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Analysis of the Energy Efficiency of a Hybrid Energy Storage
System for an Electric Vehicle
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Abstract: The large-scale introduction of electric vehicles into traffic has appeared as an immediate
necessity to reduce the pollution caused by the transport sector. The major problem of replacing
propulsion systems based on internal combustion engines with electric ones is the energy storage
capacity of batteries, which defines the autonomy of the electric vehicle. Furthermore, considering
the high cost of the battery, it is necessary to consider the implementation of command-and-control
systems that extend the life of a battery for as long as possible. The topic covered in this article
refers to the analysis by modeling and simulation of the efficiency of a hybrid energy storage system
(battery—supercapacitor) adapted for an electric vehicle (e-Golf). Based on the simulations carried out,
considering that the operating mode corresponds to the WLTP test cycle, the major conclusion was
reached that the use of such a system leads to a decrease in energy consumption by 2.95% per 100 km.
Simulations of the model were also carried out to obtain the variation in electricity consumption and
vehicle autonomy depending on the number of passengers. Electricity consumption if the vehicle is
equipped with a hybrid energy storage system increases by 0.67% on average for each passenger (of
75 kg) added and by 0.73% on average if the vehicle is not equipped with supercapacitors. Moreover,
the use of the supercapacitor’s properties leads to the reduction in the peaks in energy taken/given
by the battery with a direct effect on extending its life.

Keywords: electric vehicle; energy source; Li-ion battery; supercapacitor; efficiency; simulation

1. Introduction

The immediate solution to the global energy crisis and environmental problems caused
by the pollutant emissions of internal combustion engine vehicles is considered to be the
widespread use of electric vehicles. The main barrier in achieving this is related to the
autonomous performance of electric vehicles, performance that is strongly (and directly)
affected by the energy storage sources used [1,2]. The immediate requirements of the energy
storage systems in electric vehicles are that they must simultaneously offer a pecific energy,
a high specific power, and a long lifetime, desires that are difficult to fulfill at the present
time with the current sources of energy storage. The usage of a hybrid energy storage
system (HESS), which combines an energy storage device with a high power density (such
as a supercapacitor), is one of the alternatives suggested and examined for this purpose,
together with one with a high density of energy, such as a lithium-ion (Li-ion) battery.
Li-ion batteries (among all electrochemical energy storage solutions) are the most used
because of their high specific energy, but they have low specific power and a short lifetime,
characteristics that limit their application [3]. Compared to Li-ion batteries, supercapacitors
have a longer lifetime and higher specific power [4]. As a result, the utilization of an
HESS, which combines Li-ion batteries with supercapacitors, benefits from both the Li-ion
batteries” high specific energy and the supercapacitors” high specific power. Thus, under
the specific conditions of their use in electric vehicles, the overloading of Li-ion batteries
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can be remarkably reduced with the assistance of supercapacitors, and thus the lifetime of
the batteries would be significantly extended.

The existence and technological availability on the market of a much more efficient
electrical energy storage system is the main obstacle to the development of electric vehicles,
which in the future must offer the performance demanded by customers (especially the
travel autonomy) at affordable prices. Energy sources must meet a number of conditions to
provide high efficiency and good operational characteristics, including high power and
energy density, long lifetime, reliability, and maximum efficiency functioning in a wide
range of ambient temperatures. Currently, the most used energy storage systems for electric
vehicles are those with electrochemical batteries, hydrogen fuel cells, and supercapacitors,
but installing and using only one type of energy storage system is energy inefficient. This
has led to the need to carry out studies and research in the field to highlight the effects of
the hybridization of energy sources from the point of view of increasing the performance
of electric vehicles (autonomy, dynamic, and energetic performances).

There has not been as much research in the field of HESSs as carried out for batteries
and, mainly, it has been in related to the identification of domains and areas for applica-
tion, increasing the energy performance of supercapacitors by developing new materials
for components, application in the EV structure and analysis of energy performance for
different operating situations, control methods and strategies for energy management of
hybrid energy storage sources, etc. [5,6]. The obtained results showed the high potential of
their implementation and use [7-9].

From the point of view of identifying the fields of implementation of hybrid storage
sources, it was highlighted that HESS systems lend themselves mainly to applications in
the field of photovoltaic energy (PV) and electric vehicles (EV) [10,11], but also in the field
of portable electronics and industrial energy management [12]. Studies and research are
continually being carried out to increase the performance of supercapacitors by optimizing
the materials used in their construction. Pseudocapacitive materials, including metal oxides
such as TiO,, MnO,, Mn304, V705, and NiO in combination with conductive polymers
(polythiophene—PTP, polyaniline—PANI, polypyrrole—PPY) were considered to improve
energy performance [13-15]. Research was also carried out to identify simple and low-cost
manufacturing methods of various charge storage materials for high-performance superca-
pacitors [16,17]. The need to use both the electric energy from the battery and the energy
stored in supercapacitors has led to research, development, and optimization of various
control methods and strategies integrated into the energy management system [18-21]. Re-
garding the effect of using an HESS system with supercapacitors as the energy source of an
EV, the studies carried out considered different particular or standardized functional cycles
(NEDC, China bus driving cycle—CBDC, FTP) to analyze parameters such as autonomy,
SoC, and SoH [10,18,22].

A technical parameter of supercapacitors not to be neglected is the one given by the
difference in the optimal range of temperatures in which supercapacitors can be used com-
pared to Li-ion batteries. Research carried out on this issue showed that the performance
related to energy storage offers an important advantage in the use of supercapacitors, i.e.,
the wide range of functional temperatures: —20 ... +80 °C [7,23]. This can be an advantage
in the implementation of HESS battery-supercapacitor systems in electric vehicles, the
use of supercapacitors outside the functional temperature limits of Li-ion batteries (with
+15 ... +35 °C being the optimal functional range considered [24]) being beneficial for in-
creasing the lifespan of energy sources. The wider range of operating temperatures also
makes it possible to facilitate the fast-charging process, a process demanded more and
more by electric vehicle users [25]. A major benefit is that the management of hybrid HESS
systems is compatible with (and may be utilized with) both air and liquid thermal manage-
ment systems used for energy sources with batteries [26,27]. One additional advantage of
using HESS battery—supercapacitor systems for electric vehicles is that the supercapacitor
does not pose risks of ignition and burning in the event of a traffic accident in certain
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constructive configurations (depending on the type of electrolyte: aqueous and inorganic
solid, for example) [7].

Because supercapacitors are expensive to purchase, despite all the benefits listed
above, the HESS battery—supercapacitor systems have not been widely adopted or used
(the price of a supercapacitor with the same energy capacity as a Li-ion battery being 275%
higher [28]). However, research carried out in this direction has shown that this problem is
a false one if the entire lifetime of the EV is considered, due to the large difference between
the life cycles of supercapacitors compared to Li-ion batteries. A comprehensive study was
carried out regarding the economic efficiency of the use of hybrid HESS systems (battery—
supercapacitor) implemented in the propulsion system of different electric buses [28]. The
main results obtained showed that adding a supercapacitor unit to the battery module
increased the price of the energy storage system by approximately 25%, but by extending
the battery life, it reduced its operating costs by 10 to 27% (compared to the use of a battery-
based energy storage unit). Similarly, the use of a hybrid HESS system for a micro-EV
showed that the operating costs over the entire lifetime were lower by 3.76 ... 15.88% than
the use of a single power battery [29]. Furthermore, the application of an HESS battery—
supercapacitor in stationary UPS (uninterruptible power supply) systems showed that the
battery’s capacity faded by up to 60% and the amortized cost of the hybrid system was
17.6% less than that of the battery alone [30].

Energy storage is one of the main challenges not only for EV technology but also for
the field of renewable energy, due to its intermittent nature. In this study, the focus is
on the analysis of the use of hybrid energy storage systems in EVs with the aim of better
understanding the immediate advantages and the possibilities of developing new practical
concepts which can contribute to solving the energy problems that appear in electric
vehicles. The paper presents a study based on computerized numerical analysis (simulation)
on the efficiency of hybrid energy storage systems based on the use of supercapacitors
in EVs, with the aim of improving the vehicle’s autonomy, protecting the battery from
extreme operating demands (peak currents), and thus, extending its life. The novelty of the
study is in the fact that it was used to identify the performance of an HESS applied to an
EV, the WLTP test cycle (which replaced the old test cycles) and the model were validated
based on the data obtained through real testing (and provided by the manufacturers) of an
e-Golf vehicle.

2. Current Status of Hybrid Energy Storage Systems (HESSs)

It should be noted that in addition to battery—supercapacitor HESSs (systems that
present good functional properties and are used in the construction of several EVs), there
are other types of hybrid systems that can be used, such as flywheel, compressed air, and
superconducting magnetic energy storage systems. Although these energy storage systems
are still in different research phases, they can be further developed and applied in the
future to EVs and PHEVs (plug-in hybrid electric vehicles) thanks to the features and
characteristics that will be presented in the following sections.

2.1. Hybrid Energy Storage System with Flywheel

Rather than using a battery and supercapacitor HESS, the flywheel system uses a
kinetic device. In essence, a flywheel created for energy storage is a rotating disc with a very
high moment of inertia that is intended to spin at extremely high rates (20,000-50,000 rpm).
Electricity can be created by converting stored kinetic energy into electricity, and vice versa.
Typically, the motor (or generator) is connected to the steering wheel, though it can also be
the rotor itself. In engine mode, the EV simply increases its speed to increase the kinetic
energy stored in the steering wheel, and in generator mode, the flywheel of the electric
car drives the shaft mechanically. [31]. The major problem related to this hybrid energy
harvesting system is that the high-speed flywheels must be insulated in a vacuum to reduce
energy losses due to friction, and the bearings used are of the magnetic type for the same
purpose [32]. Another disadvantage in its use is the fact that the flywheels are high-speed
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devices that require insulating casings of special construction to prevent damage caused in
cases of mechanical failure. The advantage of flywheel systems is that they have a long
lifetime (typically approx. 20 years [33]) and provide large amounts of energy in a very
short time for specific applications for large vehicles (lorries, buses, and locomotives).
Figure 1 shows a hybrid electrical energy storage system that includes a flywheel
and a battery. The flywheel can be connected to the DC bus via a bidirectional DC/AC
converter and a high-speed electric motor/generator. When the vehicle decelerates, energy
is captured by the flywheel by driving the electric car in motor mode and the converter in
inverter mode. The electric machine runs in generator mode and the converter is operated
in rectifier mode when the energy stored in the flywheel is needed for propulsion [33-35].

ESS

B SC
L Lt PS
T-T-

INV

Figure 1. Hybrid energy storage system with flywheel (B—battery, SC—supercapacitor, CS—
control system, PS—powertrain system, FwS—flywheel system, M—motor, M/G—motor/generator,
INV—inverter).

2.2. Hybrid Energy Storage System with Compressed Air

Hybrid energy storage systems with compressed air may also be future solutions in
EV construction. These energy storage options outlast batteries by a significant margin and
have an energy efficiency of 75-80% [36]. They feature a reasonably straightforward design
and functionality in addition to their high efficiency and long lifespan (Figure 2).

Fe—m == — === 1 ESS
B SC

PS

INV

Figure 2. Hybrid energy storage system with compressed air (B—battery, SC—supercapacitor,
CS—control system, PS—powertrain system, INV—inverter, PnS—pneumatic system, M—motor,
M/G-motor/generator, 1—filter, 2—air dryer, 3—pump, 4—valve, 5—air reservoir).

The DC bus can be used to connect compressed-air-based potential energy storage
devices by using a motor/generator and a bidirectional DC/AC-AC/DC converter. The
converter is used in inverter mode while the electric machine is used in motor mode during
the energy storage process. The compressed air tank’s pressure is raised by a pump that
the engine powers and functions similarly to a compressor. The converter is operated in
rectifier mode and the electric machine is run in generator mode whenever power from
the compressed air system is required. In this way, the pneumatic pump is driven by the
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compressed air that is released from the tank through the valve and drives the electric
machine that works in generator mode and provides the necessary energy. The electronic
power converter and compressed air tank valve are controlled according to the mode of
operation and the amount of power to be delivered to/from the compressed air storage
system.

