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Abstract— Hybrid supercapacitors (HSCs) are innovative
energy storage solutions that are becoming essential in many
fields of applications. Their performances are strongly influenced
by several parameters, such as temperature conditions, load
characteristics, and state-of-charge (SOC). For this reason, it is
becoming fundamental to characterize their performances under
different scenarios. One of the best ways to investigate the
performances is by employing the electrochemical impedance
spectroscopy (EIS) measurement. However, since HSC is a recent
technology, databases and studies focused on impedance analysis
are not currently available in the literature. For this reason,
this work presents the results of a large measurement campaign
carried out to acquire impedance data on a large frequency
range (from 1 mHz to 100 kHz) under different temperatures
and SOC conditions. The constructed dataset has been used
to investigate impedance anomalies and to analyze the effects
that temperatures and SOC may have on the HSC impedance.
The large obtained dataset can also be used for diagnostic and
prognostic purposes. The dataset used in this study is available
at https://doi.org/10.6084/m9.figshare.24321496.

Index Terms— Dataset, electrochemical impedance spec-
troscopy (EIS), impedance measurement, prognostics and health
management, supercapacitors (SCS), testing.

I. INTRODUCTION

ENERGY storage plays a vital role in meeting the growing
global demand for reliable and sustainable energy solu-

tions. Among various electrochemical energy storage (EES)
technologies, supercapacitors (SCs) have emerged as a promis-
ing alternative to conventional batteries due to their unique
advantages [1]. Due to their high power density, SCs (also
known as ultracapacitors) offer significant advantages over
traditional batteries in several key areas. This technology
can quickly store and release energy, making it ideal for
applications such as regenerative braking in electric vehicles
or smoothing out power fluctuations in renewable energy sys-
tems [2]. Another advantage is exceptional cycle life. Unlike
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batteries, which suffer from limited charge-discharge cycles
[3], [4], SCs can endure millions of charge–discharge cycles
without significant loss in performance [5]. This longevity
makes them highly reliable and cost-effective. Furthermore,
SCs excel in providing high efficiency during the charging
and discharging processes [6]. This efficiency, combined with
their ability to handle high currents, makes SCs a valuable
asset in applications that require fast response times, such as
grid stabilization [7], energy management of hybrid vehicles
[8], and peak load shaving [9].

There are several types of SC technologies, based on the
type of charge mechanism, detailed in the following.

1) Electrochemical Double-Layer Capacitors (EDLCs)
[10], [11]: The most common type of SCs. They store
energy through the physical separation of charge at
the electrode–electrolyte interface. EDLCs typically use
high surface area carbon materials as electrodes and
an electrolyte solution, which could be either aqueous,
ionic, or organic [12]. They offer high power density,
fast charge/discharge rates, and long cycle life. On the
other hand, they have high auto discharge and a limited
shelf life [13], [14].

2) Pseudocapacitors [15], [16]: They store energy by
electron charge transfer between the electrode and the
electrolyte, involving electrosorption or fast redox reac-
tions, and they offer higher energy density compared
to EDLCs. Due to the rare materials used, such as
ruthenium, the cost of these capacitors is high [17].

3) Hybrid SCs (HSCs) [18], [19]: Combine two different
types of storage of charge. This involves sharing the
features of EDLCs, pseudocapacitors, and/or batteries.
There are two main types of HSCs depending on the
internal structure.

a) Internal serial hybrid is an asymmetric electro-
chemical capacitor with one electric double-layer
capacitor and another battery-type electrode, such
as Superbatteries.1

b) Internal parallel hybrids, SCs, and battery materials
are mixed to form bimaterial-type electrodes, such
as Ultrabatteries.1

One of the most promising combines an EDLC electrode
and a battery-type electrode, allowing for both high

1Registered trademark.
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TABLE I
REVIEW OF THE STATE-OF-THE-ART REGARDING EIS MEASUREMENT FOR SCS

power density, increased energy density, and high cycle
life. HSCs offer a balance between the long cycle life of
EDLC electrodes and the higher energy storage capacity
of batteries. The downside is the higher cost compared
with more industrialized technologies such as lithium-
ion (Li-Ion) batteries.

