual CV results are analyzed in greater detail.

Contribution of background current during voltammetry.—
Cyclic voltammetry (CV) was employed to study the redox reaction
Cu®* + e = Cu'" in deep eutectic solvent ethaline. Fig. 1 shows the
cyclic voltammograms (at 1.5 V/s) measured on a Pt RDE immersed
in blank ethaline (black) and in ethaline containing Cu** at 10 mM
(green) and 100 mM (blue) concentrations. In the absence of Cu**
ions, the background current was low in the potential range from —0.2
to 1.0 V indicating reasonable electrochemical stability of ethaline.
With the addition of Cu?*, CV showed a prominent reduction peak
(0.3 V) in the cathodic scan direction, corresponding to Cu** + ¢ —
Cu'" reduction reaction, and an oxidation peak (0.6 V) in the anodic
scan direction, corresponding to Cu'* — Cu?* + e oxidation reac-
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Figure 2. During real-time /R, compensation during CV, a non-linear po-
tential (V) profile is applied to the electrode surface, which provides a linear
surface potential (E = V — I Rg) variation with time. Data is shown for scan
rate of 1.5 V/s.

tion. At the low Cu®* concentration (10 mM), the background current
(black) constituted as much as 20% of the measured reduction current
(green). On the other hand, at bulk Cu?* concentration of 100 mM, the
background current became just ~2% of the reduction current (blue).
To avoid background subtraction and to simplify the data analysis, we
performed subsequent CV experiments at Cu’* and Cu'* concentra-
tions of 100 mM each, so that the measured current can be assumed
to be predominantly due to the Cu?* + ¢ = Cu'* redox reaction.

Importance of real-time IR compensation.—During a linear
sweep of the electrode potential, the applied potential V is related
to the electrode potential E via:

V—-IRq=FE [1]

Since the current / varies as V' is swept, the ohmic drop IR, too varies
over time. In situations where the electrolyte resistance R, is large,
such as in viscous DES including ethaline, the ohmic drop may shift
the electrode potential E substantially depending on the magnitude
of the current. Moreover, as / varies non-linearly with V, a linear
scan of V implies a non-linear drift in the actual electrode potential
E over time. Such interference from uncompensated or incorrectly
compensated ohmic resistance could be mistaken as heterogeneous
kinetics limitations.?' For analysis of CV data, it is essential to ensure
a linear change in E over time. This can be accomplished using real-
time /R, compensation in which a non-linear variation in V over
time is intentionally introduced (Fig. 2, in red) so as to ensure that
V — IRq (Fig. 2, in black) varies linearly with time. The slope of
the IRq—corrected potential profile is the scan rate, which was set at
1.5 V/s for the data presented in Fig. 2.

For live IRg compensation, the ohmic resistance Rg must be
known. For a disc electrode, Rg, is given by:??

1

Ro=—
7 der

(2]
where « is the conductivity of the electrolyte. For ethaline containing
[Cu**] = 100 mM and [Cu'*] = 100 mM, the conductivity was
measured to be kK = 9.4 mS/cm. Thus, for a disc of radius r = 0.25 cm,
Rq is 106 Q2. This electrolyte resistance was also confirmed using
electrochemical impedance spectroscopy (ELS) measurements, which
yielded a value of 110 2. Knowing Rgq, live IRq compensation could
be implemented in CV as shown below.
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Figure 3. (a) Voltammograms collected on a Pt RDE immersed in ethaline
containing 100 mM Cu?* and 100 mM Cu'" at scan rates: 100 mV/s (black),
300 mV/s (green) and 500 mV/s (blue). During the cathodic scan direction,
Cu?t is reduced into Cu! ™. (b) The cathodic peak current density (i) exhibits
a linear dependence on the square root of the scan rate. Also, iy is fairly
independent of the RDE rotation speed.