2.3. Superconducting Magnetic Energy Storage Systems

Superconducting magnetic energy storage systems (SMESSs) can store electrical energy
in the form of magnetic energy. SMESSs are capable of rapidly transferring large amounts
of energy during both charging and discharging with over 95% efficiency [37].

The combination of a battery with SMESS in HESS provides a high power density
and high energy density without moving mechanical parts [38—40]. SMESSs can replace
both batteries and supercapacitors, but the main disadvantage of these systems is that
they operate at very low temperatures (electromagnetic coils are used to act as a supercon-
ducting material and reduce ohmic losses). For this, the SMESS must be embedded in a
cryogenic system whose complexity and refrigeration power reduce the overall efficiency
of the system. Cooling can be ensured by evaporating a cryogenic liquid such as helium,
nitrogen, or neon [41], but the application of these strategies to vehicles represents a very
large limitation of practical applicability. The most practical and cost-effective immedi-
ate option is to set up the conditions for the use of high-temperature superconductors,
which would enable SMESSs to be used in the construction of electric vehicles. However,
high-temperature superconductor material development is still in its infancy [42—44]. The
possibility of implementing SMESSs in EVs is presented in Figure 3.

ESS
B SC
L Lt PS
T-T-
I
Ry cs
i SM —
e N J
i D2 'Z:ET s2
{ SMESS

Figure 3. Hybrid energy storage system with SMESS (B—battery, SC—supercapacitor, CS—control
system, PS—powertrain system, M—motor, D1 and D2—diodes, S1 and S2—switches).

2.4. Hybrid Energy Storage System with Supercapacitor

Currently, Li-ion batteries are widely used as energy storage systems in EVs due
to their high energy density, operational safety, reliability, and increasingly low produc-
tion cost. However, the peculiarities of their operation and exploitation make frequent
charge—discharge cycles directly affect the life of the batteries [3]. By adding more super-
capacitors, which will lower the battery’s maximum current, battery performance can be
increased (Figure 4). Supercapacitors have a long lifespan and a high power density of
over 6000 W/kg due to the absence of chemical variations at the electrodes; however, the
relatively low energy density of 5 Wh/kg [45] prevents the use of supercapacitors as the
primary energy sources in an EV.
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iy EMS PS

Figure 4. Hybrid energy storage system (battery + supercapacitor) application in EVs (B—battery,
SC—supercapacitor, EMS—energy management system, PS—powertrain system, M—motor).

Both electric and hybrid vehicles, as well as fuel cell vehicles, may benefit from hybrid
energy storage systems made up of a battery and a supercapacitor because they have high
energy and power utilization and long battery and supercapacitor lifespans [46,47]. A
battery can store large amounts of energy (of the order of 100 Wh/kg), but it is not suitable
for providing a large amount of energy in a very short time, which is due to a low power
density [48]. A supercapacitor has a low storage capacity but can deliver a large amount of
power (10 kW /kg) [49]. In a hybrid storage system, the battery is used to provide a large
(and relatively constant) amount of energy at low loads, while the supercapacitor is used to
meet the demands of regenerative braking and acceleration.

Such a scenario also helps to improve battery life, and the combination of battery and
supercapacitor also has the advantage of reducing the size and weight of the energy storage
system [50,51].

Although significant progress has been made in recent decades in improving the
energy performance of batteries, the main problem comes from how they are used. Battery
damage can occur even in small electronic devices such as mobile phones and laptops due to
sudden power utilization or demand. This condition is permanent in EVs because a variety
of circumstances, including traffic, driving habits, the road, unexpected accelerations, etc.,
produce quick changes in how the battery is used, resulting in a sharp decline in battery
performance and life. Due to this, the optimization of energy storage systems in an EV has
become vital and the battery—supercapacitor hybrid storage system is one of the systems
that can be used in EVs to increase battery life. By using supercapacitors, batteries are
protected from high peak currents, which can be harmful to batteries. Additionally, the
battery cannot be regularly depleted at a rate fast enough to fulfill the demands of an
EV that suddenly consumes power during acceleration. The storage of a high current
produced during braking (if a regenerative braking system is present) follows the same
rules. The electrolytes may suffer as a result of these significant electrical current variations
to and from the battery. The battery life is shortened when this acceleration-braking cycle
is repeated (such as when driving in urban agglomerations).

Supercapacitors are electrochemical systems similar to batteries, but the main differ-
ence is that they can charge and discharge very quickly. They are good solutions to meet
short-term energy needs but cannot be used as the only energy source in electric vehicles
(EVs) due to their lower energy density when compared to batteries.

When a vehicle incorporates a hybrid energy storage system, braking energy is stored
in both supercapacitors and batteries. The energy from the supercapacitors can be reused
to accelerate the vehicle, and the energy stored in the batteries can be used to serve other
systems such as the passenger compartment heating, air conditioning, or other electronic
devices in the vehicle. Therefore, the total performance of EVs can be significantly impacted
by a well-designed hybrid energy storage system with high energy density, extended
lifetime, and high power density. Hybrid energy storage systems are mostly used from an
economic point of view, for energy recovery from braking in passenger transport vehicles,
such as city e-buses [52].
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2.5. Classification of Battery—Supercapacitor Hybrid Energy Storage Systems

A battery—supercapacitor hybrid storage system can have a wide range of topologies,
and Figure 5 illustrates some fundamental strategies for combining the two energy storage
options [53]. In the simplest configuration (Figure 5a), the power distribution between the
parallel-connected energy storage units is simply governed by their internal resistance. The
hybrid passive storage system works well as an energy source for starting motors but is
ineffective as an energy source for electric vehicles (EVs).

DC
DC Bus
Bus
SC
[ ] A4t DC/DC
SC B+ T_
At L
T- T- B
! I Lt DC/DC
T /
(a) (b)
sC B+ DC
*: DC/DC {I_-_ DC/DC I Bus

()

Figure 5. Hybrid energy storage systems (HESS): (a) passive, (b) active with low-voltage battery and
high-voltage supercapacitors, (c) active with low-voltage supercapacitor and high-voltage battery.

To optimize the merging of supercapacitors and batteries into a single package,
DC/DC converters are needed to manage the power flow between them and the DC
bus. Figure 5b represents a hybrid active energy storage system. This topology allows
power exchange directly between the source and the supercapacitors without the use of
a DC/DC converter. The main power flow from the battery is controlled by a DC/DC
converter, which allows the power to be split, but at the same time increases losses due to
the converter.

Moreover, such a system imposes restrictions on the acceptable voltage values of the
supercapacitors. The output voltage must be higher than the BEMF (back electromotive
force) of the electric motor (which necessitates the use of high-voltage supercapacitors [30]).
In another topology (Figure 5¢), a supercapacitor is connected to the battery through the
bidirectional DC/DC converter. The DC/DC converter allows for proper load sharing
between two devices, as well as controlling the power flow between them to maintain
the proper voltage of the supercapacitors. In general, hybrid energy storage systems
(battery—supercapacitor) can be classified based on their connections (Figure 6).

The easiest and most affordable topology is the passive connection of the battery and
supercapacitor to the DC bus; the battery and supercapacitor are connected to the DC
bus at the same voltage (which is determined by the battery’s state of charge value and
charge/discharge characteristic). Because of this, EV and PHEV construction typically uses
the passive connection.
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Figure 6. Classification of hybrid energy storage systems with battery and supercapacitors (HESS)
(adapted from [22]).

3. Materials and Methods
3.1. Theoretical Considerations on Supercapacitors

Compared to current battery technologies, supercapacitors have a much lower energy
density, with the ability to charge and discharge very quickly, and have a high power
density. These technical operating characteristics can improve the autonomy of an EV when
the supercapacitors and the battery form an HESS. The selection process of a supercapacitor
for integration into an HESS is based on the following parameters: voltage, capacitance,
energy storage capacity, and energetic losses. The supercapacitor’s nominal voltage needs
to be as close as possible to the EV’s DC bus voltage and satisfy Equation (1) [54]:

Vsc_max S VDCbus_max (1)

The minimum voltage at which a supercapacitor can operate is closely related to the
current I, max and the power Py that the DC/DC converter can handle.

P
Veemax < 7 0 @)

c_max

The storage capacity of the supercapacitor can be calculated with the relation:

EC = % (Vgc_max - VgCg) + %KC (Vgc_max - VSCO) (3)
where Vg max is the maximum voltage of the supercapacitor, Cy represents the capacitance
of the supercapacitor, Vg is the initial voltage of the supercapacitor, and K is a coefficient
that represents the effects of the supercapacitor’s diffusion layer. Equations (4) and (5)
provide the initial capacitance Cy for the given coefficient and the braking energy Eg,
respectively:

2

CO - 2 2
(Vsc_max - Vsc_int

) {EB - ;KC <Vgc_max - Vgc_int)] (4)

with Vi int the intermediate voltage of the supercapacitor.
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The braking energy Ep is given by:

Ts
Eg=np [ Po(t)dt (5)

where 1 is the efficiency of the entire conversion system (including the drive converter,
motor, DC/DC converter, and supercapacitor efficiency), the power Py(t) is the drive
shaft power, and Tg is the braking time [55]. The transfer energy (ride-through) Egrt
available from the supercapacitor is given by Equation (6) and the transfer energy that the
supercapacitor package can deliver to the system, when the EV does not accelerate, can be
calculated with Equation (7):

1 2 2 2 3 3
Err = ECO (Vsc_int - Vsc_min) + EKC (VSC—mt B Vsc_min) (©)

"TrT
Ert = nm /0 Po(t)dt )

where Tgry is the transfer time and 1y is the efficiency of the whole system, which depends
on the internal resistance of the supercapacitor pack and the power of the drive shaft Py(t).

To protect the supercapacitors, it is not advised to discharge all of their energy during
actual operation. As a result, the maximum permitted discharge energy must be established.
Equation (9) can be used to compute the depth of discharge (DoD):

DoD = 100 (1 V“—m) (8)

VSC?l’IlaX

When choosing supercapacitors, it is important to calculate the energy losses of
the supercapacitors. Assuming that the supercapacitor is a linear capacitor (K¢ = 0)
and neglecting the internal resistance Rcy, the charging and discharging currents can be
calculated with Equations (9) and (10):

. CO z
i =P ’
c0_charging co (Covgc_min + 2PC0 (t) ) ( )
%
. CO
cO_d1schargmg | C0| <C0V§CO + 2PC0 (t) ) ( )

where V. g is the initial voltage and the charge/discharge power Py is constant [56]. The
power losses of the supercapacitor are calculated using Equations (11) and (12):

Co

PC_charging = RcoPe (11)
_charging Co COV§CO7min + ZPCO( t)
Co
PC discharging = RcoP2 12
C_discharging RcoPey C0V§c0 + 2Pco (t) (12)

3.2. Modeling and Simulation of the Electric Vehicle

The numerical analysis of the energy efficiency of an HESS for an EV application was
carried out by using a numerical model built in the AVL CRUISE software application.
The AVL CRUISE application is a complex and dedicated software application for the
simulation of different models of propulsion systems for motor vehicles. The initial data,
input data, and technical characteristics of the vehicle propulsion system were used to
build the numerical model for the simulation process.

For the analysis and study of the theme presented in this article, a virtual EV was built
and developed based on the constructive parameters of a Volkswagen (VW) e-Golf electric
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vehicle. The purpose of the simulations is to highlight the comparative energy performance
of the considered energy storage systems (battery system and battery—supercapacitor
hybrid system) by analyzing the differences in autonomy and energy consumption. The
steps taken to define the computerized simulation process algorithm are the following;:

Creating a new project/version;

Development of the vehicle model;

Realization of energy connections;

Making informational connections;

Entering the initial technical data into the model;
Establishing tasks and simulation criteria;

Establishing the characteristics of the simulation process;
Running computer simulations;

Visualization and evaluation of results.

