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Abstract: A supercapacitor is a fascinating electrical device with advanced electrochemical properties,
including high energy density, quick charge-discharge rates, remarkable cycle stability, and elevated
specific capacitance. These characteristics distinguish a supercapacitor from other comparable
electronic devices. Significant research and development efforts by scientists over the past few decades
have focused on the electrochemical performance of supercapacitors. These initiatives have resulted in
the creation of diverse novel electrode materials. This review emphasizes the electrochemical
characterization methods for the electrode materials of supercapacitors.
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1. Introduction

1.1. Motivation.

The demand for alternative energy sources has increased in recent years due to the
imperative to reduce harmful environmental effects and rein in the consumption of global
energy resources. The supercapacitors (SCs) have sparked a wide variety of research interests
[1-2]. The SCs are just one of many atypical electric-power devices that are used in a wide
number of fields, such as hybrid autos and electric mass transit vehicles [3] and
wearable/portable electronic gadgets [4-5] due to the remarkable electrochemical capabilities
of SCs, which include high specific power, superior cycling life, and quick charging—
discharging rate [6-9]. There is a single type of capacitor that goes by many different names;
they include ultracapacitors, electrochemical capacitors (ECs), gold capacitors, electrical
double-layer capacitors (EDLCs) [10], pseudocapacitors, and power coaches [11-12]. Because
of the use of an electrolyte, a current collector, and electrodes with a large specific surface area
(SSA) [13-14], the capacitance of an SC is increased by a factor of 10,000 compared to that of
a conventional capacitor. Thin dielectric separators [15] also increase the capacitance of SCs
compared to standard batteries. The SCs store energy through a charge-discharge mechanism
at the electrode-electrolyte interface [16], similar to that of traditional capacitors; however, the
charge-discharge process in SCs is significantly faster [17]. While ordinary capacitors may
store a charge between micro and millifarads, electrolytic SCs can store a charge between 100
and 1000 F while maintaining a low equivalent series resistance (ESR) and specific power [18].
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Suppose properly designed and efficient materials are utilized. In that case, SCs can outperform
batteries in specific energy density (SED) and power density (Pd) by many orders of
magnitude, making them a versatile energy storage choice [18]. Power density indicates how
fast a device can deliver energy, whereas energy density indicates how long an energy storage
device may be used.

2. Characterization Techniques for Supercapacitors

2.1. Cyclic voltammetry (CV).

One of the most extensively utilized electrochemical characterization techniques is
cyclic voltammetry measurement [19-22]. During a triangle cyclic potential scan in cyclic
voltammetry, the electric potential at the electrode surface changes linearly with respect to
time. The voltammogram, or current-potential waveform, gives important information on the
reactivity of the electrolyte and mass transport capabilities [23-24]. The recorded current
profile illustrates the kinetics of chemical reactions in the solution and distinct physical
phenomena for ionic transfer when the electrode surface potential varies in a potential window
[25-28]. Cyclic voltammetry has been widely used in experimental studies to characterize the
electrochemical behavior of anodes, cathodes, and electrolytes in various energy storage
devices, including lithium-ion batteries [29-32]. The supercapacitors [33,34], flow batteries
[35-36], and fuel cells [37-38]. There are two types of electrode systems for the cyclic
voltammetry characterization technique, including three and two electrode systems,
respectively, as shown in Figure 1.
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Figure 1. Electrode systems used for potentiometric and volt amperometric measurements (a) two electrode
system; (b) three-electrode system (WE (Working electrode), RE (Reference electrode) and CE (Counter
electrode) stands for Working, Reference and Counter Electrodes, respectively) ().

In a three-electrode system (Figure 1b), cyclic voltammetry (CV) is the linearly varying
electric potential between reference and working electrodes or between positive and negative
electrodes in a two-electrode system, as shown in Figure 1la [39]. The scan rate refers to the
pace at which the potential changes, whereas the potential working range is referred to as the
potential window [23]. The electrochemical processes and charge storage mechanism are
outlined by the current patterns observed during the cathodic/anodic sweeps. In the case of
EDLC (electric double-layer capacitor), a rectangular pattern is formed (Figure 2a), whereas
significant redox peaks develop in a reversible way in pseudocapacitance materials [40-42], as

https://materials.international/ 20f 12


https://doi.org/10.33263/Materials71.010
https://materials.international/

https://doi.org/10.33263/Materials71.010

illustrated in Figure 2b. The scan rate is related to the instantaneous current generated by the
EDL (electric double layer) mechanism. In a three-electrode setup, CV measurements may be
used to determine the specific capacitance, the potential window of electrode materials, and the
charge/discharge reversibility [43]. Equation 1 can be used to calculate the specific capacitance
(C) of a supercapacitor device assessed using the CV technique.

idv
s = Semay @
Where Csis the specific capacitance (F/g), k is the scan rate (mV/S), m is the mass of

active electrode material (g), and AVis the potential window (V) and [ idV is the area under
the CV curve.