Analysis of current response during potential scan.— After selec-
tion of the Cu?* and Cu'* concentrations (100 mM) and after applying
real-time /R compensation, CVs were collected on a Pt RDE at var-
ious scan rates (10-1500 mV/s). The presence of Cu?** and Cu'* in
equimolar concentrations establishes a stable equilibrium potential of
0.415 V vs. Ag/AgCl on a Pt electrode. During CV, the potential was
scanned from 0.415 V to—0.2 V and then back to 1.0 V. Depending on
the scan rate, CV was completed in about 1-200 s. Data acquisition
rate was set at 2000 points per CV cycle. Fig. 3a shows the first cycle
of the CV collected at three representative scan rates (100, 300 and
500 mV/s). As the scan rate increased, the maximum (peak) cathodic
current density (i,) increased. The peak potential (£}, at which the
current density is i,) was observed to shift slightly with scan rates too,
which suggests irreversibility and sluggish kinetics analogous to the
observations reported by Abbott and co-workers.!! The equilibrium
potential (0.415 V) matched the average of the cathodic and anodic
peak potentials further confirming that the CV represents the redox
reaction Cu?* + ¢ = Cu'*.

The cathodic peak current density (i) measured at different scan
rates (v) and RDE rotation speeds (w) is plotted as a function of the
square root of the scan rate (,/v) in Fig. 3b. Two observations can be
made: (i) A linear relationship between i, and /v is noted; and (if)

Randles—Sevcik equation:>>**

1

. F : Epy 24 3
ip = —0.4463 BT n2? Dy, [Cu ]va [3]

where F is the Faraday’s constant, R is the ideal gas constant, T is the
temperature, 7 is the number of electrons transferred, D, is the Cu*t
diffusion coefficient, [Cu®*], is the Cu?* bulk concentration, and v is
the scan rate. Taking n = 1, D,y = 1.56 x 1077 cm?/s, the basis for
which is discussed in the section below, and [Cu?*], = 100 mM, the
peak current density predicted by Eq. 3 is plotted in Fig. 4 (dashed
line). While reasonable agreement with experimentally measured i,
data is noted only at low scan rates (<30 mV/s), i, predicted by
Eq. 3 deviates considerably from experiments at higher scan rates
(>50 mV/s). The suppression in the peak cathodic current density
suggests kinetics limitations. Previous studies too have reported the
Cu’* + e — Cu'* redox transition to be ‘quasi-reversible’.!* To assess
irreversibility, we perform below analytical and numerical simulations
of the diffusion-reaction processes involved in the Cu** + ¢ — Cu'*
redox transition. However, before such analysis can be performed, the
diffusion coefficients of the Cu?* and Cu'* species must be precisely
measured.

Determination of Cu?* and Cu'* diffusion coefficients in
ethaline.—The Cu®>" and Cu'* diffusion coefficients were obtained
from limiting current measurements on a Pt RDE immersed in etha-
line containing equimolar (100 mM) concentration of Cu>* and Cu'*.
The diffusion coefficient is related to the limiting current through the
Levich equation:*

1

.Cc % [0 i 24 1
ii =—0.62nFD;, ; [Cu ]bwz [4]
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Figure 5. Cathodic (a) and anodic (b) limiting current densities were measured
on a Pt RDE immersed in ethaline containing 100 mM each of Cu®** and
Cu'*. From the dependence of the limiting current densities on the RDE
rotation speed, the Cu?t and Cu'*t diffusion coefficients (D24 and Dy ) were
estimated. These values are reported in Table II.

