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ABSTRACT

Dynamic Electrochemical Impedance Spectroscopy is a valuable tool to investigate kinetic parameters of non-
Faradic processes in symmetric Electrochemical Double Layer Capacitors. Compared to classic Electrochemical
Impedance Spectroscopy, the dynamic technique measures the impedance under non-equilibrium condition
removing the stationarity requirement and, at the same time, giving the frequency-dependent information of a
dynamic process in presence of overpotential. Despite not being a new technique, there is an inherent complexity
in the signal sampling and data manipulation to obtain the impedance spectra down to low frequencies (the
interesting band for energy storage devices impedance). Few methods to compute the impedance from sampled
signals are reported in the literature and under development. For this work the Dynamic Multi-Frequency
Analysis algorithm was used to compute the impedance and reconstruct the cyclic voltammetry profile as
well. The time-dependency of the kinetic parameters, namely capacitances of double layer and adsorption
phenomenon, were extracted from equivalent circuit model regression and the adsorption time constants with a
graphical analysis of the impedance spectra dataset during a full charge/discharge cycle. The values of the
adsorption capacitance from the model regression are, on average, compatible with the values computed with a
common formula showing the reliability of the model regression. The use of a three-electrode compact cell
allowed the characterization of both active electrodes independently during operation showing a strong potential
dependence on the active material properties. Furthermore, the impedance showed the presence of a side re-
action (likely oxygen evolution) connected to the increase of adsorption and double layer capacitances localized
on the positive electrode in a clearer way than what was possible to observe from the voltametric profile.

1. Introduction

In EDLCs and, in general, in any electrochemical system, several
processes happen at the electrode/electrolyte interface; some of them

Electrochemical Double-Layer Capacitors (EDLCs) are a class of de-
vices that store energy at the interface between electrode and electrolyte
in the form of electrostatic energy. This allows them to position them-
selves midway between common capacitors and alkali-ion batteries in
terms of energy density, power density and cycle life [1,2]. The
fast-charging process makes them suitable for applications where high
cycle life and power are of the utmost importance without neglecting the
energy density [3]. EDLCs can, in fact, be charged/discharged about 10
times faster than lithium-ion batteries [4], at the cost of one order of
magnitude in energy density, thus drastically increasing the delivered
power.
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are intended for the function of the device while others may be un-
wanted and can deteriorate its performance over time. Identifying and
quantifying their kinetics parameters for device optimization or funda-
mental studies require looking at the problem from different angles. A
set of experimental techniques are available in electrochemistry to
characterize different aspects of the system at the equilibrium or out of
it. These techniques include constant and linear sweep chrono-
amperometry and chrono-potentiometry, and frequency dependent
techniques, among which Electrochemical Impedance Spectroscopy
(EIS) [5] is one of the most common. EIS is a non-invasive technique that
allows the detection and quantification of the kinetic processes in
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electrochemical systems (e.g. charge transfer, double-layer formation,
diffusion in liquid and solid phases). The impedance response of an
energy storage device can be used as operation control, diagnostic tool,
modelling and materials characterization [6-9]. From the impedance
characteristic, different properties of the EDLCs can be extrapolated; in
literature two important effects are reported: (i) the relationship be-
tween interface capacitance and porosity or electrolyte resistance [10];
(ii) the effect of the conductive filler in the electrode formulation to the
electrochemical performance [11]. Moreover, EIS measurements were
used to study electrodes aging [12] and to define a charge/discharge
prediction model [13].

The classic EIS experiment uses stepped frequency sine waves as
perturbation to obtain the impedance spectra over multiple decades.
This approach is well known and established with great accuracy and
low noise. The system, however, must not change during the impedance
acquisition so to satisfy the stationarity requirement [14]. Electro-
chemical systems are, in fact, prone to changes in operative conditions
due to environmental effect (e.g. temperature drift) or relaxation. At the
cost of a greater noise, the time required for a single impedance exper-
iment can be reduced using a multi-sine broadband perturbation made
of the algebraic sum of many sine waves with different frequencies.
Starting from the concept of multi-component perturbations, the idea of
measuring the time-varying impedance of a system during a controlled
drifting of the system by superimposing the multi-sine perturbation on
another signal of choice, like sweeping potential [15], constant current
[16] or potential [17] or even in presence of tensile stress [18] was
developed. The combined technique is generally referred to as Dynamic
Electrochemical Impedance Spectroscopy (DEIS).