The virtual electric vehicle model of a VW e-Golf was created and developed with the
AVL CRUISE software (Figure 7). The constructive data of the vehicle were taken from the
technical documentation of the manufacturer.
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\¥J
B 7 . o i
s s = ) T e
0 g : 2 2 =
._ﬂ eBrake & mBrake Unit | | eDrive Control System
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Figure 7. Virtual model of e-Golf electric vehicle without supercapacitor (1: electric vehicle, 2: final
transmission, 3: left rear vehicle wheel, 4: left front vehicle wheel, 5: right rear vehicle wheel, 6: right
front vehicle wheel, 7: disc brake rear left wheel, 8: disc brake front left wheel, 9: disc brake rear right
wheel, 10: disc brake front right wheel, 11: electric motor, 12: differential, 13: passenger, 14: ASC
control (anti-slip control), 15: electric consumers, 16: high-voltage electric battery, 17: drive system,
18: braking control system, 19: process monitoring block, 20: model constants).

General information about the electric vehicle’s components (1) is provided in Table 1,
including constructive parameters, aerodynamic characteristics, overall dimensions, etc.

10
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Table 1. Electric vehicle’s component data.

Parameter Value Unit

Wheelbase 2629 mm
Curb weight 1615 kg
Total weight 2000 kg
Frontal area 2.5 m?2

The final transmission element (2) is used as a link in the kinematic chain transmission
before the differential with the technical data of the considered parameters presented in
Table 2.

Table 2. Final transmission component data.

Parameter Value Unit
Transmission ratio 6.058 -

Input moment of inertia 0.010 kg~m2

Output moment of inertia 0.015 l<g~m2
Efficiency 96 %

The wheels (3-6) consider a number of factors and how they affect the running
condition (all input data for all vehicle wheels are the same). The data of an e-Golf wheel
type 205/55R16 91H can be found in Table 3. Disc brakes (7-10) define the technical
characteristics of the braking elements, presented in Table 4.

Table 3. Vehicle’s wheel component data.

Parameter Value Unit
Moment of inertia 0.1431 kgvm2
Tire friction coefficient 1 -
Load on wheel 4037.5 N
Static rolling 306.055/1923 mm
radius/circumference
Dynamic rolling 308.283,/1937 mm
radius/circumference

Table 4. Brake component data.

Parameter Value Unit

Brake piston surface 1800 mm?
Friction coefficient 0.25 -
Specific brake factor 1 -
Efficiency 99 %

Moment of inertia 0.02 kg-m?

In the element e-drive or electric motor (11) the general data of the motor are defined
(see Table 5), and in Figure 8 the map of the motor moment is presented.

Table 5. Electric motor component data.

Parameter Value Unit
Type PSM -
Nominal voltage 323 v
Moment of inertia 1.0 x 1074 kg-m?
Maximum speed (engine) 12,000 1/min

11
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Table 5. Cont.

Parameter Value Unit
Maximum power (engine) 85 kW
Maximum torque (engine) 270 Nm

Maximum speed (generator) 7000 1/min
Maximum power (generator) 84 kW
Maximum torque (generator) 264 Nm

Efficiency 92.5 %

Initial temperature 20 °C
. 300
:
g 200
100
0
-100
-200
-300
0 2000 4000 6000 8000
Speed [1/min]

Figure 8. Electric motor torque map.

The differential (12) allows the wheels to rotate at different speeds during the turn
and the cockpit component (13) makes the connection between the driver and the vehicle,
the connections being made through the data bus connection data bus. The traction force
transmission factor to the wheels attached to the running gear is represented by the ASC
control (14). All electrical consumers of the vehicle’s electrical network are included in the
electrical consumers block (15).

The battery component (16) simulates the battery used as a power source for the
electric vehicle. The values of the parameters that define the high-voltage Li-ion battery
of an e-Golf electric vehicle are presented in Table 6. The battery of the VW e-Golf vehicle
is a battery with a 323 V nominal voltage and a weight of 318 kg (represents 21% of the
total weight of the unloaded vehicle). The battery is composed of 264 cells of 25 Ah from
Panasonic, arranged in 27 modules, having the configuration 88s3p. The technical and
functional parameters of a single cell are presented in Table 7.

Table 6. General parameters of e-Golf high-voltage Li-ion battery.

Parameter Value Unit
Maximum charge 75 Ah
Nominal voltage 323 \%

Energy capacity 24.2 kWh
Maximum voltage 339 v
Minimum voltage 308 \%

Initial SoC 95 Y%

Number of cell/rows 88 -
Number of rows 3 -
Internal resistance (charging/discharging) 0.001 Q
Operating temperature 33 °C
Specific heat transition 0.4 W/K
Specific heat capacity 795 J/kg-K
Total weight 318 kg

12
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Table 7. Parameters of a single cell.

Parameter Value Unit
Maximum charge 25 Ah
Nominal voltage 3.667 \Y
Maximum voltage 42 v
Minimum voltage 3.2 \Y

Weight 0.724 kg

The drive system (eDrive control system) (17) is a user-defined function used when
simulating the ECU (engine control unit) in both engine and generator modes. The brake
control system (18) controls the conversion of engine torque to brake pressure. The monitor
element (19) monitors selected signals on the data bus connection bus. The constants
component (20) allows the definition of constants, which can be used by other components
through the data bus.

To carry out the simulations, as well as to exploit the characteristics of the EV, the
WLTP test cycle (worldwide harmonized light-duty vehicles test procedure) was considered
(Table 8). The WLTP test cycle is a globally harmonized test method for passenger cars
and light commercial vehicles and from 1 September 2018, the WLTP testing cycle replaced
the new European driving cycle (NEDC). The consumption and CO2 emission values
measured according to WLTP are greater than those measured according to NEDC when
taking into account the (more) realistic test conditions; for conventional vehicles, a gap of
up to 31% was found between the declared and actual fuel consumptions [57].

Table 8. Parameters for the WLTP test cycle [58].

Parameter Value Unit
Time 1800 sec
Distance 23.27 km
Average speed 46.5 km/h
Maximum speed 131.3 km/h
Stationary time 12.6 %
Constant functioning 3.7 %
Acceleration 43.8 %
Deceleration 39.9 %
Average positive acceleration 0.41 m/s?
Maximum positive acceleration 1.67 m/s?
Average deceleration —0.45 m/s?
Minimum deceleration —1.50 m/s?

The validation of the model consists in the comparative analysis of the EV e-Golf’s
autonomy following the simulations and the one provided by the manufacturer (Volk-
swagen GmbH) of 133.6 km for a 100% charge. For the simulation, the limit values of
the battery charge level were chosen to be a maximum of 95% and a minimum of 20%,
because a battery will never be charged to 100%, and after reaching the charge level of
20%, the energy performance decreases suddenly. In Figure 9, the charge level (state of
charge—SoC) of the battery is represented according to the distance traveled, and under the
considered conditions, the autonomy given by the manufacturer would be 113.56 km and
the value obtained by the simulation was 114.50 km (error of 0.82%), which was considered
to validate the numerical model used to analyze further the energy efficiency of an HESS
for an EV using a simulation.

13
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Figure 9. The simulated autonomy of the e-Golf vehicle.

For the supercapacitor and the battery to work harmoniously, the nominal voltage of
the supercapacitor and the battery must be as close as possible. On this basis, the technical
characteristics of the supercapacitor type BMODO0165 produced by the Maxwell company
were chosen for use as the input data of the model, and the numerical model of the VW
e-Golf electric vehicle equipped with an HESS (battery—supercapacitor) is represented in
Figure 10.
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Figure 10. The virtual model of the e-Golf vehicle with a hybrid energy storage system

(16—supercapacitor, 18—the DC/DC converter).

In addition to the EV model with a battery, there are two additional constructive
elements: the supercapacitor and the DC/DC converter. The supercapacitor (16) is an
electrical energy storage device that uses two different mechanisms to store electrical energy
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and contribute to its total capacity, electrostatic capacitance, based on the electrical double
layer, and electrochemical pseudo capacitance. The technical and functional data of the
supercapacitor used are presented in Table 9. Since the voltage of the supercapacitor pack
must be as close as possible to the battery voltage, the configuration of a module consisting
of seven supercapacitors mounted in series was chosen, a configuration that satisfies the
requirement of connection with the battery. This results in a total capacitance of 23.57 F
and a normal voltage of 340.2 V for the supercapacitor module.

Table 9. Maxwell BMODO0165 supercapacitor data.

Parameter Value Unit
Capacitance 165 F
Nominal voltage 48.6 A\
Maximum current 1970 A
Maximum voltage 51 \Y
Minimum voltage 46 A\

A DC/DC converter (18) should be implemented for voltage and current control. At
the same time, the DC/DC converter can also optimize the motor control to avoid the
overvoltage phenomenon, and the specific parameters introduced in the numerical model
are presented in Table 10.

Table 10. DC/DC converter component data.

Parameter Value Unit
Maximum power 2 kW
Nominal voltage 336.6 Vv
Maximum voltage 367.2 v
Minimum voltage 255 Vv
4. Results

Based on the simulations performed on the validated numerical model, the following
section will present the results obtained for the virtual EV based on the constructive and
functional characteristics of the VW e-Golf vehicle (with and without HESS). The element
considered for the comparative analysis was the driving range in the context of an operating
regime based on the WLTP test cycle.

In Figure 11, the battery charge level according to the distance traveled when the
vehicle is equipped with a hybrid energy storage system is shown. It can be seen that the
battery discharges to 20% after traveling 131.3 km, 14.67 km more than the situation where
the vehicle is not equipped with a hybrid energy storage system. This difference represents
an increase in autonomy of approximately 15%, and Figure 12 more precisely represents
the variation in the battery SoC with time.

Figure 12 represents the variation in the battery charge level when the vehicle is
equipped with an HESS (red line), and when the vehicle operates only with the battery
(blue line). As can be seen in the graph, if the vehicle is equipped with a hybrid system
(with battery—supercapacitor), the discharge of the battery is much smoother, which means
less charge—discharge variations, which leads to a longer battery life.
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Figure 11. Vehicle autonomy with hybrid energy storage system.
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Figure 12. Battery charge level variation with and without supercapacitor.

Figure 13 shows the variation in the electric power of the battery when working in
tandem with the supercapacitor pack. To be able to better analyze the variation in the
electric power of the battery as a function of time, this graph was made using only one
WLTP cycle. The Li-ion battery constantly provides energy for the supercapacitor while
it powers the electric motor or absorbs energy from braking and as can be seen from the
graph, the electric power of the battery is stable and works at about 2.99 kW. In contrast,
the electric power of the battery without a supercapacitor varied between —50 and 30 kW
with frequent fluctuations, as seen in Figure 14.
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Figure 13. The electric power of the battery with a supercapacitor.
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Figure 14. Battery electric power without a supercapacitor.

There is a clear power fluctuation, and the battery is frequently charged and dis-
charged, which inevitably leads to battery degradation. By using a hybrid energy storage
system, these power fluctuations are smoothed out (no sudden peaks) and consequently,
battery life is extended.

As seen in Figure 15, the variation in the electrical power of the supercapacitor module
is very similar to the variation in the electrical power of the battery when there is no
HESS. This can be explained by the fact that by using a hybrid energy storage system, the
supercapacitor pack takes over most of the battery’s load, while the battery is only used to
provide the energy needed by the supercapacitor pack. The battery’s output energy can
be maintained at a constant level with the help of the DC/DC converter, which eliminates
significant charge—discharge variations.
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Figure 15. The electrical power of the supercapacitor pack.
Figure 16 represents the variation in the vehicle’s electricity consumption when it is
equipped with supercapacitors, and when it is not. The energy consumption is lower if

the vehicle is equipped with an HESS and the energy consumption values per 100 km are
shown in Figures 17 and 18, respectively.
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Figure 16. Electricity consumption as function of time.
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Figure 17. Power consumption with SC.
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Figure 18. Power consumption without SC.

Based on these values, it was determined that if the vehicle is equipped with superca-
pacitors, the consumption of electricity decreases by 2.95% per 100 km.