1
2 6
it = 0.62nFDf+|:%] [Cu'*] w? [5]

where iy is the limiting current density (superscript ‘c’ indicates ca-
thodic and ‘a’ indicated anodic reactions), w is the RDE rotation
speed, v is the viscosity and p is the density of the electrolyte
(w/p = 0.53 cm?/s at 20°C). Other parameters have their usual mean-
ings as defined before. Fig. 5 shows the dependence of the cathodic
and anodic limiting current densities on the RDE rotation speed. A
linear relationship between i, and 4/ is observed confirming Levich
behavior. The cathodic limiting current density if values were taken
at—0.1 V vs. Ag/AgCl where the reaction Cu** + ¢ — Cu'* exhibits
diffusion-limited behavior (Fig. 5a). The anodic limiting current den-
sity i values were taken at 0.8 V vs. Ag/AgCl where the reaction Cu'*™
— Cu®* + e exhibits diffusion-limited behavior (Fig. 5b). The best-fit
slope of the i, vs. ./ data provided the Cu** and Cu'* diffusion co-
efficients as: D>, = 1.56 x 10~ cm?/s and D, = 2.57 x 1077 cm?/s.
These diffusion coefficients are close to those found in literature. Us-
ing chronoamperometry and EIS, Lloyd et al.'* determined D5, to
be 1.6 x 107 cm?/s and D, to be 2.8 x 1077 cm?/s. Abbott et al.!!

reported D, to be 2.4 x 10”7 cm?/s by applying the Randles-Sevcik
equation to CV data at small scan rates (<50 mV/s). Similar to Ab-
bott et al., Ghosh et al.'* also applied the Randles-Sevcik equation
to their CV data at small scan rates (<50 mV/s) and they reported
Dy, to be 1.22 x 1077 cm?/s. Given the considerable variability in
diffusion coefficients reported in literature, we found it necessary to
precisely determine the diffusivity values using steady-state limiting
current measurements as shown above. The precise values of D, and
D, are essential for kinetics analysis as shown below.

Treatment of diffusion-limited irreversible redox transitions.—
In the case where the redox transition between two soluble species
(i.e., Cu*t + e — Cu'?) is irreversible, the dependence of i, on the
scan rate is given by the following expression derived by Nicholson
and Shain:*

. F3 : [ 1 L
ip = _0'4958<ﬁ> a2 Dy, [Cu ]b V2 [6]
where « is the charge transfer coefficient of the electrochemical reac-
tion. Eq. 6 differs from the aforementioned Randles-Sevcik equation
in that it incorporates the charge transfer coefficient a.. Taking o to be
0.49 (the basis for which is explained in the next section on numerical
modeling of the linear sweep voltammetry response) and D, to be
1.56 x 1077 cm?/s (as discussed above), Eq. 6 provided the predicted
value of i, as a function of the scan rate. This result is plotted in
Fig. 4 (dotted line). It is observed that, particularly at high scan rates
(>>50 mV/s), the irreversible model (Eq. 6) is in better agreement with
experimental CV data than the reversible model (Eq. 3).
Besides providing i,, the model assuming irreversible Cu**/Cu'*
redox transition provides an expression for £, which depends on the
reaction rate constant k, as:*!

3 1
E = £ — 10780 +1n Degas s () (7]
P oF ko RT

Assuming o = 0.49, and fitting E, obtained from Fig. 3a to
Eq. 7 at high scan rates (500-1500 mV/s), we obtained ko =
1.85 x 10* cm/s. For equimolar concentrations of Cu?* and Cu'*
of 100 mM, the exchange current density (ip) could be estimated
via: iy = 1Fko[Cu?>"]'~*[Cu'*]*. This provides iy = 1.78 mA/cm?
which is a value that is further validated in the diffusion-reaction
modeling of linear scan voltammetry discussed below. Nonetheless,
ip = 1.78 mA/cm? suggests that the Cu>*’Cu'* redox transition does
not have very fast kinetics. In contrast, in previous studies of the
Cu?*/Cu'* redox transition in aqueous media, Kiekens et al.'’ re-
ported o = 0.49 and ky = 4.6 x 107> cm/s. Independently, Bockris et
al.”” reported iy &~ 100 mA/cm?. The ko and iy values for Cu?*/Cu'+
in ethaline measured in our work are 1-2 orders of magnitude lower
than those known for the same redox reaction in aqueous media. Yet,
our values agree reasonably well to those reported by Bahadori et al.
for electrochemical reduction of metallocene derivatives in ethaline
(ko =~ 10 cm/s),® suggesting that the medium ethaline plays a role
in modulating reaction rates at the electrode surface. The cause of ki-
netic irreversibility of the Cu?*/Cu'" redox transition in ethaline may
reside in the structure of the interfacial double layer or in the presence
of a surface film the precise nature of which is presently unknown.