An effective and useful technique to characterize the elec-
trical behavior over a specified range of frequencies of an
energy storage cell (e.g., a battery, a fuel cell, or an SC)
is electrochemical impedance spectroscopy (EIS) [20]. The
impedance of an energy storage cell is composed of two main
components: resistance (R) and reactance (X). Resistance rep-
resents the loss of energy, while reactance reflects the energy
storage and exchange processes, including the capacitive and
inductive effects [21]. Thus, EIS measurements represent a
valuable tool for monitoring the performance and health of
an EES over time [22]. Changes in the impedance spectra
may indicate aging, degradation, fluctuation of the operating
conditions, or other issues related to the device. By measuring
impedance at different operating conditions and comparing the
results, it becomes possible to assess the stability, cycle life,
and long-term behavior of SCs. This information is crucial for
developing strategies to mitigate degradation and enhance the
durability of these energy storage devices. Recent literature is
paying significant attention to EIS measurement across several
fields of application, including batteries [23], [24], fuel cells
[25], [26], advanced biosensing applications [27], and SCs
[28]. However, while EIS investigation of Li-Ion batteries is a
widely discussed topic, there are only a few papers dealing
with SC characterization through EIS measurements. More
importantly, almost all of them deal with EDLC technology,

while analyses of HSCs using EIS are currently not avail-
able. For instance, the relationship between temperature and
impedance of EDLC has been first studied in [29] emphasizing
an increase of the equivalent series resistance (ESR) when
temperature decreases. This aspect has been further confirmed
and expanded in [30] that such dependence is more noticeable
at low frequencies. Furthermore, Xiong et al. [31] showed
that such dependence is approximately exponential, while the
impact of SOC in their experiments is less dominant. However,
most of the considerations regarding temperature and SOC
dependencies consider only the ESR instead of the entire
frequency spectrum of the SC impedance.

A detailed review of the literature has been reported
in Table I, emphasizing the cell technology, the frequency
range of investigation, the operating conditions in terms of
state-of-charge (SOC) or the voltage at which the test has
been performed, and the temperature conditions. As can
be seen from the table, most of the works performed EIS
considering only a limited frequency range of investigation.
Furthermore, there is only one work [32] that investigates
the performances under different SOCs, but the analysis is
carried out only a room temperature. Quite the contrary, the
few papers that carried out EIS under different temperature
conditions usually performed the measurements considering
limited operating conditions (in terms of SOC or voltage
condition).

Another fundamental flaw that must be taken into consid-
eration is that all the available papers do not provide the
EIS dataset. Currently, to the author’s knowledge, there are
no publicly available datasets, including EIS measurement of
hybrid SCs under several different operating conditions.
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Therefore, trying to fill this gap, this article introduces a
customized test plan and experimental setup to characterize
the performances of HSCs by employing EIS measurement
and considering.

1) A large frequency range from 1 mHz to 100 kHz with
ten data points per decade.

2) Six different operating conditions in terms of SOC,
namely, 0%, 20%, 40%, 60%, 80%, and 100%.

3) Eight different operating temperatures, starting from
−20 ◦C up to 50 ◦C.

The data acquired during the measurement campaign have
then been used to investigate the SC’s behavior-changing
SOC and operating temperature. In summary, the main con-
tribution of this article is the development of a large EIS
dataset for HSCs investigating frequency ranges, tempera-
ture conditions, and SOC conditions that are currently not
available in the literature. The proposed experimental test
allowed the introduction of adequate parameters for the HSCs,
as well as the study and discovery of impedance variations
and impedance anomalies under different operating conditions
that are currently not fully studied and described in recent
literature.

II. DEVICE UNDER TEST

An SC whose nominal capacity is 4000 F and maximum
voltage is 4.2 V has been chosen for the tests presented in this
work. In particular, an internal series HSC, whose cathode is
that of a Li-Ion battery and the anode is that of an EDLC,
has been used. The device under test (DUT) is commonly
identified using the notation 4.2V4000F rechargeable nano-
pouch capacitor and it is produced by Gonghe Electronics
Company Ltd. [43].

