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Abstract

Several techniques can be used to experimentally determine
the interfacial capacitance of an electrode, which is a crucial
parameter used for quantifying the efficiency of super-
capacitors. However, the values obtained from cyclic voltam-
metry can be significantly different from those extracted from
electrochemical impedance spectroscopy analysis. This is
particularly due to the fact that the interface does not behave
like an ideal (i.e., frequency independent) capacitor, and re-
quires the adoption of a constant phase element (CPE). In this
article, we present the state of the art on this apparent differ-
ence and on the error that can result from one or the other
technique using CPE analysis.
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Introduction

Although electrochemistry is a well-established disci-
pline, the description of the metal/electrode interface
and the resulting interfacial capacitance are still
important topics of discussion, as evidenced by some
recent articles [1—3]. In the case of an ideally

polarizable electrode, the electrochemical interface
consists in a capacitive-like behavior accounting for the
electrical double layer (EDL) as well as the possible
presence of a thin oxide film that may form at the
electrode’s surface [4]. Discussions about the determi-
nation of the capacitance depending on the method
used have been already reported in the literature [5—7].
In practice, the measured capacitance depends on the
frequency, and to account for such behavior, a constant
phase element (CPE) is often assumed/used during
analysis of electrochemical impedance spectroscopy
(EIS) instead of a pure capacitor [8,9]. Despite its
controversial use for several decades [10—12], there
exists a point of agreement that the use of a CPE re-
flects the real misunderstanding of the electrical
behavior of the solid/liquid interface. Although the CPE
is now a widely spread electrical element implemented
for the analysis of experimental EIS results, only a few
works implementing cyclic voltammetry are making use
of this element [13—15]. Indeed, the analysis of
voltammograms is most often performed assuming a
perfect capacitance, which does not depend on the po-
larization potential of the electrode. Yet, the capacitance
can be a function of the scan rate [14—17]. This can,
therefore, lead to significant uncertainty in the deter-
mination of extracted capacitance values from cyclic
voltammetry, which is generally the technique used for
investigating electrochemical supercapacitors.

In this article, we present how capacitance measure-
ments obtained by cyclic voltammetry and EIS can
differ significantly even though they aim to measure
the same physical quantity. Indeed, discrepancies arise
because electrochemical impedance spectroscopy
measures solely the differential capacitance, whereas
both differential capacitance or integral capacitance
and/can be derived from cyclic voltammetry (CV)
experiment, and more importantly, the CPE behavior is
often omitted when analyzing CV curves. A compre-
hensive discussion based on the analysis of the seminal
equations describing the electrical properties of the
interface is first presented, followed by addressing
recent works that attempt to correlate the results ob-
tained by these two techniques.
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(a) Equivalent circuit commonly used for describing an ideally polarizable electrode; (b) Nyquist diagrams of simulated EIS response for a pure capacitive
behavior and for different value of ag (Qy = 1 mFs®a~1) R, = 10 Q); (c) Bode representation of the EIS diagrams simulated in (b); (d) Effective
capacitance determined on the EIS diagrams presented in (black squares) and assuming a constant value of Cg using the Brug’s formula for calculating

Qg (red circles).
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Definition of a CPE

The CPE originates from a distribution of time con-
stants that were explained by the dispersion of solution
resistance, R,, and/or the dispersion of the interfacial
capacitance, (. Regardless of the origin of the CPE, its
experimental observation has been reported in all fields
of electrochemistry, including corrosion [18,19] and
corrosion protection [20—22], batteries [23—27],
supercapacitors [28] and solar cells [29], and chemical
or biochemical sensors [30,31], and it was shown that
the direct use of RC circuit may lead to poor estimation
of the electric double layer capacitance [32].

The impedance of a CPE is given by Eq. (1):

1
ZepE(0) = ——ar

()™ Qu Ee-1
where, O and «, are the parameters defining the CPE. In
this relation, &, is a dimensionless parameter comprised
between 0 and 1, and O, expresses in Fs(®~Dem=2, When
oy = 1, the system behaves as a pure capacitor, whereas
when «,; is smaller than 0.6, it is appropriate to wonder
about the origin of this dispersion and its representation in
the form of a CPE. When «, belongs to the 0.6—1, the
shape of the impedance diagrams is significantly distorted:
the Nyquist representation of the impedance of a CPE
(Equation (1)) is a straight line forming an angle of 90 x oy
degrees with the x-axis, whereas if the CPE is in parallel
with a resistance (i.e., a charge transfer resistance), then
the time constant is a semi-circle more or less flattened
depending on the value of «.

The analysis of this formula shows the stumbling blocks
between the mathematical tools that allow to fit
experimental results and a physical interpretation of this
behavior [10,11,33,34]. Indeed, the dimensional analysis
of the equation shows that a CPE is not a capacity, and
that the direct use of the parameters Q7 and oy is in
general not possible without a comprehensive under-
standing of the interfacial properties [35—37].