The irreversibility of the Cu**/Cu'* redox transition can also be
assessed by a scaling method developed by Nicholson?® in which the
peak potential separation AEy, i.e., |E; — E7| which is a measure of
irreversibility, is related to a dimensionless parameter {. For n = 1,
and for 0.3 < o < 0.7, Nicholson provides:

a
Dy
——k
nDy F |2

If  is low (approaching 0), the reaction is deemed irreversible. In the
case of the Cu**/Cu'* redox transition, we confirmed that {r < 0.1 for

U= 0 [8]
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Figure 6. Schematic representation of the diffusion and electrochemical reac-
tion processes during the reduction of Cu?* to Cu!*. This mechanistic picture
serves as the basis for the mathematical model presented in this work.

v > 300 mV/s. This confirms irreversible redox transition consistent
with the relatively low k, determined above by applying Eq. 7 and the
agreement (at high scan rates) between the irreversible model (Eq. 6)
and experimental data shown in Fig. 4.

Diffusion-Reaction Modeling for Precise Determination of the
Kinetics Parameters

Diffusion-reaction model setup.—The multi-component transport
and interfacial charge-transfer (Cu?>* + e — Cu'*) processes in the
proximity of a disc electrode?** are depicted in Fig. 6. Assuming
diffusion as the primary mode of transport, the Cu** and Cu'* con-
centrations within the Nernst boundary layer (thickness = 8) obey
Fick’s second law:

9 [Cu”] 92 [Cu”]
= Dy, o 9]
9 [Cu”] 92 [Cu“]
B 1ol

where x represents position and ¢ represents time. During an electrode
potential scan, the surface potential £ ( = V — I Rq) is varied with
the following time-dependence:

E=E —vt [11]

where E; is the initial potential (taken as 0.415 V vs. Ag/AgCl, i.e.,
the measured equilibrium potential as discussed above for Cu** + ¢
= Cu'") and v is the scan rate. Initially (+ = 0), the concentrations of
Cu?* and Cu'* are equal to their bulk values. Thus:

t=0; 0<x<} [Cu®] = [Cu®*], [12]

r=0; 0<x<3} [Cu'*] =[Cu'"], [13]
At the edge of the boundary layer, the concentrations of Cu?* and

Cu'* are fixed at their bulk values:

t>0; x=3§ [Cu*t] = [Cu”]b [14]

t>0; x=39 [Cu't] = [Cu”]b [15]

At the electrode surface (x = 0), mass balance dictates that the Cu>*
diffusional flux toward the electrode must be equal to the Cu'* diffu-

Table I. Model parameters for the diffusion-reaction model used
in simulating current responses during potential sweep.

Parameter Value
[Cu?t], 100 mM
[Cu't], 100 mM

Dy, 1.56 x 1077 cm?/s
Dy 2.57 x 1077 em?/s
E; 0.415 V vs. Ag/AgCl
v 10-1500 mV/s
3 24 pm
o 100 RPM

sional flux away from it:

3 [Cu'"]
—Dsy S [16]
X 0x
The rate of electrochemical conversion of Cu®** to Cu't is assumed
to obey classical Butler-Volmer kinetics. Thus:?!3!
3 [Cu®"]
—D,,—+—4
0x

= ko[Cu"*]*[Cu?* ]