In the specific HSC, floccules of reduced graphene oxide
(rGO) are dissolved in the electrolyte [44]. Indeed, rGO can
increase the ionic conductivity of the electrolyte, improve the
thermal and mechanical stability of the membrane, and provide
a favorable interface between the electrolyte and the electrode.
They have very similar electrical characteristics to Li-Ion
batteries, such as the operating voltages or specific energy
(∼200 Wh/kg), but unlike them are less susceptible to thermal
runaway when misused or shorted. According to the datasheet
[43], the maximum continuous charge/discharge current is 5 A,
while the maximum peak charge/discharge current is 10 A.
Considering standard conditions, the charge limit voltage is
4.2 V, the charge cutoff current is 1 A, and the discharge
cutoff voltage is 3 V. Regarding the operating condition, the
device can be charged/discharged in the temperature range
[−20, +55]

◦C. They are cylindrical cells with a weight of
(70 ± 10) g and pole terminations coming out of the bottom
face of the cylinder. The length of the cylinder is (69±2) mm,
while the diameter is (24 ± 1) mm. Furthermore, according to
the datasheet, the nominal internal resistance values measured
at 1 kHz are lower than 15 m�. However, it is important
to mention that test specifications (in terms of operating
temperature and SOC) for the internal resistance measurement
have not been specified.

III. PROPOSED APPROACH FOR DATASET CONSTRUCTION

This section illustrates the approach that has been used to
construct the dataset for the characterization of HSCs under
different temperature and SOC conditions.

A. Testing Procedure

The dataset developed in this work for HSCs characteri-
zation is based on two variables that are perturbated during
the test to investigate different operating conditions that are
typical of several different application fields.

More in detail, six different states of charge have been
considered, namely

SOC ∈ [100%; 80%; 60%; 40%; 20%; 0%].

To ensure data consistency, the first step of the procedure
requires identifying the actual capacity of the HSC.

More in detail, the SC under test has a nominal capacity
of 4 Ah. However, to have a clear and precise determination
of the actual SOC, it is necessary to measure the initial
capacity of the device before the tests. This is essential
because, if the SOC is calculated using the nominal value,
there will be slightly inaccurate results. To determine the actual
capacity, it is necessary to fully discharge and fully charge the
cell consecutively using a constant-current–constant-voltage
profile. The current used during the charge and discharge
phases of this cycle must be low concerning the nominal
capacity of the cell. This is essential to allow a nonstressful
charge/discharge condition and to ensure a complete charge
profile (in terms of energy stored) and discharge profile (in
terms of energy released). Such operation has been performed
in the specific HSC using a 0.2 C-rate profile (i.e., 800-mA
constant current) and it pointed out an actual capacity value
of Cact = 3.95 Ah. Finally, using this value, it is possible
to determine a certain SOC percentage simply as the specific
percentage of Cact (e.g., SOC = 20% is obtained as Cact ·0.2).

This procedure permits a precise measure of the actual
energy stored during the charge and the actual energy released
during the discharge phase, thus obtaining exact information
regarding the actual capacity value of the device.

Furthermore, eight different temperature conditions have
been considered in the proposed experiments, namely

Temp ∈ [−20; −10; 0; 10; 20; 30; 40; 50] ◦C.

The EIS measurements have been repeated starting from a
fully charged SC (i.e., SOC = 100%) and then discharging
the cell until all SOC conditions have been tested. For every
defined SOC, EIS measurements have been repeated at all
eight temperature values, starting from the coldest temperature
up to the hottest value.

After that, all temperature conditions have been investigated
for a determined SOC and the cell temperature has been
brought back to ambient value. When ambient temperature
stability has been ensured, the SC has been fully charged.
After 1-h rest time, the cell has been partially discharged until
it meets the specified SOC conditions and then repeats all EIS
measurements at all considered temperatures.
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TABLE II
DETAILED WORKFLOW OF THE TESTING PROCEDURE FOR

CHARACTERIZATION OF SCS

A summary of this cycling testing procedure is reported in
Table II, showing all required steps to obtain the full dataset.

It is important to point out that all charging/discharging
operations of the cell have been performed at ambient tem-
perature to ensure both safety requirements and consistent
results. Furthermore, the tests have been repeated changing all
temperature conditions for a specific SOC and then repeating
the procedure for a different SOC value (and not vice versa)
to ensure that all measurements taken with a defined SOC are
obtained in the same operating conditions. Quite the contrary,
consistency of temperature conditions is ensured by utilizing
a calibrated PT100 resistance temperature detector (RTD) as
illustrated in Section III-B.