The initial simulations were carried out with only one person on board the vehicle
(the driver), weighing 75 kg. Simulations of the model were also carried out to obtain the
variation in electricity consumption and vehicle autonomy depending on the number of
passengers (with and without an HESS). Figure 19 shows the energy consumption values
of the vehicle with and without supercapacitors depending on the number of passengers,
and Table 11 calculates the variations in consumption and autonomy depending on the
number of passengers. The electricity consumption if the vehicle is equipped with an HESS
increases by 0.67% on average for each passenger (of 75 kg) added and by 0.73% on average
if the vehicle is not equipped with supercapacitors. From the yield point of autonomy, it
decreases by 0.45% on average for each added passenger when the vehicle operates with
an HESS and by 0.49% if the vehicle is not equipped with supercapacitors.

Through the statistical analysis of the data in Table 11, there is a strong linear correla-
tion when interpolating the results using statistical analysis. For the energy consumption
analysis, R? is 0.9990 for the case without SC and 0.9989 for the case with SC, and in the case
of the autonomy analysis, R? is 1 for the case without SC and 0.9981 for the case with SC.
This shows that the use of an HESS with a supercapacitor does not directly (and negatively)
influence the performance of the electric vehicle, managing to minimize the effect of its
own weight added to the total weight of the vehicle.
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Figure 19. Electricity consumption depends on the number of passengers. (a) With supercapacitor;
(b) without supercapacitor.
Table 11. Variations in energy consumption and autonomy depending on the number of passengers.
Number of Passengers Energy Consumption (kWh) Autonomy (km)
With SC * % Without SC % With SC % Without SC %
1 15.5409 - 16.0140 - 131.310 - 114.504 -
2 15.6587 +0.75 16.1453 +0.81 130.719 —0.45s 113.859 —0.56
3 15.7624 +1.43 16.2567 +1.52 130.128 —0.90 113.352 —1.00
4 15.8668 +2.09 16.3753 +2.26 129.542 —1.34 112.758 —1.52

* SC—supercapacitor.

5. Conclusions

Hybrid energy storage systems (HESSs) have been and are being studied and re-
searched through the lens of the fact that they can increase the energy efficiency of an
electric vehicle and, therefore, implicitly the most important parameter, the autonomy
traveled for a battery charge.

The large-scale application of such systems faces certain problems related to the high
cost of supercapacitors, the thermal behavior being different from that of Li-ion battery
cells, high dimensions, and weight, etc. These problems require future studies and research
to optimize/solve them.

For the application presented in this article, related to the implementation of an HESS
(battery—supercapacitor) for an e-Golf electric vehicle, a virtual model (AVL CRUISE) was
created based on its technical, functional, and constructive characteristics. The model was
validated based on the data presented by the manufacturer and it was further decided to
connect the high-voltage Li-ion battery of the electric vehicle (323 V nominal voltage and
24.2 kWh energy capacity) with a supercapacitor module (340.2 V nominal voltage and
23.57 F capacitance). The results obtained showed that the use of an HESS system leads
to a decrease in energy consumption, by 2.95% per 100 km (for WLTP cycle conditions).
Simulations of the model were also carried out to obtain the variation in electricity con-
sumption and vehicle autonomy depending on the number of passengers. The electricity
consumption if the vehicle is equipped with a hybrid energy storage system increases
by 0.67% on average for each passenger (of 75 kg) added and by 0.73% on average if the
vehicle is not equipped with supercapacitors.

It should be noted that using a supercapacitor reduces the energy peaks needed by the
electric propulsion group (or battery) in the case of abrupt accelerations and decelerations,
a common occurrence in urban vehicle operation. This fact has been confirmed by various
researchers as directly leading to the extension of the effective life of a battery, which has a
direct effect on costs and environmental protection.

A new and interesting direction of research is also given by the results obtained
through the prism of the fact that the use of HESS battery—supercapacitor manages to
increase the energy efficiency of energy sources by minimizing the effect of the weight
added to the hybrid energy source (compared to a conventional battery source). This was
also confirmed by recent research carried out on this issue investigating the possibilities
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and opportunities to use HESS systems in the construction of electric propulsion groups of
aircraft [59,60].
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Abstract: Manganese-based materials have received more attention as cathodes for aqueous zinc
ion hybrid capacitors (AZIHCs) due to their advantages such as abundant reserves, low cost, and
large theoretical capacity. However, manganese-based materials have the disadvantage of poor
electrical conductivity. Herein, a solid-phase method was used to synthesize a hierarchical carbon-
coated calcium manganate (CaMn,Oy4/C) network framework as the cathode for AZIHCs. Thanks to
the unique structural/componential merits including conductive carbon coating and hierarchical
porous architecture, the achieved CaMn;0O,/C cathode shows an exceptionally long life of close
to 5000 cycles at 2.0 A g~!, with a reversible specific capacity of 195.6 mAh g~!. The assembled
CaMn,0Oy4/C-based AZIHCs also display excellent cycling stability with a capacity retention rate
of 84.9% after 8000 cycles at 1.0 A g~!, and an energy density of 21.3 Wh kg ™! at an output power
density of 180.0 W kg~ 1.

Keywords: CaMn,O,/C; hierarchical porous; network framework; cathodes; aqueous zinc ion
hybrid capacitors

1. Introduction

It is well known that non-renewable chemical energy sources such as coal, natural
gas, and oil are decreasing, and the world is facing an energy crisis with rapid economic
development. Ionic hybrid capacitors (IHCs) have both the higher power density of
supercapacitors together with the higher energy density of secondary batteries, which is
a promising energy storage device. The most mature research is on alkali ionic hybrid
capacitors (AIHCs), and some of the research has been put into commercial use [1-3].
However, most AIHCs use organic electrolytes, which are not only costly but also highly
flammable during use. Aqueous zinc ionic hybrid capacitors (AZIHCs) use water as a
solvent, which not only saves cost but also reduces the combustion of the electrolyte [4-10].
In addition, AIHCs are manufactured in a more restrictive environment, whereas AZIHCs
are manufactured in a milder environment. AZIHCs have great potential to become
large-scale commercially available energy storage devices [11,12].

The main cathode materials for AZIHCs are vanadium-based oxides and manganese-
based oxides. In recent years, researchers have studied vanadium-based oxides as electrode
materials for AZIHCs. Ma et al. synthesized rod-shaped V,0s as the cathode electrode
material for AZIHCs [13], and AC was used as the anode electrode for assembling AZIHCs.
By optimizing the mass ratio of the anode together with the cathode, the specific capacity of
AZIHCs at 0.1 A g~ !is 57.4 mAh g~!, and the maximum energy density was 34.6 Wh kg~ !.
In addition, manganese-based oxides have received more attention due to their advantages
of abundant reserves, low cost, multivalency, and high theoretical capacity [14-16]. How-
ever, manganese-based materials have the disadvantage of poor electrical conductivity as
electrode materials, which leads to the poor rate performance and cycling performance
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of such materials [17-20]. Zeng et al. used ultrasonic treatment to prepare MnO,-CNTs
composite electrodes [21]. The MnO,-CNTs electrode had a high specific capacitance of
254.1 mAh g1 (0.256 A g 1). Gao et al. synthesize ZMO nanoparticles on heterostructures
of carbon nanotubes for stable Zn?* storage [22]. Highly conductive CNTs and smaller
ZMO can promote fast electron transport and make the ZMO/CNTs composites have
high electrical conductivity. The results showed that the prepared ZMO/CNTs materials
exhibited excellent cycling stability with an initial specific capacity of 220.3 mAh g~ ! at
0.1Ag L

In this work, hierarchical carbon-coated calcium manganate (CaMn;O4/C) network
framework was synthesized by a simple yet mass-producible solid-phase method us-
ing polyvinyl pyrrolidone (PVP) as the carbon source, Ca(NOs3),-4H,O together with
Mn(NO3),-4H;0 as the calcium and manganese sources, respectively. The introduction
of C into CaMn,O,/C increased its electrical conductivity. As a result, the CaMnyO,/C
cathode materials exhibit an exceptionally long lifetime of nearly 5000 cycles at 2.0 A g~ !
with a reversible specific capacity of 195.6 mAh g~!. The assembled AZIHCs were obtained
by using porous carbon (PC) as the anode and CaMn;0O4/C as the cathode as well as a
mixed aqueous solution (0.2 M MnSO, and 2.0 M ZnSQOy;) as the electrolyte. The constructed
PC//CaMn,O,/C AZIHCs achieve an energy density of 21.3 Wh kg~! at a power density
of 180.0 W kg !, along with modest device leakage current and self-discharge capability,
and favorable cycling stability with 84.9% capacity retention after 8000 cycles at 1.0 A g~ 1.

2. Experimental Sections
2.1. Chemicals

The chemical reagents including Mn(NO3),-4H,O, Ca(NOs),-4H,0, N-methyl-2-
pyrrolidinone (NMP), ZnSO4, MnSOy, and polyvinylpyrrolidone (PVP, K30) are of analytic
grade, and from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The chemical
reagents are directly used as received without further treatment.

2.2. Materials Synthesis

Synthesize of CaMnyO4/C: 0.4 g of PVP, 0.258 g of Ca(NO3),-4H,0 and 0.752 g of
Mn(NOs3),-4H,0 were well prepared in a mortar, ground thoroughly for 30 min. The
milled powder was placed in a muffle furnace, heated up to 750 °C held for 3 h at a rate of
5 °C min~!. The resulting sample was named CaMn,O,/C.

Synthesis of PC materials: The PC material was fabricated according to the previous
report [23]. Zn(NOs),-6H,O and PVP(K30) were dissolved in sufficient distilled water
in the mass ratio of 1.5:1 and stirred for 30 min. Then, the resulting solution was placed
in an oven (at 90 °C) and dried completely. The powder was annealed at 800 °C for 1 h
(atmosphere: Nj, rate: 5 °C min~!). The annealed sample and KOH were dissolved in
deionized water in the ratio of 1:3 by mass and stirred for 30 min. The resulting solution
was dried (at 90 °C) completely. The dried mixture is then activated at 800 °C for 3 h
(atmosphere: Ny, rate: 5 °C min~!). The excess KOH in the product is neutralized by
aqueous hydrochloric acid. The product was washed with plenty of deionized water and
dried at 60 °C for 12 h (in an oven). The sample was named PC.

2.3. Material Characterization

Phase characterization of products was carried out using X-ray diffraction (XRD,
Rigaku Ultima IV powder X-ray diffractometer with Cu Ka radiation). The chemical
compositions were tested by X-ray photoelectron spectroscopy (XPS, The model number
is VG Multilab 2000 and the origin is England). Raman spectra (HR Evolution, Japanese)
were collected using 532 nm excitation. The microstructures and morphologies of samples
were characterized using transmission electron microscopy (TEM), field-emission scanning
electron microscopy (FESEM, JEOL-6300F), and high-resolution TEM (HRTEM, the model
is JEM-2100 and the manufacturer is Nippon Electronics Co., Ltd., Mumbai, India).
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2.4. Electrochemical Measurements

Preparation of CaMn,O4/C cathode: Briefly, a mixture of poly(vinylidene fluoride)
(PVDEF): CaMn04/C: acetylene black was added to the mortar in the mass ratio of 1:7:2,
and a reasonable amount of NMP was added dropwise, and the paste was ground for
40 min to form a homogeneous paste. The slurry was evenly coated on a 12 mm diam-
eter carbon paper, placed in an oven, and dried overnight at 110 °C. The amount of the
CaMn;, 04 /C on the carbon paper was about 1.5 mg.

Preparation of PC anode: Typically, a mixture of PVDF:acetylene black:PC was added
to the mortar in a mass ratio of 1:2:7. A reasonable amount of NMP was added dropwise
and the paste was ground for half an hour to form a homogeneous slurry. The slurry was
uniformly coated on a stainless-steel mesh of 12 mm in diameter and then placed in an
oven for drying overnight at 60 °C. The mass loading of PC on the stainless-steel mesh was
around 1.0 mg.