- {([[ccf'l:]]) S ([[5;2:]1) }
[17]

where k is the reaction rate constant, o is the cathodic charge transfer
coefficient, and v is the surface overpotential (n, = E — E.q, where
E.q is the equilibrium potential of 0.415 V). The transient diffusion
equations (Egs. 9 and 10), with the appropriate initial and boundary
conditions (Egs. 12-17), can be solved numerically, e.g., using COM-
SOL, to compute the time-dependent concentration profiles of Cu?*
and Cu'* in the diffusion boundary layer during the linear potential
scan. Also, for a given value of o and of ko, the transient current
density during the potential scan can be computed:

i = ano[CuH]a[Cu”]

x {([[g’ll:]]b) ST _ <[[CC;2:]]b) eR“fm} [18]

Model parameters and simulation results.—The parameters used
in the numerical simulations are listed in Table I. The bulk concentra-
tions of Cu?* and Cu'* were 100 mM similar to experiments reported
above. The diffusion coefficients values were available from limiting
current measurements as described above. The diffusion boundary
layer thickness was calculated using the Levich equation for a RDE
rotation speed of 100 RPM. Since the kinetic parameters, i.e., « and kg,
are not a priori known, a multi-parameter optimization was performed
to determine their best values. The coefficient o was varied in the range
0.1-0.8 and the reaction rate constant k, was varied between 6.5 x
107 and 2.3 x 107 cm/s. Optimal values of a and k, that provide
simulated i, and E, both within 3% of the respective experimental
values were determined for 300 mV/s scan rate. The result is displayed
in the form of a contour plot (Fig. 7). The region in black represents a
difference between modeled and experimental i, and E}, values of 3%
or below. Error minimization provided the following best-fit values
of the two parameters: a = 0.5 and ky = 1.95 x 10 cm/s. Using
these optimum kinetics parameters, the simulated current response
during a cathodic potential sweep shows reasonable agreement with
experiment as seen in Fig. 8 for the case of v =300 mV/s.

The numerical model now allows prediction of i, over a wide range
of scan rates (10-1500 mV/s). The simulated i, is shown by the solid
blue line in Fig. 9. Note the excellent agreement with experimental
data. The fact that numerical simulations must incorporate kinetic
limitations (Eq. 17) to provide good agreement with experimental data

1—a
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Figure 7. Contour plot showing percentage difference between numerical
model predictions of i, and E, and corresponding experimental data for
300 mV/s scan rate. Error minimization provides best-fit kinetics parameters:
o =0.5and ko = 1.95 x 10™* cm/s.

especially at high scan rates is once again confirmation that Cu** +
e — Cu'* is not a fast reaction. Note also that the numerical model
provides agreement with experiments over the entire range of scan
rates studied. This is a considerable advantage over analytical models
(Eq. 3 and Eq. 6) which, as seen in Fig. 9, either agree with experiments
atlow-scan rates (reversible) or high scan rates (irreversible) but do not
provide agreement over both regimes. Additionally, the incorporation
of full Butler-Volmer kinetics accurately captures the system behavior.

The optimized value for ky provided a reliable estimate for the
exchange current density: iy = 1Fko[Cu®>"]'~*[Cu'*]*. Taking o =
0.5, kg = 1.95 x 10 cm/s, and [Cu?*] = [Cu'*] = 100 mM, we get
iy = 1.88 mA/cm?. To further confirm that the kinetics parameters
obtained via diffusion-reaction modeling are reliable, we performed
traditional polarization measurements on a rotating disc electrode as
well as a microelectrode. The findings of these studies are reported
below.

04 Experimental Data
= Diffusion-Reaction Model
o
£
= 2
2>
k7]
&
O -3
€
o
5 44
8 4
54

0.6 ' -(;.4 ' -c;.2 ' 0.0
Surface Overpotential (V)

Figure 8. Comparison between experimental voltammetry data (green) and
current-potential response predicted by the diffusion-reaction model (blue) for
a scan rate of 300 mV/s. Model parameters are reported in Table I. Kinetics
parameters were: o = 0.5 and ko = 1.95 x 10~* cm/s. Good agreement between
experiments and model predictions is observed.
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Figure 9. Comparison between the cathodic peak current densities measured
experimentally (red data points) and the prediction from the diffusion-reaction
model (blue curve) developed herein. Good agreement is noted. At slow scan
rates, the model prediction merges with the reversible theory prediction. Athigh
scan rates, the model prediction merges with the irreversible theory prediction.