A voltammogram is a plot of current against voltage that is usually rectangular for an
ideal supercapacitor [44-45], as shown in Figure 2a. The rectangular shape of voltammograms
indicates the establishment of an electric double layer, and the overall current density is mostly
attributable to capacitive current density. Voltammograms in pseudocapacitors are often quasi-
rectangular (Figure 2b), with or without redox peaks. The overall current density of
pseudocapacitors is comprised of capacitive and faradaic redox current densities [46]. In real
situations, deviations from rectangularity are caused by system series resistance, which can be
linked to the electron transfer process in the electrode material, ion diffusion in the electrolyte,
and contacts between the electrode and device terminals [47]. Since these resistances prevent
the current from responding instantly to changes in the voltage scan directions, two of the
voltammogram corners are rounded off to produce a quasi-rectangular shape, as shown in
Figures 2b-c, with the rounding becoming more evident as the scan rate is raised. Electrolyte
degradation, which usually occurs at the extremes of the voltage scan, is another nonideality
typically seen in supercapacitors, as shown in Figure 2c.
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Figure 2. Different types of voltammograms for supercapacitors: (a) ideal supercapacitor; (b) pseudocapacitors
(series resistance); (c) non-ideal supercapacitor (electrolyte degradation).

Galvanostatic charge-discharge (GCD) is the experimental opposite of cyclic
voltammetry, in which the supercapacitor is charged and discharged at a constant applied
current between two predetermined voltage points or windows [48]. The GCD characterization
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procedure more closely resembles real-world results as it is time-dependent. As shown in
Figure 3a, the resultant plot of voltage over time should be linear, with alternating positive and
negative slopes. The deviations from linearity can arise for the same reasons as before (for
cyclic voltammetry), with series resistance causing the cell voltage (IR drop) to decrease fast
when switching from charging to discharging, as shown in Figure 3b. Furthermore, electrolyte
deterioration or other redox events, such as pseudocapacitance [49], will result in voltage plot
plateaus or inflection points, as indicated in Figure 3c. Moreover, all genuine supercapacitors
exhibit self-discharge, which occurs when the device is charged but not linked to any external
load and conducts a small amount of current. The parasitic current may be large if the cell is
short-circuited via unintended direct contact with the electrodes [50]. Due to the increased
relative magnitude of the parasitic current, the cell voltage drops quicker than predicted during
discharge. This is especially visible at low applied current densities [51]. The specific
capacitance of a supercapacitor for a two-electrode system can be computed using Equation 2:

=2 2

T maAv
Where C, represents the specific gravimetric capacitance (F/g), I represents the

discharging current (A), At represents the charging/discharging time (s), m represents the mass
of the active material (g), and AV represents the operating potential window.

GCD testing provides the following performance evaluations for various structures
when used in supercapacitor applications: alginate interconnected porous carbon [52-54] had a
stable capacitance value with an increase in current density, an increase in pseudo redox
processes for porous carbon material obtained from pectin biopolymer [55-56], and high cycle
stability for multi-hierarchical porous carbon obtained from keratin biopolymer [57-58].
Galvanostatic cycling, like cyclic voltammetry, may be used to test rate capability across a
wide range of current densities. Since supercapacitors are energy storage devices, the charge
stored or discharged and energy are essential information often derived from the GCD data. As
always expected, the energy-related findings reflect those for capacitance since energy is
simply related to capacitance and the voltage at which the charge is added/removed from the
system [59]. While significant IR drops (Figure 3b) may cause deviations between capacitance
and energy even with appreciable IR drops in metal oxide systems at high currents [60], all the
trends and conclusions drawn for capacitance apply equally well for the energy.
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Figure 3. GCD curves (a) Ideal supercapacitor; (b) Supercapacitor in which there is series resistance; (c)
Supercapacitor system in which there is electrolyte degradation.
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2.3. Electrochemical impedance spectroscopy (EIS).