Glass fiber (Whatman GF/D) was used for the diaphragm, zinc foil was used as
the reference electrode, and a mixture of 0.2 M MnSO, and 2.0 M ZnSO, in aqueous
solution was used for the electrolyte. The CR2016 button half-cell was assembled to
study the electrochemical performance of CaMn,0O,/C. The voltage range was 0.4-1.9 V
(vs. Zn/Zn%).

CaMn;y04/C was used as the cathode along with PC as the anode to assemble the
AZIHCs. The separator and electrolyte were kept the same as those for the electrochemical
evaluation of CaMn,0,/C, as mentioned above. The devices were tested over a volt-
age range of 0-1.8 V. Galvanostatic intermittent titration technique (GITT) and typical
charge/discharge tests were conducted on an 8-channel Land Test System (CT2001A).
Cyclic voltammetry (CV) was performed on the electrochemical workstation (IviumStat. h,
Eindhoven, The Netherlands) at 25 °C.

3. Results and Discussion
3.1. Synthesis and Structural Analysis

The microstructures of the as-obtained CaMn;0O,4/C are characterized by FESEM. As
illustrated in Figure 1a, the hierarchical porous network framework is evident for the
CaMn,04/C, which is constructed with nano-building blocks of about 0.2 um in size
(Figure 1b,c). The co-existence of Ca, Mn, and O species can be visualized based on the
elemental mapping images (Figure 1d—f), moreover, the C mapping image authenticates
the uniform distribution in the CaMn;0O4/C composite framework (Figure 1g). In ad-
dition, by EDS spectroscopy data, the CaMn;O4/C composites had a C relative atomic
ratio is about 8.29 at.% (Figure S1). As shown in Figure S2, we performed a Raman
spectroscopic evaluation of CaMnyO4/C. The G and D bands of carbon are located at
1607.2 cm ™! and 1333.9 cm ™!, respectively, indicating the presence of graphitic structures
and defects/disturbances. The intensity ratio (i.e., Ip/Ig) of the D and G bands can be used
to estimate the degree of graphitization, which is 1.35 for CaMn,O4/C.

The more detailed structure of CaMn,O,/C was characterized as well by TEM and
HRTEM techniques, as shown in Figure 2a,b. Clearly, a uniform carbon layer of about
3.53 nm in thickness is located upon the surface of the well-crystalline CaMn;Oy, and the
well-defined lattice fringes with a spacing of 0.300 nm, which corresponds to the (320)
lattice plane of CaMnyQy, is apparent.

The crystal structures of the resulting CaMn;0O4/C were checked by XRD. As il-
lustrated in Figure 3, typical XRD peaks here match well with the standard data of the
CaMn, Oy (JCPDS PDF# 76-0516). In specific, the distinct diffraction peaks at 26 = 18.3, 31.0,
32.9,35.0, 39.2, 40.3, 40.5, and 43.5° are related to (200), (111), (320), (211), (031), (131), (240)
and (231) planes, respectively [24,25]. Moreover, no other discernable reflections are found
for the potential impurities, suggesting that the CaMn,0,/C is successfully prepared by
such a facile synthetic method.
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Figure 1. (a—c) FESEM images, and corresponding elemental ((d) Ca; (e) Mn; (f) O and (g) C) mapping
images of CaMn,0O,/C.

Figure 2. (a) TEM and (b) HRTEM images of CaMn,O4/C. The inset for the intensity profile for the

measured interlayer spacing.
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Figure 3. XRD pattern of CaMn;O,/C.
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XPS determinations of CaMn,O,/C were performed to enable further analysis of the
chemical state of the surface elements. As illustrated in Figure 4a, the characteristic peaks
of C 1s, Min 2p, O 1s, and Ca 2p can be observed. Figure 4b shows the XPS spectrum of
Mn 2p, and the characteristic peaks at 641.8 and 653.0 eV correspond to Mn 2p3,, and Mn
2p1,2 [25,26]. As illustrated in Figure 4c, the O 1s spectrum of CaMn,Oy/C can be divided
into two peaks at 529.2 (metal-oxygen bond) and 531.2 (O-H) eV [25,26]. The Ca spectrum
of CaMn,04/C, as presented in Figure 4d, is fitted as two peaks corresponding to Ca 2p3/,
(350.3 eV) and Ca 2p3,; (346.8 eV), respectively [27]. The C 1s spectrum (Figure 4e), can be
decomposed into three peaks at 284.5, 285.8, and 285.0 eV, corresponding to C-C, O-C=C,
and C-O, respectively [26].
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Figure 4. High-resolution core-level spectra of (a) XPS survey spectrum, (b) Mn 2p, (c) O 1s, (d) Ca
2p, and (e) C 1s, respectively, for the CaMnyOy,/C sample.

3.2. Electrochemical Evaluation of the CaMnO4/C Cathode

As illustrated in Figure 5, the electrochemical performance of CaMnyO,/C is col-
lected. The initial three CV curves of CaMn,;Oy/C are shown in Figure 5a. The CV curves
for the initial cycle under a scanning rate of 0.1 mV s~ ! are slightly different from the
subsequent ones, which may be relevant to the progressive activation of the electrode in
subsequent cycles. For the anodic scan of the second cycle, two peaks centered at 1.60
as well as 1.54 V appear and overlap in the CV curve, which corresponds to the pro-
gressive electrochemical extraction of Zn** [28]. In the cathodic scan, two distinct peaks
were observed (around 1.38 as well as 1.23 V), which could be ascribed to the gradual
embedding of Zn?* [29]. The constant current charge/discharge plots of CaMn,0,/C at
0.1 A g~ ! are profiled in Figure 5b. CaMn,0,/C displays a discharge-specific capacity of
248.1 mAh g~! (at 0.1 A g~1). The rate behaviors of the CaMn,04/C are summarized, as
shown in Figure 5c. The CaMn,O,/C cathode provides reversible specific capacities of
260.9,242.3,219.9,198.3,135.1, and 1122 mAh g~ ! at 0.4, 0.6, 0.8, 1.0, 2.0,and 3.0 A g,
respectively, equivalenting to a capacity retention of 43%. When the current density is again
returned to 0.4 A g~ !, a reversible specific capacity as high as 275.0 mAh g~ is remained
by CaMn,O,/C cathode. This excellent rate performance, as summarized in Figure 5d,
is also comparable to many other cathode materials recently reported in the literature,
such as Ca2sMn0O,-0.5 H,O [25], ZMO@TizC, T [27], ZMO QD@C [30], ZMO [31], and
K, Fe-ZMO [32]. More surprisingly, our fabricated CaMn,O,/C cathode exhibits robust
electrochemical stability with an exceptionally long lifetime of 5000 cycles at 2.0 A g~ ! with
a retained reversible capacity of 195.6 mAh g~!, as illustrated in Figure 5e.
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Figure 5. (a) CV curves and (b) the first charge/discharge plots (0.1 A gfl), (c) rate behaviors,
(d) comparison in rate capacities with other cathodes reported in the literature in recent years, and
(e) long cycling performance (1.0 A g~ ') of the CaMn,O, /C cathode.

The GITT tests were utilized to investigate the diffusion coefficient (Dz,) of Zn?*
during the charging/discharging processes of CaMn,O,/C (Figure S3). The GITT was
performed after three charging and discharging cycles of the CaMn,O4/C half-cell. The
GITT was carried out with the relaxation time of 30 min at 0.2 A g~! and the charging and
discharging time of 10 min. The Dz, values of CaMn;0O,/C are calculated according to the
equation [20]:

2 2 2
() (2 <1>
Tt M BS AE;

where my, V1, and Mp represent the mass, molar volume of the active material, and molar
mass, respectively. S corresponds to the surface area, T corresponds to the relaxation time,
AEs for the steady-state potential change of the current pulse, and AE; for the iR drop after
relaxation time. The Dz, values of CaMn,O,/C were then calculated to be in the range
of 10712 and 10712 cm? s~! over the discharge-charge processes (Figure 6a,b). This is also
consistent with its better cycling and multiplication properties [33].
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Figure 6. Specific Dz, values over the (a) discharge and (b) charging processes of the CaMn, O, /C cathode.

In order to deeply analyze the storage kinetics of Zn?*, CV measurements of CaMnyOy/C
were carried out under different scanning rates of 0.2-1.0 mV s~ 1. Two reduction peaks
and one oxidation peak can be clearly observed (Figure 7a). The profile of the CV curves
of CaMn;,04/C does not appear significantly with increasing scan rate, indicating that it
has good reaction kinetics. The capacitance effect of the cathode is calculated from the
relationship between the current (i) as well as the scan rate (v) by the equation: i = av?
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(b as well as a are constants). Generally, the value of b is equal to 0.5 for ion diffusion-
controlled processes, and the case of b = 1 corresponds to the surface capacitance-controlled
processes, and the value of b is greater than 0.5 but less than 1, which indicates a mixed
mechanism. The b values of peak 1, peak 2, and peak 3 are 0.71, 0.73 and 0.72 (Figure 7b) [24],
which indicates the pseudocapacitive contribution dominated Zn?*-storage process for the
CaMn,0,/C composite cathode. Specific pseudocapacitive contribution of the cathode can
be distinguished by the equation: i = k1 + kov!/2, where kjv and k,v!/? represent the one
from the capacitive part and the current of the diffusion-controlled part. Figure 7c shows
the capacity share contributed by the diffusion control process and the capacitive effect
(red region) at 0.8 mV s~ !, highlighting a capacitive contribution as large as about 91.8%
for the CaMn,Oy/C electrode. More strikingly, the capacitive contribution can be up to
92.7% when the sweep rate is up to 1.0 mV s~! (Figure 7d). It is the remarkable capacitive
contrition of the CaMn,O,4/C here that ensures its faster reaction kinetics toward efficient
zinc storage [34,35].
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Figure 7. (a) CV curves, (b) corresponding logi vs. logv plots, (c) CV curves with the pseudocapacitive
contribution (red region), and (d) diagram for the pseudocapacitive contributions at different scan
rates for the CaMn, O, /C cathode.

3.3. Electrochemical Properties of PC//CaMn,04/C AZIHCs

The unique PC//CaMn,0,/C AZIHCs were assembled with the CaMn,;O4/C as
the cathode and the PC as the anode, as schematically illustrated in Figure 8a, and their
electrochemical performance was comprehensively measured. Figure 8b shows the CV
curves of AZIHCs at 5.0-40.0 mV s~ ! (the voltage range: 0-1.8 V). The device CV curves at
5.0-40.0 mV s~ ! are close to an ideal rectangular shape, showing the characteristic capacitive
nature of the hybrid device. The profile of the CV curve does not appear to change with
increasing scanning rate, indicating modest polarization of the AZIHCs occurring. Figure 8c
exhibits the constant-current charge/discharge plots of the PC//CaMn,O4/C AZIHCs.
These curves are almost straight lines, showing the good capacitive characteristics of the
AZIHCs. It is worth noting that the reversible capacitance of the cell can be as high as
80.0-17.8 Fg~! at 0.2-2.0 A g~!. The device provides an energy density of 21.3 Wh kg~!
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at an output power density of 180.0 W kg~!. When charged to 1.8 V at 0.1 A g~!, the
device leakage current was only 7 pA (Figure 8d) and the open-circuit voltage (after
20 h of static operation) dropped by 0.75 V, equivalenting to a voltage loss of only 41.6%
(Figure 8e). As shown in Figure 8f, the AZIHCs exhibit excellent cycling stability with
84.9% capacity retention (at 1.0 A g~ 1) after 8000 cycles, equivalenting to a capacitance
degradation of 0.046% per cycle, indicative of superb electrochemical stability of our
fabricated PC//CaMn;0,4/C AZIHCs.
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Figure 8. Electrochemical performance of N-HPC-A//CaMny04/C AZIHCs: (a) schematic diagram
of device assembly, (b) CV curves, (c) constant current charge-discharge plots from 0.2 to 2.0 A g1,
(d) leakage current diagram, (e) self-discharge diagram, and (f) cycling performance.