RDE and Microelectrode Investigations of Electrochemical
Kinetics

Slow-scan linear sweep voltammetry on RDE.—To experimen-
tally determine the kinetics parameters of the Cu**/Cu'* redox tran-
sition, slow scan (1 mV/s) linear sweep voltammetry was performed
on a Pt RDE immersed in ethaline containing equimolar (100 mM)
concentrations of Cu>* and Cu'*. The slow scan ensured pseudo
steady-state conditions at all times during measurement. The elec-
trode potential was scanned from 0.415 V to -0.2 V vs. Ag/AgCl and
the current response was recorded. The current varied as a function of
the surface overpotential (n,) which is defined as:

Ny =E —Eeq=(V —IRq) — Eqq [19]

Fig. 10a shows a plot of the current density as a function of n,. At large
surface overpotentials, mass transport limitations are observed (if ~
—1.4mA/cm?® at 500 RPM). At smaller overpotentials, the polarization
data could be fitted to the Tafel equation:?!

i =i (1 - _i> ek [20]

L

Fig. 10b shows the Tafel plot from which the slope and Y-intercept
were determined. These provided the kinetics constants: o = 0.49
and ip = 1.72 mA/cm? (corresponding to a rate constant ko = 1.78 x
10* cm/s). These values are in excellent agreement with those ob-
tained from diffusion-reaction modeling of CV presented above.
Due to the high ohmic resistance of the electrolyte, the current dis-
tribution to the RDE electrode surface was only moderately uniform.
The secondary current distribution uniformity can be estimated via

the Wagner number,*?
RT ([ 4k
Wa= — (= 21]
oFi \ nr

where k is the conductivity, r is the radius of the RDE and i is the cur-
rent density. Taking k = 9.4 mS/cm as measured, r =0.25 cm, and i =
1.4 mA/cm? as the current density, Wa = 1.8. The current distribution
is uniform only when Wa approaches 5 or higher. Given the moder-
ately uniform current distribution on the RDE (Wa = 1.8), a more
precise measurement of the kinetic parameters using microelectrodes
was deemed necessary.
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Figure 10. (a)Linear scan voltammogram measured on a Pt RDE immersed in
ethaline containing 100 mM Cu?* and 100 mM Cu'*. The electrode potential
is scanned at 1 mV/s. (b) A Tafel plot from which the kinetics parameters were
extracted. The red portion represents portion of the data fitted using Eq. 20,
which provided o and ig.

Slow-scan linear sweep voltammetry on a microelectrode.—Mi-
croelectrodes, on account of their size (small r), possess negligi-
bly small ohmic resistance.*® This provides uniform current distribu-
tion and eliminates the /Rq-correction of polarization data, thereby
enabling accurate determination of the kinetics parameters.’® This

Journal of The Electrochemical Society, 165 (14) ES08-E815 (2018)
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Figure 11. Tafel plot obtained from a linear scan voltammogram collected
on a Pt microelectrode immersed in ethaline containing 100 mM Cu?t and
100 mM Cu'*. The electrode potential is scanned at 2 mV/s. The red portion
represents portion of the data fitted using Eq. 20, which provided « and ip.