Figure 1a show the electrical equivalent circuit suited
for the description of an ideally polarizable electrode. It
consists of a CPE that accounts for the EDL and the
solution resistance, providing a convenient electrical
description of the interface of supercapacitors.

CPE in the time domain

As CPEs are widely used for fitting experimental EIS
data by means of electrical equivalent circuits, their use
can also be extended to analyze cyclic voltammetry ex-
periments, especially for investigation of supercapacitor
materials. The consequence of the CPE behavior for the
time domain is translated, from a mathematical point of
view, by a fractional partial differential equation, which
is expressed as Eq. 2
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d* v (r)

e Eq. 2

(1) = O

where, 7, is the capacitive current (A), V is the potential of
the electrode (V), and 7 is the time (s). Usually, the analysis
of CV data makes it possible to obtain the value of the
effective capacitance, Cyy, either by assuming that o,y = 1
in Eq. (1) and measuring the current at a given potential, or
by using the following integral relation in Eq. (3):

v
1 .
m le(f) Z/V

i

Ggf = Eq. 3

where, v is the potential scan rate (V s_l), and V; and Vy are
the potential boundaries of the potential window (V). Both
expressions result in the determination of a rate-invariant
value of the effective capacitance. At this point, it is
worth mentioning that the use of a CPE for the description
of the interface provides a mathematical representation of
the phenomena, but the physical interpretation of the
fractional order of the differential equation is still lacking
and under investigation [14,38].

Following the works of Sadkowski [14] and Montella
[13], Allagui et al. [15,28,39,40] provided a detailed
analysis of the use of CPE in the time domain, and

derived an equation allowing to calculate the current
from Eq. (4): [15].

. Vi= Vi r17%
\7) = U,
() Q”ff =V (F(Z — o)

R, Q1122 )
r2—oy)
Eq. 4

where, I" is the gamma function.

As with the EIS analysis, the use of Eq. (4) allows for the
determination of the two CPE parameters, which in turn
must be converted to an effective capacity (the double
layer capacitance in the simplest case) using an appro-
priate model, as explained in the next sections.

The CPE analyzed by impedance

Figure 1b shows the Nyquist representation of the
simulated impedance diagrams calculated for a pure
capacitance (,; = 1 mF and for various value of oy (O
is kept constant at 1 mFs(*#~1)). The shapes of the EIS
responses are straight lines, which form an angle with
the x-axis whose value depends on «, . This variation
can also be observed on the Bode plot (Figure 1c), in
particular the phase angle adjusted from the ohmic drop
as a function of the frequency, whose value is 90 x ay
over the entire frequency range [4]. If we determine the
capacitance from the value of the imaginary part at a
fixed frequency, such as 10 kHz (Figure 1d) as it is often
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done in the literature to characterize the capacitive
behavior of an electrode [41], the value of the capacity
obtained depends on the parameter «,; (red circles in
Figure 1d). Assuming that (; is constant, Brug’s formula
can be used to evaluate O, for different values of «,
which are then used to calculate impedance diagrams.
For an ideally polarizable electrode, the double layer
capacitance can be determined from the CPE parame-
ters using the Brug’s formula [36] which accounts for a
2D distribution of the impedance over the electrode
surface in Eq. (5) [33] under the assumption that the
charge transfer resistance is much larger than the elec-
trolyte resistance:

1 (1—aw)/au
Cyr = Qo <E) Eq. 5

The same analysis shows that the capacitance deter-
mined at a fixed frequency still depends on the value of

o (black squares in Figure 1d), and does not allow a
precise evaluation of the effective capacitance since it
varies between 0.2 and 1 mF depending on the value of
ay. Thus, we conclude that by making the assumption
that CPE behavior can be analyzed as an ideal capacitor,
a significant error in the determination of (4 occurs.

The CPE analyzed by cyclic voltammetry

Figure 2a shows simulated cyclic voltammograms
calculated for a pure capacitor according to Eq. (4) for
various scan rates with (y = 1 mF and R, = 10 Q.
The shape of the curves is rectangular with the time
constants corresponding to the charging and discharging
of the capacitor (simulating the EDL) in the presence of
the resistor (simulating solution resistance), which is
visible after each reversal of the potential sweep direc-
tion. As expected, the measured current is proportional
to the scan rate, allowing the determination of the
experimental effective capacitance, Gy, which is inde-
pendent of the scan rate.
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(a) Voltammograms simulated for a pure capacitive behavior of the interface as a function of the scan rate (Cyy = 1 mF, Re = 10 Q); (b) Voltammo-
grams simulated for a CPE behavior of the interface as a function of the scan rate (Qy = 1 mFs(®~1 ay = 0.9, Re = 10 Q); (c) Effective capacitance

determined on the CV curves at 0 V vs. Eet.
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Figure 2b shows simulated cyclic voltammograms
simulated using a CPE in series with a resistor (solution
resistance, R,) according to Eq. (4) for various scan rates
with Oy = 1mFs® 1 o, =09 and R, = 10Q.
The shape of these curves is slightly different from
those observed in Figure Za with an apparent slope of
the current/potential trace with respect to the x-axis.
The shape of these curves is in agreement with some
experimental results reported on a polished gold elec-
trode in 0.1 M perchloric acid solution [42] and for
different materials investigated as efficient energy-
storage-system [43,44]. It should be noted that this
characteristic curve shape can also be observed while