Various methods to compute the impedance spectra starting from
multi-component potential and current signals were proposed among
the years, which can be divided in two categories: (i) numerical and (ii)
analytical methods. Both methods make the use of Fourier analysis to
separate the perturbation components (i.e. main drift and sine waves
with different frequencies that compose the multi-sine wave). Numerical
methods rely on windowing or filtering the signals in time or frequency
domain, respectively (the techniques are referred to as STFT-EIS and
DMFA [19]) before computing the discrete valued time-varying
impedance. Analytical methods, on the other hand, aim to obtain the
analytical function that describe the frequency-dependent time-varying
impedance from the regression of a model function to the transformed
signals (i.e. shape of the frequency domain peaks relative to each
perturbation) [20]. A review of some of the available methods was made
by Szekeres et al. [21].

Aim of this paper is to use Dynamic Electrochemical Impedance
Spectroscopy and equivalent circuit regression of the obtained spectra to
extract the temporal variation of the kinetic parameters for the non-
Faradic process occurring in carbon-based electrodes for electro-
chemical double-layer application under linear sweep chrono-
amperometry drifting. To compute the time-varying impedance Dy-
namic Multi-Frequency Analysis (DMFA) was chosen as an easy-
implementable approach in any programming language while still
effective in the sub-Hz frequency region of interest. A peculiarity of the
presented method is the use of a three-electrode set-up in compact cell
format to measure the independent impedance response of positive and
negative electrodes.

2. Experimental
2.1. Design and preparation of the electrochemical cells

In the present work, a T-shaped three-way Swagelok type casing was
used to assemble a three-electrode compact cell. Self-standing activated
carbon electrodes were prepared according to our previous work [22]
(1.54 cm? disks, 23.5 mg of active material) put in contact with a glass
microfiber separator soaked with an aqueous solution of 10m KF (Sigma
Aldrich, 99%-+) that allows the use of a lead strip (Goodfellow, 99.99%)

coated with lead fluoride as reference electrode [23]. Despite being
more toxic than a conventional AgCl/Ag (Ag: Goodfellow, 99.99%)
electrode, the PbFo/Pb has the important advantage of having a precise
and stable potential when placed in contact with a solution that contains
fluoride ions, which does not oxidize to F5 in the potential window of
interest. Furthermore, the use of a reference electrode directly in contact
with the solution (i.e. no glass bodies and porous junctions) makes the
assembly of the aforementioned cell much simpler. Considering the pH
of the solution (10.7), a PbF,/Pb electrode in contact with it present a
potential of 191 mV vs RHE. The cells, schematized in Fig. 1, consisted in
a PEEK body, with stainless steel pistons pressing the components
together. The reference electrodes were inserted in the third and
perpendicular way, two positions were tested; the discussion is given in
the next session. The cell analyzed with DEIS was pre-treated with cyclic
voltammetry (8 mV s~ 1) until stabilization (i.e. cycles almost the same to
each other).