Electrochemical impedance spectroscopy (EIS) has a number of advantages for
determining the power delivery capabilities of supercapacitor devices. In a single experiment,
EIS can isolate and measure the reaction bulk (Rb), interface layer, charge transfer reaction
(Rct), and diffusion process (W) cell resistances [61]. Measuring EIS spectra does not need the
disassembly of the supercapacitor cell, which is beneficial in reducing moisture and oxygen
contamination of sensitive samples [61]. It is also feasible to do EIS measurements while the
cell operates, which is useful for acquiring spectra without disturbing the cell. A supercapacitor
is made up of the following components: a cathode, an anode, a separator, current collectors,
and an electrolyte. Electrons and ions travel through each component of the cell that possesses
resistive and capacitive characteristics during electrochemical processes. In other words, the
circuit elements that make up the equivalent circuit model, which connects these components
in parallel and/or series, are the supercapacitor components and the double layer on the
interface [62]. Although the impedance characteristics of circuit parts differ depending on cell
type and component character[61], the overall impedance value may normally be determined
by scanning the AC frequency in the 100 kHz to 10 MHz range [61,63]. The frequency range
of EIS analysis is determined by the normal reaction time with the components of the confined
cell [64]. As aresult, the low frequency of 10 Hz to 10 MHz is used to depict the slow transport
process of ion diffusion, which is indicated as Warburg impedance [65], shown in Figure 4b.
The impedance associated with the charge transfer reaction may be acquired in the middle-
frequency range of 10 kHz to 10 Hz, followed by the normal time's constants, and the relatively
quick transport process across the interface layer can be measured in the high-frequency range
of 100 kHz to 10 kHz. EIS spectral fitting based on the obtained equivalent circuit model [66]
may be used to assess the associated impedance values for each frequency range. The
impedance is derived from these measurements at each frequency and displayed as a Nyquist
plot (Figure 4a), which graphs the imaginary component of impedance against the real
component, or a Bode plot (Figure 4b), which shows the magnitude of impedance and phase
shift versus frequency [59,62]. EIS data may be interpreted using multiple supercapacitor
equivalent circuit models (Figure 4c). Specific characteristics like EDLC, series resistance
(Rs), and charge transfer resistance are associated with redox processes at the
electrode/electrolyte interface, assuming pseudocapacitance is relevant and diffusion-related
resistance can be derived from the best fit [67].
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Figure 4. EIS plots (a) Nyquist plot; (b) Bode plot; (c) Equivalent electrical circuit diagram for fitting.
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The ideal Randles electrical equivalent circuit of the interface is shown in Figure 4c.
On the left in Figure 4a are the high-frequency components, while on the right are the low-
frequency components. In Figure 4c, Cdl stands for double-layer capacitor; Rp stands for
polarisation resistance; Rs stands for solution resistance; ZW stands for Warburg impedance.
The mass transports of the reactant and product have a role in influencing the rate of electron
transfer at the interface, which is determined by the consumption of oxidants and the creation
of the reductant near the electrode surface. Another sort of impedance (ZW) is provided by the
mass transfer of the reactants and products, which may be utilized in CV because it appears as
a peak current in a voltammogram. Each circuit component corresponds to each interfacial
component, as shown in Figure 4c.