4. Conclusions

In summary, in our work, we explored a solid-phase synthesis avenue to smartly
fabricate a hierarchical CaMn;0O4/C network framework and utilize it as the competitive
cathode for AZHICs. Benefiting from its unique structural/componential advantages,
the CaMn,0,/C cathode was endowed with superb electrochemical stability and high-
rate capacities. Typically, the cathode displayed an exceptionally long cycle life of nearly
5000 cycles at 2.0 A g~!, with a reversible specific capacity of 195.6 mAh g~!. Utilizing
the PC as the anode, and CaMn,0Oy/C as the cathode, the assembled PC//CaMn;0,/C
AZIHCs exhibited capacity retention of 84.9% (at 1.0 A g~!) after 8000 cycles and a power
density of 180.0 W kg~! at an energy density of 21.3 Wh kg~!. All the data here fea-
tured the good prospects of our prepared porous CaMn;O4/C network framework for
practical applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/batteries9120586/s1, Figure S1: EDS spectrum of CaMn,O,/C
and individual atoms percentage; Figure S2: Raman spectra of the CaMnyO,/C cathode; Figure S3:
GITT curves overcharge and discharge processes of the CaMn;O4/C cathode.
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Abstract: Electrochemical double-layer capacitors (EDLCs) possess extremely high-power density
and a long cycle lifespan, but they have been long constrained by a low energy density. Since
the electrochemical stability of electrolytes is essential to the operating voltage of EDLCs, and
thus to their energy density, the tuning of electrolyte components towards a high-voltage window
has been a research focus for a long time. Organic electrolytes based on ionic liquids (ILs) are
recognized as the most commercially promising owing to their moderate operating voltage and
excellent conductivity. Despite impressive progress, the working voltage of IL-solvent electrolytes
needs to be improved to meet the growing demand. In this review, the recent progress in the tuning of
IL- based organic electrolyte components for higher-voltage EDLCs is comprehensively summarized
and the advantages and limitations of these innovative components are outlined. Furthermore, future
trends of IL-solvent electrolytes in this field are highlighted.

Keywords: EDLCs; electrolytes; IL-solvent; high-voltage; component tuning

1. Introduction

Renewable forms of energy, including solar, wind, hydroelectric, geothermal, and
biomass, are essential to move forward the sustainable economy [1]. However, these
renewable energies have the disadvantages of intermittency and require the participation
of energy storage devices [2]. Reversible energy storage and discharge technology has
become indispensable, requiring the development of systems that deliver both high energy
and high-power capability. Electrical energy can be stored electrochemically in batteries and
capacitors. Various types of batteries include lithium-ion batteries (Li-ion), sodium-sulfur
batteries (Na-S), lead—acid (Pb-acid) batteries, and flow batteries. Among the various types
of battery systems, lithium-ion batteries hold the dominant position in the market with
their energy density of up to 300 Wh/kg. Nevertheless, their power density and lifetime are
constrained by the mechanism of store charge, that is, the change is converted into electrical
energy through an electrochemical redox reaction. Moreover, the batteries always face the
problem of short life and slow charging rate due to the limitations of volume charge, phase
transition, and solid diffusion rate during charging and discharging.

Electrochemical double-layer capacitors (EDLCs) [3,4], also referred to as supercapac-
itors, store and release energy based on charge adsorption and desorption on electrode
surfaces (Figure 1b). Therefore, they exhibit advantages such as exceedingly high power
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a The Energy-Power Conundrum

Energy density (Wh kg™')

density (>10 kW kg 1), rapid charging/discharging, and an extremely long cycle life. The
devices do not undergo Faraday reactions during operation, making their charge and
discharge processes very effective, and the cycle life significantly surpasses other energy
storage devices. Thus, EDLCs are considered as a promising renewable energy storage de-
vice and have become the preferred technology for applications that need to provide a rapid
and sustained energy supply [5]. Moreover, EDLCs are suitable for incorporation into grid
energy storage to conserve power units and for frequency regulation, as well as to enhance
power quality and smoothness. As a result of the application of these features, the global
EDLC market continues to grow, which can be observed in Figure 1c. Among the regional
markets, the Asia—Pacific region has great potential for market growth in the upcoming
years, whereas Europe and North America also hold a considerable market share.
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Figure 1. (a) A Ragone plot depicting various energy storage systems; (b) fundamental design and
operational principles of an EDLC; (c) global distribution of supercapacitor market shares by region
and year [3].

Typically, the energy density of an EDLC is determined by its electrodes and elec-
trolytes [6]. Based on the equation of energy density (E = 1/2 CV?, where C is the capaci-
tance of the electrodes and V represents the operating voltage window) [7], one strategy
is to develop novel electrode materials to deliver higher capacitance. Carbon-based ma-
terials have become the most widely studied active materials [8,9] due to their excellent
chemical and thermal stability. According to the basic structure and shape of carbon mate-
rials, three main types of carbon-based materials for symmetrical EDLCs are as follows:
(I) graphene [10,11] and carbon nanotubes [12,13]; (II) carbide-derived carbon and aero-
gels [14,15]; and (III) activated carbon (AC) [16,17]. Nevertheless, the reported specific
capacitance for alternative materials typically ranges between 100 and 150 F g~!, which
is not significantly superior to activated-carbon-based electrodes. Strategies for modify-
ing carbon-based materials have been employed in high-voltage EDLCs, encompassing
methods like heteroatom doping, selection of diverse raw precursor materials, activation
techniques for AC, and controlling the growth process of CNT to prevent the formation
of amorphous carbon. However, the synthesis process of these carbon materials for high-
voltage uses is considered to be complex and costly, which is not suitable for industrial
application. Apart from increasing the specific capacitance of electrodes [18], expanding
the operating voltage window (V) is another efficient technique for enhancing the energy
density. Meanwhile, the operating voltage of EDLCs is closely associated with the prop-
erties of the electrolyte, which are mainly limited by the electrochemical stability of the
electrolyte. Due to this consideration, the development of alternative electrolyte salts, or
the tuning of electrolyte composition, represents one of the keys to achieving high-energy
EDLCs nowadays [19-21].

Ionic liquids (ILs) are salt-like materials formed by ionic bonds between cations and
anions. Due to their wide electrochemical potential windows, high thermal and chemical
stability, non-volatility, and non-combustibility, ILs can significantly help EDLCs obtain
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higher energy densities than aqueous electrolytes. Therefore, ILs as electrolytes in EDLCs
have garnered considerable interest [22]. To date, extensive research has been conducted
on IL-based electrolytes, including pure ILs, binary mixtures of ILs, and ILs combined
with organic solvent electrolytes. Among them, solvent-free IL—electrolytes can provide
the highest operating voltage window in the range of 3—4 V for the carbon-electrode
combination [23]. However, due to large ion sizes, their high viscosity and low ionic
conductivity limit the dynamic behaviors of the EDLCs by ionic diffusion. Moreover,
the high cost of neat ILs also poses a challenge for the commercialization of EDLCs. IL-
organic solvent electrolytes, featuring a moderate operating voltage window, are the
most extensively commercialized type of electrolyte for EDLCs at present. However, the
operating voltage of EDLC devices using commercial tetra—ethylamine tetrafluoroborate
(TEABF,)/acetonitrile electrolyte is limited to 2.8 V. Thus, the development of a novel
IL-based electrolyte with a voltage up to 3.0 V or higher has been a research hotspot in
this field.

Recently, many studies have focused on developing suitable IL-solvent electrolyte
components for EDLCs to attain increased voltage and enhanced energy density. [L-solvent
electrolytes were mentioned in some reviews [21,24,25] as the key materials of high-energy-
density EDLCs, but so far, no review has summarized in great detail the tuning of the
components of IL-solvent for the high voltage requirement. Therefore, this review will
focus on the tuning strategies for high-voltage IL-solvent electrolytes for EDLCs that have
been executed so far, focusing on the tuning of concentration, solvent composition, and the
solute salt component of electrolytes based on common ILs, as well as the design principle.
At the same time, we also hope to provide reference strategies for the further development
of advanced electrolytes in the future.

2. Electrolytes for EDLCs

Electrolytes are the important components of EDLCs, affecting the electrochemical per-
formance, operation life, and safety. Electrolytes with high voltage and ionic conductivity
have demonstrated a substantial enhancement in the overall performance of energy storage
devices [26]. The cell voltage is mainly limited by the electrochemical stability window
(ESW) of the electrolyte, which is defined as the range between the reduction potential
and oxidation potential. The ESW is influenced by the characteristics of ions and solvents,
along with the interactions between ion—ion, ion—solvent, and electrode—electrolyte surfaces.
Several studies have suggested that the decomposition of the electrolyte can be attributed
to the presence of catalytic active centers, particularly functional groups on the carbon
electrode [27].

Electrolytes primarily consist of solute salts and solvents, in which the solute salts
provide ions and the solvents facilitate pathways for the transport of these electrolyte ions.
The electrolytes can be classified into liquid electrolytes and solid electrolytes [28,29], and
the liquid electrolytes can be further classified into aqueous electrolytes and non-aqueous
electrolytes according to the types of solvents. The liquid electrolytes used in EDLCs in-
clude aqueous and organic electrolytes and pure ILs (Table 1). Aqueous electrolytes possess
inherent advantages, including safety, low cost, high conductivity (~1 S cm™!), minimum
ion-pairing possibility, and environmental friendliness [30]. The ionic conductivity of
aqueous electrolytes significantly surpasses that of non-aqueous electrolytes, resulting in
superior rate performance. Nevertheless, the stable window of water is limited to only
1.23 V, which imposes constraints on the practical application of aqueous electrolyte [31-33].
“Water—in-salt” (WIS) electrolyte refers to an electrolyte with an exceptionally high concen-
tration that approaches saturation levels. The number of “free” water molecules is lower
than that of the solute molecules, so WIS electrolytes can increase the operating voltage of
aqueous EDLCs [34-37]. Until now, the working potential voltages of symmetric EDLCs
assembled by AC electrode and WIS electrolyte are still <3.0 V [38]. In contrast, organic
electrolytes [39,40] have wider stable electrochemical potential windows of 2.5-3.0 V and
therefore are more preferred than aqueous electrolytes.
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Table 1. Electrolytes used in EDLCs.

Types Electrolytes Operating Voltage (V) References
6M KOH,6M NaOH, 1M HCl, 0.5M H,S0, 0.9 [33]
1M NaCl, 1M KCI, 0.5M NaySO;, 0.5M K,SO, 1.7 [34]
0.5M H,S0, 1.2 [34]
Adueous electrolvte LiCl (1M, 10M, 20M) 1.4,15,2.35 [34]
q y KCH;COO 2.0 [38]
WIS (21M LiTFSI) 22 [35]
WIS (21M LiTFSI) 2.6 [36]
WIS (31.3M LiTFSI) 2.4 [37]
EMImBF, 3.5 [41]
EMImFSI 2.0 [42]
EMImTFSI 3.0 [43]
Pyr14TFSI 3.7 [44]
Solvent-free ILs MPImFSI 35 [45]
MPPyrFSI 3.5 [45]
MeoMPyrFSI 3.5 [45]
Pip14B(CN)4 3.7 [46]
Pyr14B(CN)4 3.7 [46]
EMImTEFSI + EMImBE, 35 [47]
‘ Pyr;4FSI + PIP5FSI 3.7 (48]
Mixed ILs El\}/IhnBF4 + TMABF, 35 [41]
EMImTFSI + MPPyrTFSI 35 [49]
Pyry, TFSI/ AN 3.1 [50]
Pyr14BF4 /AN 3.1 [50]
Pyry4BF,/PC 3.2 [51]
IL~solvent TEABF, /AN or PC 25-2.8 [52]
SBPBF, /AN or PC 2.8-32 [53]
(TEMABF,; DEDMABE,; TMPABF,; TMEABE,)/AN 3.0 [54]