2.2. Instrumental aspects and parameters choice

The potential and current signals were measured by an experimental
apparatus made with the combination of the following commercial in-
struments: (i) a potentiostat for the potential or current control (Bio-
Logic SP-300, 2 channels); (ii) an arbitrary waveform generator for the
multi-sine perturbation (Keysight True-Form, 16MSa memory); (iii) a
digital oscilloscope for data sampling (PicoScope 4000A, 8 channels,
12bit resolution). The potentiostat was controlled from the proprietary
BioLogic EC-Lab Express software that allows summing an external
signal input to the internal generator. The connections and the role of
each instrument are reported in Fig. 2. In order to measure the potential
(and, from it, the impedance) of the two active electrodes vs a reference
while sweeping the cell potential, two channels were used simulta-
neously: the first one between the two symmetric active carbon elec-
trodes to impose an offset potential and the other between the positive
electrode and the reference to measure its state-of-charge dependent
open-circuit potential; the negative electrode’s potential was then
calculated as the difference of the cell potential and the positive elec-
trode’s one. The waveform generator was used to generate both the
multi-sine for EIS probing and the quasi-triangular perturbation for the
CV (using the “combine channel” feature of the instrument), while the
potentiostat had the role of converting the generator’s signal into a
voltage one to be used on the cell. Generating the whole input signal
with the waveform generator is preferable compared to using the
potentiostat to impose the sweeping potential (i.e. CV potential sweep)
because of the presence of a filter at the end of the dedicated waveform
generator that guarantee a high-resolution analog wave synthesis. The
multi-sine perturbation on the arbitrary waveform generator was
designed based on previous work [24] with a base frequency of 100 mHz
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Fig. 1. Schematic section view of the three-way Swagelok-type cell used in this
work. The two drawings show the tested positions of the reference electrode in
respect to the other two active electrodes.
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Fig. 2. Schematic draw of the experimental apparatus used to measure the
potentials and current to compute the dynamic impedance of the system.
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(frequency range from 100 mHz to 100 kHz).
2.3. Time-varying impedance computation

The computation of the time-varying impedance was carried out
with the Dynamic Multi-Frequency Analysis (DMFA). The DMFA routine
performs a band-pass filtering in the frequency domain of an interval of
points around each peak corresponding to a perturbation component (i.
e. single frequency component of the multisine or cyclic voltammetry
component) [24]. The inverse of the filter bandwidth is the time span
during which the impedance is measured as an average, exactly as in a
short-time Fourier Transform EIS (STFT-EIS) [19]. To guarantee the
independency of two consecutive impedances, the time step between
two impedance computation should be an integer multiple of the
reciprocal of the filter bandwidth [25]; in the elaboration for this work,
1 was used as the integer resulting in a time of averaging the impedance
equal to 10 s. The DMFA has also the interesting feature of being able to
reconstruct the time profile of the cell potential and current centring the
filter at zero in the frequency space; having more points here, the time
resolution of the DMFA was lowered to 1 s. The parameter “n” of the
filter [19] was chosen to be 8 for best results [25]. The procedure is
schematically shown in Fig. 3 and more details on the method can be
found in previous literature [19,24]. A Python implementation of the
DMFA has been developed by the authors and made publicly available
[doi: 10.6084/m9.figshare.21081994].
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Fig. 3. Graphical representation of the Dynamic Multi-Frequency Analysis: (a) digitally sampled cell current and potential of the cell; (b) Fourier transform of the
two signals; (c) filtering of a frequency peak (i.e. the sine component with a frequency of 0.9 Hz in the multi-sine wave), the semi-transparent lines are the original
signal while the solid color is the result of the filtering; the filter profile is also reported in black; (d) time-trend of the module of the impedance referred to a single
frequency (0.9 Hz), the formula to compute the impedance is reported below the plot; (e) full time-varying impedance for the third charge of the device plotted
against the electrode potential (highlighted in red the impedance value at 0.9 Hz).



3. Results and discussion
3.1. The position of the reference electrode

To evaluate the effect of the reference electrode’s position on the
impedance results and on possible artefacts, two Swagelok cells were
assembled and tested with a classic EIS experiment on a logarithmically
spaced range between 100 kHz and 100 mHz: one with the reference as
far as possible from the active carbon electrodes (flooding the upper
chamber of the cell) and one with it in the middle of the other two; Fig. 2
shows schematically the positioning. The position of the reference is
widely discussed in the literature and it is strongly dependent on the
type of cell in use: flooded or compact [26-29]. In general, the reference
electrode should be placed as close as possible to the working electrode
to probe the same equipotential line but sufficiently far from the current
lines so to avoid surface alteration and the consequent potential drift. In
compact cells the available positions for the electrode are even more
limited and the electrode/electrolyte contact not trivial to guarantee. In
Fig. 4 it can be seen that positioning the reference electrode far from the
other two brings a distortion in the mid-to-low frequency region (from
about 100 mHz to 1 Hz). Such effect is, on the other hand, strongly
limited when positioning the electrode in between the active carbon
electrodes, making it the preferable setup, with the second advantage of
reducing the amount of electrolyte needed to contact every electrode.