Looking more in detail at the characteristics of the EIS
measurements, for every working condition, EIS has been run
in a potentiostatic way within the frequency range from 1 mHz
and 100 kHz. The specific frequencies of investigation are
distributed on a logarithmic scale, with ten data points for
each frequency decade, leading to 81 impedance values for
every working condition. Finally, the signal used for the cell
excitation is a 5-mV rms sinusoid without dc offset.

B. Experimental Setup

To implement the testing procedure explained in
Section III-A, a battery test, thermal test equipment,
and a PC are required. A simplified block diagram of all the
required devices is reported in Fig. 1 using different colors

Fig. 1. Schematic representation of the entire experimental setup for
characterization of HSC under different temperature and SOC conditions.

to represent the data connections (through USB or Ethernet
cables), the electrical connections, and the sensor cables.

More in detail, the thermal test equipment is essentially
made by LabEvent LC/150/40/5 climatic chamber by Weiss
Technik characterized by a temperature regulation between
−40 ◦C and 180 ◦C. A data logging unit is embedded within
the chamber, and it can be used to ensure that the temperature
required by the test plan is the actual temperature of the SC
(and not the temperature of the surrounding environment).
To do so, the control system of the climatic chamber uses
an external control RTD placed in direct contact with the SC
under test. The sensor is a class AA calibrated PT100 RTD
characterized by a tolerance value of ±(0.1 + 0.0017|T |).
Furthermore, other three PT100 sensors have been used to
ensure that the temperature stability of the SC and surrounding
ambient have been reached before actually starting the EIS
measurements.

Furthermore, the other three RTDs are used to acquire the
ambient temperature around the cell. However, these data are
not used by the climatic chamber’s controller.

The second main element of the experimental setup is the
battery test equipment. It is composed of the following.

1) The Laboratory Battery Test System (LBT 5 V-30 A) by
Arbin Instruments. It is a bidirectional power supply that
can be used to charge and discharge up to 16 channels
simultaneously, with a maximum voltage of 5 V and a
maximum current per channel of 30 A. The system has
a 24-bit resolution and a 100-ppm precision.

2) A Gamry Interface 5000E system for EIS measurements.
This instrument can perform EIS in the 10 µHz ÷

100 kHz frequency range when integrated with the Arbin
battery tester.

3) An external and independent data-logging unit is used
only for safety purposes to ensure that a test is inter-
rupted if the temperature of the cell goes outside safety
thresholds. The data logger uses two T-type thermocou-
ples connected to the far ends of the SC.

The complete setup is shown in Fig. 2 and it also includes
a PC with adequate software for the management of both the
battery tester and EIS instrument.
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Fig. 2. Picture of the complete experimental setup. 1: bidirectional power
supply. 2: EIS instrument. 3: PC with adequate software. 4: datalogger.
5: climatic chamber.

Fig. 3. Detail of the setup inside the climatic chamber showing—1: SC
under test, 2: control PT100, 3: safety thermocouples, 4: electric connections;
and 5: additional temperature sensors.

The HSC located inside the chamber is connected to the
battery tester using two current cables (power line) and two
voltage cables (sense). The EIS instrument is connected to the
battery tester, and it uses the abovementioned cables to excite
the cell and measure its response. A detail of the device inside
the chamber is reported in Fig. 3.

IV. RESULTS AND DISCUSSION

This section reports a comparative analysis of the HSC
impedance at different temperature conditions and different
SOC values. More in detail, Fig. 4 compares the results of the
EIS at different temperature values of the HSC with a fixed
SOC condition. Three values of SOC are shown to highlight
how the impedance is significantly changed depending on the
operating conditions. More in detail, the impedance values
obtained for different temperatures considering SOC = 0%,
SOC = 40%, and SOC = 100% are compared in Fig. 4(a)–(c),
respectively. The arrows in the graphs indicate the frequency

Fig. 4. Impedance spectroscopy at different temperatures. (a) Analysis with
SOC = 100%. (b) Analysis with SOC = 40%. (c) Analysis with SOC = 0%.

information emphasizing the impedance variation when the
frequency increases, while the different colors stand for dif-
ferent temperature conditions. For the sake of clarity, cold
temperatures are illustrated in shades of blue, while orange
and red trends stand for hot temperatures.