On the use of a CPE in electrochemistry Gateman etal. 5

describing the interface of a pure capacitor using a CPE,
but occurred due to the presence of a large electrolyte
resistance which then gives rise to a non-negligible
ohmic drop, but this behavior should not be confused
with that of pseudo-capabilities whose origin is
different [45,46].

The analysis of the previous CV curves, for example by
measuring the current at a potential of 0 V vs. Fig,
allows for the evaluation of the interfacial capacitance of
the system (Figure 2¢). If the GV analysis is performed
without taking into account the fact that the interface
behaves like a CPE, then the actual value of the
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Experiments performed on a gold disk electrode in a sulfuric acid solution (0.1 M) (a) Example of EIS diagram measured -0.10 V/Hg/Hg>SO4; (b)
Evaluation of the effective capacitance at 100 Hz, 1 kHz, and using the Brug’s formula; (c) Example of CV curves at 10 and 20 mVs™"; (d) Evaluation of the

effective capacitance from the capacitive current at 0 V/Hg/Hg>SO4.
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capacitance depends on the scan rate at which the
measurement is performed. Thus, a value of 1.4 mF for
Cgﬁr is obtained at 10 mstl, while value of 1.03 mF is
obtained at 200 mVs~ L. For an ideally polarizable elec-
trode, the double layer capacitance can be determined
from the CPE parameters using the Brug’s formula (Eq.
(5)). Using this relationship, the expected effective
capacitance is about 600 UE which is twice as small as
the mean value determined by cyclic voltammetry and is
independent of the scan rate. Moreover, this analysis
relies on the assumption that the CPE parameters are
assumed to be independent of the potential during the
cyclic voltammetry experiment [42,47,48].

Comparison with experimental results

Figure 3a shows the Nyquist representation of an
experimental impedance diagram obtained on a gold
electrode in a sulfuric acid solution. The shape of the
diagrams is characteristic of CPE behavior as previously
discussed for the simulated curves presented in
Figure 2. Following the analysis of this impedance
response, assuming that it is an ideal capacitor and that
we have determined its value at fixed frequency from
the imaginary part of the impedance, we obtain values of
capacitance that depend on the frequency (Figure 3b).
Conversely, if we fit the EIS diagrams with the circuit
presented in Figure la, we can determine CPE param-
eters (Qy = 28 uFs® Y and «y; = 0.918) and
calculate Gz using Brug’s formula (Eq. (5)). The vari-
ations of (., presented in Figure 3b show a value in the
range of 11 pFem™2 that slightly depends on the po-
tential. A similar study was carried out subsequently
with the same experimental setup by cyclic voltamme-
try (Figure 3c¢). The shape of the voltammograms is
slightly sloped, revealing a CPE behavior, where this
shape cannot be attributed to the ohmic drop (small
electrolyte resistance and low current). The analysis of
the capacitive current at 0 V/Hg/Hg,SO4 shows non-
linear behavior compatible with a CPE (Figure 3d),
demonstrating once again that the analysis of these
curves requires a realistic description of the interface,
such as including a CPE element, otherwise important
errors on the determination of the capacity are probable.

However, CPE behavior is not easy to predict. This is
due in particular to the fact that the parameters Q and «
of the CPE are correlated [35] and it is nowadays often
admitted that surface (2D) or volume (3D) distribu-
tions of the interface properties result in a CPE
behavior. Such behavior can usually be evidenced using
graphical analysis [9,49]. Moreover, the purity and
cleanliness of the electrode also seem to be important
factors, as shown by some experiments performed on
hanging or falling mercury drop electrodes (clean
renewable surface), or the work of Martin and Lasia on
specifically prepared gold electrodes [50]. In these

cases, ideal capacitive behaviors were experimentally
observed and reported.

Conclusions and perspectives

CPE behaviors are frequently observed in experimental
measurements of electrochemical systems supposed to
exhibit ideal capacitive responses such as super-
capacitors. The consideration and use of a CPE during
analysis of experimentally collected electrochemical
data is of importance in order to avoid erroneous values
of extracted capacitance.

The comparison of interface analysis between EIS vs.
CV experiments shows that both techniques allow an
accurate evaluation of the interfacial capacitance only
when the proper model is used, namely when taking into
account a CPE rather than a pure capacitance. It is
interesting to note that CPE behavior can be easily
identified from EIS and CV representations, but its use
to interpret data is common in impedance and not
common in voltammetry, which is the technique most
often used to characterize supercapacitors.
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