3.2. Dynamic multi-frequency analysis

In the reported experiment, 4 cycles of CV with a superimposed
multi-sine perturbation were acquired with a sampling rate of 500 kHz
so to reconstruct the higher frequencies. The measurement was per-
formed over a time of 1000 s to have a frequency resolution of 1 mHz
and being able to see the very low frequency components. The raw data
are made publicly available [doi: 10.6084/m9.figshare.21082168]. The
estimation of the multi-frequency response of the system carried out
with the DMFA is reported in Fig. 5 for the third cycle of the set. Both CV
profiles and time-varying impedance are reported for the single elec-
trodes and the full cell. In the impedance spectra, the 100 mHz fre-
quency point was removed because it was biased by the interacting of
the drift frequency skirt. In fact, as shown in Fig. 6, the left side of the
relative peak is disturbed and the filtering procedure of the DMFA fails
to provide an accurate estimation. In case of EDLCs and energy storage
devices in general, the low frequency band down to 10 mHz, or even 1
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Fig. 4. Classic impedance spectra measured on two cells with different posi-
tions of the reference electrode (see Fig. 1 as reference for the positions tested).

mHz, contains useful information on the kinetics but this time scale
generally interferes with the drift. The user must take care of a proper
multi-sine design depending on the desired experiment and compromise
between the lowest frequency and the drift time scale. Here, the quasi-
CV scan rate was chosen to be 8 mV s, which means a period of 250
s, already pretty short for a device of this kind and hence was selected by
the authors as the lower limit to keep the CV analysis meaningful and
comparable with previous work in the literature. In Fig. 7 the spectra at
zero cell potential for the 3 time-varying datasets as comparison of the
magnitude are reported. The difference between the two carbon elec-
trodes’ impedance is attributable to the pre-treatment cycles that were
performed to stabilize the system, which modified the electrode/elec-
trolyte interface most likely because of a difference in the species
adsorbed on the two electrodes.

3.3. Extracting kinetic through regression of equivalent circuits

The time-varying impedances extracted with DMFA can be used to
evaluate several kinetic parameters of the electrochemical system (e.g.
charge transfer resistances, double-layer capacitances, diffusion co-
efficients, etc.). One of the approaches to get quantitative information
on the electrode kinetics is the mathematical regression of an equivalent
circuit (EC) to the experimental data. A typical EC suitable to describe
the kinetics of nanoporous activated carbon electrodes is presented in
Fig. 8a [30]. The process of charge accumulation or depletion at the
double layer is in parallel with the adsorption in the pores while the
semi-infinite Warburg element describes the diffusion of the ion from
the bulk to the interface. The double layer capacitance of a solid-state
electrolyte is described by a constant phase element (CPE) [31]. This
circuit fits correctly the impedance of the positive electrode (see Fig. 8c)
but not that of the negative one. In fact, it can be seen from Figs. 7 and 8d
that a 45° feature is present after the semicircle. Here the semi-infinite
diffusion seems not to be the involved process (insufficient model) but
rather a finite-space diffusion. An alternative circuit including a finite
space Warburg (FSW) element was introduced in place of the adsorption
capacitance and the semi-infinite Warburg in series. The FSW element
represents the diffusion from a small distance and it was reported to
describe the diffusion of solvated ions in close pore systems [32] or the
surface diffusion of adsorbed ions [33]. On the negative electrode,
hence, the finite-space diffusion process happens at a faster rate than the
ion diffusion in the liquid (described with the semi-infinite Warburg in
the circuit used for the positive electrode). Using the same circuit as a
regression model for the impedance spectra of the positive electrode
gives a worse result in terms of regression quality rating given by the
Akaike information criterion (AIC) [34].