First, it can be noted that the greatest impedance variations
occur at low temperatures, while at high temperatures, the
impedance of the HSC is less variable. Independently of the
SOC and the temperature, the HSC has a capacitive behavior at
low frequencies, but it becomes inductive at high frequencies.
When the SOC is low, a higher magnitude of impedance
occurs, as can be seen by comparing the impedance curve for a
specific temperature in Fig. 4(a) and (c). This is because, when
the SOC of the HSC is low, there may be a greater presence of
adsorbed ions on the electrode surface. This adsorption leads
to a decrement in ion species within the HSC, such as ions
available for charge conduction [45].
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Fig. 5. Results of the impedance spectroscopy measurements at T = 20 ◦C for all the different analyzed SOCs. The colormap emphasizes the frequency of
investigation.

Fig. 6. Results of the impedance spectroscopy measurements performed at SOC = 40% for three different temperatures (minimum value, standard conditions,
and maximum value).

This can influence the electrical response of the device and
contribute to higher impedance values.

Another observation is that, at lower SOC, more Warburg
curves occur. At low SOC, when the available electric charge
in the HSC is reduced, ion diffusion can become slower.
Warburg’s parabolas are typically associated with diffusion
processes, and, at low frequencies, they can reflect the ion
diffusion response within the electrolyte or across the elec-
trode/electrolyte interface layers.

When the SOC of the HSC is relatively low, the diffusion
effect can be more pronounced, leading to the observation of
multiple Warburg parabolas, as shown in Fig. 4(b) and (c).

SCs are known to have low internal resistance compared
to other energy storage devices. At high SOC, the internal
resistance of the HSC can be further reduced, contributing to
the linearization of the spectroscopy curve at low frequencies,
as shown in Fig. 4(a). This behavior is widely assumed in
the literature. Anyway, what stands out from this comparative
study is that for HSC, this assumption is valid only in the
case of high SOC. For low SOC, the impedance is no longer
linear, but the effects described above make the curve strongly
parabolic, as shown in Fig. 4(c).

This last behavior can also be seen in Fig. 5, where the
impedance at 20 ◦C and for all the different SOCs under
investigation is shown. Instead, the effects of the temperature
variations are shown in Fig. 6, where the EIS measured
data point for an HSC with SOC = 40% for three different
temperatures (i.e., minimum temperature, standard operating
condition, and maximum temperature) are shown.

Note that Figs. 5 and 6 use a colormap codification to iden-
tify the different frequencies of investigation of the impedance
during the EIS measurement, where the light blue points on
the right side of the graphs stand for low frequencies, while
the purple and fuchsia points stand for high frequencies. This
type of graph allows us to appreciate the wide range of
investigations and to rapidly understand the frequency value
of the different data points.

The most striking result to emerge from Fig. 6 is that
the impedance significantly increases at low temperatures
(up to ten times). This behavior can be expected for this
technology because, at lower temperatures, the mobility of
ions within the electrolyte decreases. This can affect the
speed of ion diffusion and, consequently, the impedance of
the HSC. Reduced ionic mobility can cause an increase



CATELANI et al.: EXPERIMENTAL CHARACTERIZATION OF HYBRID SUPERCAPACITOR 3503210

Fig. 7. Bode diagram of the impedance at different temperatures. (a) With
SOC = 100%. (b) With SOC = 40%. (c) With SOC = 0%.

in electrical resistance and, consequently, in the measured
impedance.

This effect can also be highlighted by the Bode plot shown
in Fig. 7, where the impedance at three different SOCs is
shown.

The effect is visible in Fig. 7 where, at low temperatures,
i.e., at T = −20 ◦C (blue trend), the phase is significantly
reduced, e.g., close to 0◦, and the magnitude of the impedance
increases.