2.4. Specific surface area/porosity and morphology.

The synthesis method utilized for processing biopolymer materials to obtain carbon
significantly affects the morphology and surface area of the carbon produced [68-72]. All the
synthesis methods aid in achieving a porous carbon but with different qualities (surface area
and morphology). Therefore, we will look at the morphological and surface area
characterization based on the synthesis techniques. The following characterization techniques
are used to assess the morphology and surface area of the active materials: Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), and Brunauer-Emmett-Teller
(BET) technique. To start with, a chemical activation method was used to extract carbon from
lignin biopolymer, according to Singh et al. [73]. The SEM results of the CA-CNF sample
showed a chopped ribbon-like morphology with a short length. A continuous ribbons-like
morphology, which split into short-length discontinuous stripes, was obtained for the CNF mats
sample as a result of crushing with activating chemicals. CA-CNF, on the other hand, retains
its prior ribbon morphology following grinding and activation. The ACNF 2-D mats had a
continuous and linked fiber network with a diameter in the nano to sub-micron range (600-
1400 nm). The electrochemical behavior of the electrode is influenced by its surface area and
porosity type. The specific surface area of the ACNF mat was 806.9 m?/g, whereas the AC [73]
and CA-CNF samples were 1856.8 m?/g and 1843.9 m?/g, respectively. Microwave-assisted
synthesis was used by Li et al. [74] to synthesize carbon from chitosan biopolymer for
electrochemical applications. The best NHPC-produced sample has a high nitrogen
concentration of 9.4 wt%, a large specific surface area of 1170 m?/g, a pore volume of 1.32
cm?®/g, and a mesopore ratio of 78%. The pore size of NHPC-2.5 reaches several micrometers,
which is significantly larger than that of NHPC-2.0. The microstructure of mesopores and
micropores has been established in the NHPC-2.0 sample. As a result, the SEM and TEM
images show that NHPC-2.0 has a hierarchically porous structure with macropores, mesopores,
and micropores. In addition, thermal treatment was employed to extract carbon from cellulose
biopolymer for use in electrochemical energy storage devices by Wang et al. [75]. The t-plot
technique was used to calculate the specific surface area of micropores, which reached a
maximum of 687 m?/g for HPC-1000 and dropped as the thermal treatment temperature
increased. After heat treatment, the Field emission scanning electron microscopy (FESEM)
images show a shrunken micro-sized spherical morphology, and the high-magnification
FESEM confirms the existence of mesopores in the shrunken microspheres. In another study
by Li et al. [76] on electrochemical applications of natural biopolymer carbon generated
utilizing the template approach, the as-obtained NPCA sample has a honeycomb-like 3D
(three-dimensional) network architecture made up of linked carbon nano-sheets with a
https://materials.international/ 6 of 12
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hierarchical porous structure and large specific surface area of up to 1438 cm?®/g was achieved.
Moreover, Zhou et al. [77] also investigated the use of a novel in-situ template approach to
produce carbon from pectin biopolymer for energy storage. The NHPC-700 had a large specific
surface area of 2928 m?/g and a good micropore/mesopores ratio, which helped to improve
specific capacitance performance. SEM was used to examine the morphology of the as-
prepared carbon. The NHPC-600 has an uneven framework structure with numerous
interconnecting macropores after being activated at 600°C. When the activation temperature is
raised to 700°C or 800°C, the NHPC-700 and NHPC-800 displayed a 3D architecture made up
of unevenly ordered thin sheets morphology. The evidence presented thus far supports the idea
that the synthesis methods significantly affect the morphology and surface area of the carbon
material generated. The walls of the pore in carbon materials appear thin, and the
interconnected pores create a networked morphology [76-77]. The activation agent used, which
may operate synergistically as a surfactant that forms the network while releasing gas upon
degradation enables pore connectivity, can be attributed to such distinct structural properties
[78]. Closed pores are also detected in carbon synthesized with salt as an activator, probably
because no gaseous by-products are produced during carbonization despite the thin walls of the
pore [79]. Because charge transfer requires an interconnected porous network, it is desired that
carbon with a large surface area and porous morphology is the best candidate for use as an
electrode material in supercapacitors [80]. Potential electrode material must contain a large
number of three-dimensional, crosslinked pores, especially when compared to carbon, with
almost no pores or a closed porous structure [76-77].

3. Conclusions

When the battery cannot deliver energy instantaneously, the supercapacitors can fulfill
this role, after which the battery can assume responsibility when a steady energy supply is
necessary. This hybrid system will be highly sought after since it can be employed in several
innovative energy-related applications in the future. Further research is necessary to advance
hybrid electric vehicle systems utilizing hybrid capacitors that integrate the functionalities of
batteries and supercapacitors. The hybrid-electric car sector is presently at capacity, although
a breakthrough in this domain could enable it to surpass these limitations. Notwithstanding the
extensive study conducted in the field, the advancement of high-performance supercapacitors
remains nascent. Further research is necessary for supercapacitors to achieve their maximum
potential. This study should concentrate on the physics of energy storage and the optimal design
of the electrodes. Due to the limited study on this aspect of supercapacitors, we concentrated
our review on delivering a comprehensive overview of several electrode materials, assessing
their performance in supercapacitors, and delineating the advantages and disadvantages of
each. This study illustrates that supercapacitors are rapidly emerging as competitive energy
storage for future purpose technology owing to significant recent developments in electrode
materials. These developments have markedly enhanced supercapacitor performance, enabling
them to store considerably greater amounts of energy in the future.
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