Fig. 9 shows the double layer CPE effective capacitance for both
electrodes computed using regression parameters in the equation pro-
posed by Hirschorn et al. [35]:

Eq. (1)

1-n

L 1-n
Céfff = Q6 ad Ra”d (1)

while Fig. 10 shows the adsorption and diffusion capacitances for pos-
itive and negative electrodes, respectively obtained directly from the
model regression. It is clear that the processes occurring at the interface
are strongly dependent on the history of the electrode. The effective
capacitance representing the charge accumulation on the double layer is
constant until the current in the cell is increased by the electrolyte
degradation approaching 1.2V vs RHE for the positive electrode.
Instead, the adsorption capacitances increase monotonously with the
state of charge with an inverse proportion to the potential scan, except
for the positive electrode where the side reaction is taking place and a
local accumulation of ion is expected (see Fig. 10). It is interesting to
notice that with a DEIS experiment it is possible to highlight the pres-
ence of the side reactions on a specific electrode thanks to the time-
varying nature of the impedance and the ability to extract the
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evolution of the kinetic parameters. On the contrary, from just the CV
profile an increase in current is present approaching the extremes of the
potential span for both electrode, which are in series, leaving the un-
certainty of where the reaction is taking place. This can be useful for
more complex systems, where the identity of the side process is not as
obvious as it is in the reported example.

The average adsorption capacitances are 44.5 F g1 for the positive
47.6 F g~! for the negative electrode, which are in accordance with the
values obtained from the average capacitances calculated from the
extracted CV profile:

Eq. (2)
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Fig. 7. Impedance spectra from the dynamic experiment at zero potential cell
as comparison of the shape. At the same potential VS RHE the symmetric
electrodes were supposed to have the same impedance characteristic.

1
Cavemge —av (2)

dt

resulting to be 42 and 54 F g~! for positive and negative electrode,
respectively.
For the EC model regression, the datasets were cleaned up removing
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3 frequency points at high frequency that show an inductive behavior
and the lowest frequency (100 mHz) which is biased by a big error due to
the insufficient spectral separation from the drift components (this can
be seen from the Fourier transform of the raw signals in Fig. 3).

3.4. Graphical analysis of imaginary impedance

The extracted impedance data were also used to make some con-
siderations on the time constants, in this case related to the adsorption
process. This was done by observation of the imaginary part of the im-
pedances, which have the advantages to show time constants as peaks
[36,371, reported versus time (i.e. inverse of the frequency). The results
are reported in Fig. 11, where the differences between the positive and
negative electrodes are showed both with the device completely dis-
charged (Fig. 11a) and at different states of charge (Fig. 11c and d). The
first thing to notice is the clear difference between the imaginary part of
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the impedance of the two electrodes while completely discharged: both
present a broad band at low time constants (high frequencies), but while
the positive electrode is peaked at 274 ps with 1.77 s as full width half
maximum (obtained by fitting the peak with a Gaussian function), the
negative one is centered around 72 ps with 1.25 s as FWHM. This means
that the adsorption process that occurs on the positive electrode is
almost four times faster than the one on the negative side, but also that
the time constant of such process is not unique but rather distributed
over a broad spectrum. This time constants dispersion, as earlier



mentioned in Section 3.3, can be related to porosity. The evolution of the
imaginary part of the impedance during cycling can also be analysed and
discussed. For both electrodes, the peak related to the relaxation time of
the adsorption process broadens and its maximum increases while
charging. This can be better observed in Figs. 12 and 13, where the value
of the peak time constant and FWHM evaluated by fitting the band with
a Gaussian function are reported. It is once again possible to observe a
clear dependence of an impedance-related variable, in this case t, from
the cell potential: its value, in fact, remains almost constant for both
electrode throughout the whole cycling process apart from when the
potential reaches values bigger than 0.7 V (positive electrode potentials
around 1.2 V vs RHE), where t grows significantly for the positive
electrode, probably because of the presence of side-reactions (i.e. oxy-
gen evolution).