Another interesting analysis is shown in the top subplot of
Fig. 8, where the frequency at which the transition from a
capacitive to an inductive behavior is reported as a function
of temperature (x-axis) and SOCs (using a color code, where

Fig. 8. Analysis of transition frequencies at different SOC and temperatures.
Transition frequency from capacitive to inductive impedance is shown in the
top subplot, while the bottom one refers to the frequency at which the local
minima occur on the Warburg curve.

red is assigned to SOC = 0%, i.e., fully discharged cell, inter-
mediate SOCs values are represented with orange and yellow,
while a fully charged cell, i.e., SOC = 100%, is illustrated
using green). The analyzed frequency decreases for higher
temperatures because of the temperature influences on the rate
of ion diffusion within the electrolyte.

At higher temperatures, ionic mobility increases, allowing
for faster ion transport and a more rapid electrical response.
This can result in a lower transition frequency from a capaci-
tive behavior to an inductive behavior.

An opposite trend is instead illustrated in the bottom subplot
of Fig. 8, where the frequency of the local minima on the
Warburg curve is reported as a function of temperature (x-axis)
and SOCs. In this case, the transition frequency increases when
temperature increases, with the highest values obtained for the
greatest SOC conditions. Furthermore, as can be seen in the
zoom reported in Fig. 8, it is important to point out that the
local minima are not even present when the temperature is
extremely low (i.e., T = −20 ◦C or T = −10 ◦C) and the SOC
conditions are 0% and 100%, emphasizing great changes in the
impedance spectra at harsh conditions, such as extremely cold
temperature, fully charged HSC, and fully discharged HSC.

Finally, in Fig. 9, the module of the impedance measured at
three specific frequency values (i.e., f = 1 mHz, f = 1 Hz, and
f = 1 kHz) is shown for different temperatures. As can be
seen from the graphs, the module is substantially independent
of the SOC when the EIS is performed at f = 1 kHz,
which is the standard value reported by all manufacturers.
However, when operating at low temperature and performing
EIS at low frequency, it is possible to highlight significant
variation according to the different SOC conditions. Anyway,
performing low-frequency spectroscopy takes a long time,
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Fig. 9. Analysis of impedance variation at three fixed frequencies: f = 1 mHz on the left, f = 1 Hz on the center, and f = 1 kHz on the right.

which represents a critical aspect in many real-case applica-
tions. Thus, the analysis of the magnitude of the impedance
is not particularly useful for estimating the SOC but can be
used to estimate online the HSC cell temperature. A final
consideration of Fig. 9 can be drawn regarding the actual
impedance value measured at f = 1 kHz. According to the
manufacturer, this value should be lower than 15 m�. Instead,
values close to 15 m� have been obtained only at high-
temperature conditions, while impedance rapidly increases
when temperature decreases, reaching even a double value for
negative temperature conditions.

V. CONCLUSION

In this work, an experimental characterization of a novel
HSC by employing EIS measurement has been proposed.

The innovative contributions and the most salient outcome
of this research can be summarized as follows.

1) At the moment, HSCs still represent an emerging and not
deeply investigated energy storage technology. For this
reason, an experimental characterization under different
operating conditions of HSCs has been proposed.

2) A specific test plan and an experimental setup have
been proposed to characterize the cell’s performances
by employing EIS measurement, considering a large
frequency range (1 mHz ÷ 100 kHz) with ten data
points per decade, six different operating conditions in
terms of SOC (0%, 20%, 40%, 60%, 80%, 100%), and
eight different operating temperatures in the range from
−20 ◦C to 50 ◦C.

3) The changes in HSC impedance under harsh operating
conditions have been studied and compared in this work
for different SOC values. Such information is of primary
importance because it can be used for multiple purposes,

from correct SOC and state-of-health estimation to diag-
nostic of malfunctions and hazardous conditions.

4) The comparative analysis also allowed us to understand
the operating limits in terms of working temperature.
For example, from the results obtained, it is evident
that when the cell operates at low temperatures, the
internal resistance increases significantly leading to a
strong degradation of the charge/discharge efficiency as
the ohmic losses increase.

Future development will involve the use of the constructed
dataset to develop the equivalent electric circuit of the cell as
a function of the different operating conditions that have been
studied.

DATA AVAILABILITY

The dataset used in this study is available at https://doi.org/
10.6084/m9.figshare.24321496.
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