ILs are unique ionic compounds composed of organic cations and organic/inorganic
anions. They are also described as molten salts with melting points below 100 °C [55]. ILs
are also known for their remarkable properties, including the ability to maintain liquid
state over a wide temperature range, negligible vapor pressure, and high thermal stability.
The higher electrochemical stability and thermal stability of ILs make them well-suited for
high voltage and high-temperature supercapacitors. The cations of ILs can be classified as
imidazolium [42,43], pyrrolidinium [44,45], pyridinium, piperidium, quaternary ammo-
nium [54], and quaternary phosphonium. So far, ILs utilizing pyrrolidinium, ammonium,
and imidazolium cations are the most promising and widely utilized types. In general,
the pyrrolidinium-based ILs have higher electrochemical stability than imidazole-based
ILs, while the imidazole-based ILs show higher conductivity and lower viscosity than
pyrrolidinium-based ILs [56]. These features make pyrrolidinium-based ILs suitable for
greater energy output, while imidazole-based ILs have fast charge/discharge performance.
The conventional ILs in EDLCs are based on cations of 1-ethyl-3-methylimidazolium
(EMIm) [41], N-propyl-N-methylpyrrolidinium (Pyr;3), 1-butyl-1-methylpyrrolidinium
(Pyry4) [50], 1-butyl-3—methylimidazolium (BMIm) [57]. Additionally, the most commonly
used anions include bis(trifluoromethanesulfonyl)imide (TFSI™), hexafluorophosphate
(PF¢7), bis(fluorosulfonyl)imide (FSI7), and tetrafluoroborate (BF;~). These reported ILs
exhibited operating potential windows up to 3.5 V or ever higher when used alone as
electrolytes [58]. Furthermore, the structure of the most commonly used anions and
cations for ILs is depicted in Figure 2a [59]. In addition, some new ILs (Figure 2b), such
as azepanium [60], acetate- and lactate-based piperidinium [46], piperazinium [61], and
bis(oxalate)borate-based ILs [62] have been reported for EDLCs (Figure 2b). Relevant
reviews have summarized the regulation of the cation and anion structures of ILs used in
EDLCs [63,64]. The adjusting methods of the structures include the optimization of side
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chain lengths for cations and incorporation of functional groups into the cations, such as
substituting F with the electron-withdrawing substituent (-CN). Mixed ILs with different
anions or cations could alter the initial ion accumulation due to the difference in ion sizes,
thereby adjusting the thickness of the electric double layer on the electrode interface and
the distribution of ions within the nanopores, which lead to the excellent electrochemical
performances of EDLCs, such as wide operating voltage, high capacitance, and long cycle
life [41,47-49]. However, solvent—free single ILs and mixed ILs are not utilized in commer-
cial devices owing to their drawbacks such as high expense, limited transport properties,
and excessive viscosity. Therefore, the reasonable selection and manipulation of IL-based
electrolytes to exploit their advantages and solve their shortcomings will be the future
direction of building EDLCs with high energy density.
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Figure 2. Commonly used cations and anions (a) and other cations and anions with new structure (b)
in ILs.

The cations and anions in ILs are bound by potent Coulombic forces and van der
Waals forces, resulting in the high viscosity, low conductivity, and low ion migration rate
of ILs. Thus, adding organic solvents to ILs would weaken the Coulombic force and van
der Waals force to alleviate the drawbacks of low conductivity and high viscosity of pure
ILs. In IL-solvent electrolyte, ILs provide a similar role to other salts, supplying cations
and anions in organic solutions. The operating voltage windows of EDLCs with these
IL-solvent electrolytes are 2.7-3.0 V [65], which are generally lower than that of pure-
IL electrolytes (Table 1). Therefore, EDLCs using IL-solvent electrolytes have moderate
operating voltage windows between aqueous electrolytes and pure-IL electrolytes and
have excellent electrical conductivity; thus, they are the most widely commercialized
currently. The majority of commercially available organic electrolytes are solutions of 1 M
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ammonium salt, often TEABF,, dissolved in organic solvents like propylene carbonate
(PC) or acetonitrile (AN) [66]; their operating voltages are 2.7-2.8 V. Compared with PC-
based electrolytes, AN-based IL electrolytes are more commonly used due to their higher
conductivity and superior performance at low temperatures. However, the voltage window
of the IL-solvent electrolyte system still has a lot of room for improvement. Therefore,
increasing the operating voltage of EDLCs using IL-solvent electrolytes is still the research
direction in this field, and it is also the focus of this review. There have been some reviews
on the structure regulations of ILs and their application in EDLCs [67-71], so many reports
on the use of innovative pure ILs as electrolytes for EDLCs are out of the scope of this article.

3. Tuning of IL-Solvent Electrolytes for EDLCs

At high operating voltage, the electrolyte components may decompose on the surface
of the carbon-based active material, resulting in an irreversible electrochemical process for
the device [72,73]. Therefore, the stability of each component of the electrolyte determines
the operating voltage limit. Over recent years, many efforts have been made to develop
advanced IL-solvent electrolyte systems to meet the necessary criteria for achieving high-
energy EDLCs. At present, for the existing IL solute salts, the methods of tuning IL-solvent
electrolyte components to achieve higher voltage can be divided into four categories
(Figure 3): (1) increasing the concentration of IL solute salts; (2) selecting single-substitute
solvents with high electrochemical stability to replace AN and PC; (3) adding co-solvent
to AN or PC to improve the electrochemical stability or conductivity; and (4) introducing
solute salt additives.

2023

IL-solvent

Additiv

Figure 3. The methods of increasing the voltage of IL-solvent electrolytes as well as the corresponding
improved physicochemical properties.

3.1. Higher Salt Concentration for High Voltage

The concentration of solute salt in commercial electrolyte is usually 1.0 M. The energy
density of EDLCs is determined by the quantity of electrolyte ions per unit area of the elec-
trode surface. The IL concentration plays a pivotal role in regulating viscosity, ionic liquid
conductivity, and the potential window. Higher salt concentration can not only increase
the number of adsorbed/desorbed ions, which may increase the specific capacity (C), but
also has been considered as a method to break through the voltage limits of EDLCs [74],
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because less free solvent molecules will reduce the redox reaction on the electrode. For ex-
ample, the use of 2.0 M N,N—-dimethyl pyrrolidinium tetrafluoroborate (Pyry;BF4)/AN [75],
enabled the EDLC to achieve a high operating voltage of 3.4 V with a capacitance retention
of 88% after 500 h. In addition, EDLCs using higher-salt-concentration electrolytes also
surpassed the current leading devices in terms of high-temperature performance (retaining
91% capacitance after floating 500 times at 3.0 V and 60 °C) (Figure 4a,b). Meanwhile,
post-mortem gas chromatography/mass spectrometry (GC-MS) indicated that the higher
performances of 2M Pyry1BFs /AN were related to its high thermal and electrochemical
stability. In addition, a Pyri4TFSI/PC (1:1 wt.%) mixture (equivalent to a concentration
of 2.3 M) [51] provided the operating voltage of the EDLCs at 3.5 V, which was similar to
that of EDLCs using neat Pyr4 TFSIL. The electrolyte system also ensured excellent cycle
stability, with a 5% decrease in capacitance after 100,000 cycles at 3.5 V. Another report of
2.3 M Pyr14BF4/PC electrolyte [76] indicated that the electrolyte allowed the cells to work
at a high operating voltage of 3.2 V in a float test, and the conductivity and viscosity were
comparable to those of the traditional 1.0 M EtyNBF, /PC electrolyte. Moreover, due to the
high electrochemical stability of electrolyte, the high cycle stability of EDLCs at 3.2 V was
confirmed by charge-discharge measurement. EMImBF, with small contents (from 0.005 M
to 1.0 M) of different organic solvents (AN, PC or y-butyrolactone) [77] were studied as
electrolytes in EDLCs at high potentials (>3.2 V). Jia et al. [52] systematically studied the
effect of EMImBF, concentrations (including 1.0 M, 2.0 M, 4.0 M, and 6.54 M) on the poten-
tial window, ionic conductivity, and viscosity of the EMImBE;/AN electrolyte. The results
show that the ESWs of FRGO-based EDLCs increased with increasing IL concentrations:
1M EMImBF, /AN (3.4 V), 2M EMImBF, /AN (3.4 V), and 4M EMImBF, /AN (3.5 V). The
increase in specific capacitances had a similar trend: 1M EMImBF,/AN (944 F g~ 1), 2M
EMImBF,/AN (147.8 F g’l), and 4M EMImBF, /AN (158.3 F g’l). The maximum specific
capacitance offered by the 4M EMImBEF,/AN was due to the fact that the capacitance
of EDLCs increased with the increase in voltage across electrodes. The reason for the
low ESW of dilute solution was that the “freer” AN molecule was prone to irreversible
redox reactions on the electrode surface. With rising IL concentrations, the viscosity of the
electrolytes increased, whereas the ionic conductivity decreased. The peak was reached
when the concentration of EMImBF,; was 2.0 M (Figure 4c—f).

Scalia et al. [78] used N-butyl-N-methyl-pyrrolidinium 4,5-dicyano-2—(trifluoromethyl)
imidazole (Pyr14TDI) as the solute salt for EDLCs for the first time and evaluated the
performances of the electrolytes with different Pyr 4 TDI/PC ratios from 1:3 to 3:1 (w/w).
By adjusting the concentrations of the solution, a wide liquid range and high conductivities
were achieved. The highest cell voltage of 3.3 V was attained with a Pyr;4TDI/PC ratio of
3:1. Meanwhile, although the voltage window of the most diluted electrolyte Pyri4 TDI:PC
(1:3) was limited to 3.0 V, it delivered the highest specific energy and power. Balducci
et al. [79] explored the impact of salt concentrations on the theoretical and practical energy of
EDLCs with PC-based Pyr;4BF, and trimethylsulfonium bis[(trifluoromethyl)sulfonyl]imide
(Me3TFSI). The study indicates that 1.5 M Pyr14BF,/PC and 3.8 M Me;TFSI/PC were
promising for higher operative voltages of 3.49 V and 2.88 V, respectively.

Based on the examples given above, a high concentration of IL-solvent electrolyte
does have a significant effect on raising the voltage, but the reasons for the formation of this
electrochemical stability in high-concentration electrolytes have not been clearly studied.
Moreover, there are still some shortcomings to limit their commercial application, such as
low conductivity, high viscosity, and high cost.
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Figure 4. Comparisons of the floating stability of 1 M TEABF,; /AN and 2 M Pyr1BF4/AN at 20 °C (a)
and 60 °C (b) [75]. The maximum operating voltages (MWVs) and maximum specific capacitance
related to (c) the concentration of IL, (d) the viscosity of the electrolyte, and (e) the ionic conductivity
of electrolytes. The variation curve of specific capacitance with IL concentration at 3.4 V (f) [52].

3.2. The Use of Single-Substitute Solvent with High Electrochemical Stability

AN and PC are the commonly used organic solvents in the electrolyte for EDLCs. With
regard to improving the stable voltage window of IL-based electrolytes, several organic
solvents with higher electrochemical stability were proposed and tested as the alternative
solvents of AN and PC [80], such as ethyl isopropyl sulfone, propionitrile, adiponitrile,
and butylene carbonate. Ethyl isopropyl sulfone (EiPS) has a high boiling point (265 °C)
and a relatively low melting point (—8 °C) and low reactivity with water, which makes
it a potential organic solvent for high-voltage EDLCs [81,82]. Balducci et al. [83] further
studied the electrochemical performance of EDLCs using TEABF, /EiPS at high voltage
and different temperatures from 20 to 80 °C. The results show that 0.5 M TEABF, /EiPS
electrolyte featured high electrochemical and thermal stability, allowing EDLCs to operate
at high voltages from 3.0 V to 3.4 V at 60 °C and 80 °C. At 20 °C, 90% and 74% of the initial
capacitance of EDLCs with TEABF,/EiPS were retained after 500 h of floating at 3.4 V
and 3.6 V, respectively. This superior stability is one of the highest reports of laboratory-
scale TEABF,-based EDLCs and is much higher than AN-based TEABF, electrolyte. In
addition, the devices retained 68% of their original capacitance after floating at 3.4 V
at 60 °C for 500 h, while devices using TEABF,/electrolytes were unstable under these
conditions. Based on a postmortem GC-MS analysis of the TEABF,/EiPS electrolyte,
no soluble decomposition products were found from the solvent, and the post-mortem
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negative electrode

X-ray photoelectron spectra (XPS) analysis of the electrodes revealed the accumulation
of non-soluble decomposition compounds on the electrode surface at high temperatures.
The electrochemical reactions on the electrode surface were confirmed, including cation
degradation via Hofmann elimination, the fluorination of the carbon surface, the in situ
formation of HF, and the decomposition of EiPS. Based on the characterization results,
the high electrochemical stability was attributed to the deposition of EiPS decomposition
products on the electrode surface, which might act as a passivation layer to inhibit further
degradation (Figure 5).
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Figure 5. Proposed aging processes occurred on the interphase between TEABF, /EiPS electrolyte
and activated carbon electrodes at elevated temperatures [83].