advantage is particularly important in analysis of electrochemical re-
actions in deep eutectic solvents which often have high viscosities
and low ionic conductivities. A Tafel plot (Eq. 20) collected on a Pt
microelectrode immersed in ethaline containing equimolar (100 mM)
concentrations of Cu?* and Cu'* is shown in Fig. 11. For this plot,
slow-scan (2 mV/s) linear sweep voltammetry was employed again to
preserve near steady-state conditions. The slope and the Y-intercept
of this plot provided the following kinetics parameters: a = 0.54 and
io = 1.73 mA/cm? (corresponding to kg = 1.79 x 10~ cm/s). These
measured values on a Pt microelectrode agree well with those reported
above for a Pt RDE as well as those determined via diffusion-reaction
modeling of the fast-scan voltammetry response. A comparison of
the transport and kinetics parameters associated with Cu**/Cu!* in
ethaline and reported by various researchers is provided in Table II.
In our work, the three independent measurements, i.e., CV combined
with diffusion-reaction modeling (DRM), conventional polarization
on RDE, and microelectrode polarization, all provided self-consistent
values of a ( = 0.49-0.54) and iy ( = 1.72—1.88 mA/cm?). This leads
us to believe that these values truly represent the kinetics limitations
encountered in the redox reaction Cu*t + ¢ = Cu!* in ethaline-based
deep eutectic solvents.

Conclusions

The present study emphasizes the following steps to avoid pitfalls
in kinetics measurements of electrochemical reactions in resistive

Table II. Transport and kinetic parameters for Cu>*/Cu't redox transition from ethaline electrolyte.

Source Measurement Technique Dy (x 107 cm?/s) D+ (x 107 cm?/s) a ko (x 10* cm/s)
Abbott et al.!! cv 24
Ghosh et al.'? cv 1.22
Lloyd et al.'* EIS 1.5 2.6 0.3 8
(&\% 1.45 2.7 0.2 11
CA (Cottrell) 1.6 2.8
This work ir. on RDE 1.56 2.57
DRM 0.5 1.95
LSV on RDE 0.49 1.78
LSV on nE 0.54 1.79

CV = cyclic voltammetry, EIS = electrochemical impedance spectroscopy, CA = chronoamperometry, DRM = diffusion-reaction modeling, LSV = linear

scan voltammetry, .E = microelectrode.
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DES systems such as ethaline. These recommendations are even more
applicable to highly viscous and poorly conducting DES systems such
as ZnCl,-ethylene glycol:

(i) High concentrations of electroactive species should be used in
kinetics analysis so as to minimize the interference due to para-
sitic background reactions.

Due to the resistive nature of DES electrolytes, accurate /R

compensation must be applied during unsteady-state CV or

steady-state polarization measurements.

DES electrolyte composition must be chosen such that the equi-

librium potential (E.q) is well-defined and reproducible. Use of

open circuit potentials where the thermodynamic equilibrium
state is poorly defined must be avoided as this may lead to erro-
neous measurements of surface overpotentials.

Polarization studies on RDE can yield reliable kinetic data; how-

ever, care must be taken to ensure that the current distribution on

the RDE is relatively uniform. For highly resistive DES systems,
kinetics studies on microelectrodes is recommended.

(v) Itisrecommended that kinetics studies using cyclic voltammetry
be performed in conjunction with diffusion-reaction modeling
so that the CV response is interpreted correctly as being due to
reversible or irreversible reaction conditions.

(i)

(iii)

(iv)

Specific to the Cu>*/Cu'* redox reaction in ethaline investigated
here, following conclusions are drawn. For the conditions employed
in the present study, the cathodic charge transfer coefficient and the
reaction rate constant were accurately determined: o = 0.49-0.54;
ko = (1.78-1.95) x 10~* cm/s. The reaction rate constant corresponds
to an exchange current density of iy = 1.72—1.88 mA/cm? in 100 mM
CuCl, + 100 mM CuCl in ethaline. The o value resulting from the
present study is close to 0.5 and indicates a symmetric polarization
behavior unlike previous reports.'* The exchange current density is
1-2 orders of magnitude lower than that known for Cu?*/Cu'" in
aqueous media, suggesting a kinetic hindrance the mechanistic nature
of which is presently unknown. Given the increasing interest in DES
electrolytes for applications in energy storage, such questions present
opportunities for future experimental and modeling studies.
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