4. Recommendations for experimental design

Dynamic Impedance Spectroscopy is a hyphenated combination of
techniques usually performed separate, hence, to obtain a proper mea-
surement a few cautions should be observed.

One of the main sources of spectral inconsistency when performing
the DMFA is the interference between the DC component (e.g. scan rate
for a cyclic voltammetry) of the signal and those produced by the lowest
frequencies of the multisine. This can be clearly observed in the
frequency-domain representation in Fig. 6: depending on the intensity,
frequency and shape of the DC component of the signal (e.g. square,
triangular), the skirt of its frequency representation can overlap more or
less with the sub-Hz components of the multisine, thus adding a possible
bias to the extracted impedance in the low frequency band. For this
reason, it is important to tune the DC signal and the multisine so that
they are separated enough in terms of frequencies. For quasi-triangular
waves, a DC signal 25-50 times slower than the slowest component of
the multisine is generally separated enough from the other so to avoid
overlapping.

Another issue related to the use of Dynamic Electrochemical
Impedance Spectroscopy is that of the low density of frequency points in
the lower region. In fact, the frequency-dependant information is loga-
rithmically spaced but to avoid intermodulation not all the harmonics
have to be taken. This requirement reduces the number of frequencies
that can be selected in the neighborhood of the base harmonic.
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Fig. 12. Time constant (Tau) of the adsorption process extracted as the peak of
Gaussian regression of the imaginary part of the time-varying impedance
plotted against time for both electrodes.
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Fig. 13. Full width at half maximum of the Gaussian function regressed on the
peak of the imaginary part of the time-varying impedance plotted against time
for both electrodes.

Unfortunately, also the most interesting information lies in the low
frequency band.

Lastly, the DMFA approach rely on the application of DFT algorithms
on the whole signal. If the sampling frequency and/or the acquisition
time are big (the number of points is the product of the two), the allo-
cation of the signal in the memory of the computer can overflow the
hardware capability. For example, in this work 2 cycles were acquired in
one measurement (approximately 4 h long) collecting 500MSa with
single precision (2 GB per signal) using a typical lab PC equipped with
16GB of RAM.

5. Conclusion

In this paper, the capability of the Dynamic Electrochemical
Impedance Spectroscopy (DEIS) to collect kinetic information of a
symmetric Electrochemical Double Layer Capacitor (EDLC) during
cycling is presented. The impedance was computed from the multi-
frequency potential and current signals using the Dynamic Multi-
Frequency Analysis (DMFA), an easy-implementable algorithm. This
approach allowed for the extraction of impedance spectra operando in a
relatively fast system (e.g. 8 mV s}, 4 mHz) while collecting impedance
at low frequency (down to 300mHz after data cleaning), enough to
analyze the capacitive behavior of the cell. The novel use of two syn-
chronized channels of a potentiostat together with the inclusion of a
reference electrode allowed for the simultaneous measurement of the
impedances of both the active electrodes of the EDLC, while charging
and discharging the device imposing a potential sweep between them,
thus emulating a real device. The extracted time-varying impedance was
used to evaluate: (i) the kinetic parameters evolution from an equivalent
circuit (EC) regression, (ii) time constants from graphical analysis; for
both electrodes during the potential scan. The former gave a value of the
average capacitance compatible with the one calculated with a simple
formula based on the scan rate (see Eq. (1)). In addition, the presence of
side reactions while approaching the water oxidation potential was
observed by the impedance response. The values of the parameters
extracted from the equivalent circuit are strongly different between the
two active electrodes even though the material is chemically identical,
showing a strong dependence on the working potential and on the
precedent history of the electrode itself (e.g. pre-treatments). The latter
highlights instead the difference in the time constant of the adsorption
process of the two electrodes and its dependence, again, with the



working potential and precedent history. The present work is a proof of
concept for the use of the DEIS in three-electrode configuration compact
cells to characterize the kinetics of the electrodes. The proposed
approach can be also extended to more complicated systems like bat-
teries, which share the same cell design, and are undoubtedly a trending
topic in science and industry that can benefit from the use of more
operando information.
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