Butylene carbonate (BC) is similar to PC in reduction stability and has higher oxidative
stability than PC. Therefore, BC has higher electrochemical stability than PC and is a
potential high-voltage alternative solvent of PC. BC has some isomers, including BC, 2,3-BC,
and 1,2-BC. The boiling point of 2,3-butylene carbonate (BC) [84] is higher (243 °C) than
that of PC. A spiro-(1,10)-bipyrrolidinium tetrafluoroborate (SBPBF,)/2,3-BC electrolyte
showed a voltage window of 3.5 V, far exceeding the PC-based electrolyte (2.7 V). The
interface stability at high voltage was explained by the fact that the 4th and 5th positions
provided a high-level protection from the external environment. This protective effect
made these sites less vulnerable to attack by compounds that decompose the electrolyte
(such as HyO). Furthermore, 1,2-Butylene carbonate, as the isomer of 2,3-BC, also worked
as alternative for PC [85]. The use of 1.5 M Pyr14BF,/1,2-BC allowed EDLCs to operate at
3.15V, and the capacitance retention reached 90% after 500 h of floating.

Propionitrile (PN) has a higher boiling point (97 °C) and a lower melting point (—93 °C)
than AN [86]. Nguyen et al. [87] reported the utilization of 1.0 M SBPBF;/PN and N,
N-dimethyl pyrrolidinium tetrafluoroborate (DMPBF4)/PN as EDLC electrolytes and com-
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pared their performances with 1.0 M DMPBF;/AN and SBPBF;/AN electrolyte. The
PN-based electrolytes exhibited high electrochemical stability, low viscosity, good ionic
conductivity, and excellent anodic potential limit. The symmetrically stable electrochemical
windows of alternative electrolytes helped to protect these electrolytes from decompo-
sition when charged to high oxidation potentials. Consequently, EDLCs using 1.0 M
DMPBEF, /PN and SBPBF,/PN electrolytes were cycled over 10,000 times at 3.5 V and
1000 h at 3.3 V. The DMPBE, /PN electrolyte enabled EDLCs to achieve the highest power
density (22.9 kW kg~!) and energy density (49.3 Wh kg~ !). Otherwise, adiponitrile (ADN)
also worked as an alternative solvent of AN due to its high boiling point (295 °C) and high
flashpoint (163 °C). The voltage of EDLCs using 1.75 M Pyr14BF;/ADN electrolyte [88]
ranged from 3.2 V to 3.7 V, and the capacitance retention of devices reached 81% at 3.7 V
after 100,000 cycles (at 5 A g~!). The operating voltage of EDLCs reached 3.4 V when
galvanostatic charge-discharge processes were performed at room temperature as well as
60 °C, while that of EDLCs reached 3.0 V in the float tests. The temperature-programmed
desorption and nitrogen adsorption analysis of the aged electrodes proved that the primary
factor contributing to the degradation of EDLC performance was the formation of surface
functional groups, which led to the gradual blockage of pores. Nevertheless, electrolytes
using these nitrile solvents exhibit elevated viscosity and reduced conductivity compared
to AN, thus constraining the power performance of the EDLCs.

It is noted that the use of some new solvents with high electrochemical stability
indeed improves the voltage window of the IL-solvent electrolytes. However, due to their
high viscosity and low ionic conductivity, this is usually accompanied by a reduction in
power output.

3.3. Adding Co-Solvents to AN or PC for High Voltage

Co-solvents are often employed to adjust macroscopic properties of electrolyte com-
ponents, including viscosity, dielectric constant, and melting point [89]. Electrolytes with
multi-solvent systems demonstrate broad tolerances owing to the co-solvent’s relatively
lower viscosity and higher dielectric constant [90]. AN works as the widely used solvent for
EDLC electrolyte, as the co-solvent can improve the electrochemical stability of AN-based
electrolyte. As mentioned earlier, EDLCs utilizing TEABF,;-EiPS electrolyte achieved an
operating voltage window of 3.4 V [83]. Balducci et al. [53] used AN and EiPS as mixed
solvents to prepare 1.0 M TEMABF, /EiPS/AN electrolyte. It was found that the operating
voltage of the electrolytes using EiPS and AN (75:25 and 50:50) as co-solvent was 3.0 V, and
the electrolyte system with EiPS/AN (75:25) showed excellent cycle and floating stability.
In fact, EDLCs using the electrolyte with a 75:25 ratio exhibited only a 3% loss of initial
capacitance after a 500 h cycles test at 3.0 V. Lang et al. [91] found that incorporating
methyl acetate (MA) into EMImBF, /AN can improve the performance of EDLCs at low
temperature. The optimal pairing of an APDC electrode with the EMImBEF,/AN/MA
electrolyte allowed the EDLCs to operate normally at -50 °C and exhibited an operating
voltage of 3.5 V, a maximum power density of 26 kW kg~!, a maximum energy density
of 80 Wh kg~ !, and a long cycle lifespan of 10,000 cycles. Subsequent studies found that
adding a fluorinated ether, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE),
into TEABF,; /AN electrolyte could improve the stability of the electrolyte. As a result, a
high working voltage of 3.6 V was assembled, which was much higher than the typical
working voltage of 2.7 V for AN-based electrolytes without TTE [92]. In addition, the
leakage current of TEABF4—TTE/AN was smaller than that of electrolyte without TTE
at the same charging voltage, and no decomposition of electrolyte was observed at 3.6 V.
When charged to 3.6 V, the open-circuit voltage of ELDC with TEABF4~TTE/AN decayed
by 2.03 V after 24 h, which was lower than that of the EDLC without TTE (2.60 V). A
mechanistic analysis indicated that cell self-discharge with the TTE additive was slowed
down, which could be attributed to the inhibition of the faradaic reaction process caused
by electrolyte decomposition.
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As a common solvent for EDLCs with organic electrolyte, PC has higher electrochem-
ical stability and better safety than AN, but its electrical conductivity is lower than AN.
Thus, the electrochemical stability and conductivity of IL/PC-based electrolytes also need
to be improved by adding other solvents. A common linear ether, 1,2-dimethoxyethane
(DME), which has favorable chemical/electrochemical stability and quite low viscosity,
has also been as a co-solvent for PC to enhance the transport behavior of ions. The EDLCs
assembled with EMImBF,;-PC-DME (PC: DME = 1:1) electrolyte [93] had a voltage of 3.0 V
and the property of fast charge-discharge. Ethylene carbonate (EC) has lower viscosity
and a higher dielectric constant than PC. Dimethyl carbonate (DMC) has a linear structure,
and its viscosity and melting point are significantly lower than those of ethylene carbonate
(EC). For instance, the dielectric constants of propylene carbonate (PC), DMC, and EC
are 65, 3.1, and 90 V/m, respectively, while their viscosities are 2.5, 0.6, and 1.9 mPa s,
respectively. Therefore, the adding of DMC or EC into PC-based electrolyte is beneficial to
the preparation of advanced electrolytes with high electrical conductivity and low viscos-
ity [94]. The electrolytes containing SBPBF, with a solvent mixture of PC/DMC/EC (1:1:1
in volume) and PC/DMC (1:1 in volume) were studied for EDLCs [95]. The PC/DMC
system exhibited the lowest viscosity (3.14 mPa s), while the PC/DMC/EC system showed
the highest conductivity (18.08 mS cm~!). Additionally, SBPBF, using a solvent mixture of
the PC/DMC/EC system exhibited a stable voltage of 3.2 V and superior rate performance.
In addition, the monofluorination of carbonates can increase relative permittivity and
kinematic and dynamic viscosity. The dynamic viscosity of fluoroethylene carbonate (FEC)
at 40 °C (4.1 mPa s) is higher than that of PC at 25 °C (2.53 mPa), and the relative dielectric
constant of FEC at 40 °C (78.4) is higher than that of PC at 25 °C (64.92). Janes et al. [96]
introduced FEC as the co-solvent to construct FEC/PC solvent mixtures in various volume
ratios. The EDLCs assembled with 1M (C,Hs5);CH3NBF, /FEC:PC (1:19) (5 vol.% FEC) and
microporous TiC-CDC electrodes reached a voltage of 3.0 V. Therefore, the co-solvent in
the above IL-PC system could reduce the viscosity or freezing point of electrolyte and
slightly increase the voltage window.

From the above examples, it can be seen that co-solvents are mainly eaters, and there
are few types of co-solvents reported at present. The co-solvent can slightly enhance
the voltage window of the IL-AN (PC) electrolyte, and the main promotion effect is the
improvement of other electrochemical properties, such as the increase in conductivity
to improve the rate performance or low-temperature performance, which also are the
important factors of EDLCs.

3.4. The Use of Solute Salt Additives for High Voltage

The ions of the solute salt play a direct role in forming the electric double layer, so the
selection of solute salts is crucial for developing advanced EDLCs [97,98]. Encouragingly,
it is of practical significance to study the IL-solvent electrolyte additives that can improve
the operating voltage for improving energy density. F-containing compounds can form an
effective passivation layer on the electrode surface, thereby minimizing the decomposition
of solvent or AN polymerization. Back in 2005, Ishikawa et al. [99] reported that the cathodic
stability of EMImBE, could be expanded by adding LiBF,;. Compared with EMImBF, and
TEMABE, /PC, EMImBF4+LiBF,; /PC had a higher electrochemical stability window. They
later confirmed that the enhancement of cathodic stability in the LiBF; /EMImBEF, system
was associated with an “inhibiting effect” caused by the presence of Li* ions, rather than
the “coating effect” from the formation of SEI [100]. The protective impact of Li* ions
helped in curbing the side reactions on the AC electrode. Li et al. [101] used LiFPg as an
additive to prepare the EMImBF, /LiPF4 /PC/DMC electrolyte, which had a low viscosity
of 2.89 mPa s, a high ionic conductivity of 20.72 mS cm !, and high electrochemical stability.
The inhibiting effect brought by Li* effectively hindered the reduction of cations in IL.
The advanced 3V-class EDLCs were successfully constructed using this electrolyte, and
their comprehensive performance was obviously better than that of EDLCs using pure
EMImBF,; or EMImBE, /solvent, with a capacitance retention of 95.8% after 20,000 cycles
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at 3.0 V. The improvement of the overall performance was primarily attributed to the
improved ion transport capacity, the balance charge storage of the electrodes, and the
passivation of the electrode surface, which were caused by the combined action of Li salt
and carbonate solvent.

Krause et al. [102] reported fluorinated additives such as ethyl(2,2,2-trifluoroethyl) car-
bonate (ETFEC), (2,2,2—trifluorothyl) methyl carbonate (TFEMC), lithium difluoro(oxalate)
borate (LiDFOB), bis(2,2,2-trifluorothyl) carbonate (P TFEC), and tris(2,2,2—trifluoroethul)
phophite (TTFEPi) for the SBPBF; /AN system. The results demonstrate that LIDFOB and
ETFEC could improve the stability at high voltage (>2.7 V). In particular, when 2 wt%
LiDFOB additive was added to SBPBF,; /AN, the resulting EDLC cells revealed good ca-
pacitance retention and reduced internal resistance in the voltage ranges of 3.5 to 4.0 V
(Figure 6). In addition, EDLCs using TTFEPi showed lower self-discharge performance.
The electrochemical decomposition degree of the internal components of the cell was re-
flected by the steady-state current value. The cell with TTFEPi additive showed the lowest
current value in the test, indicating that TTFEPi might reduce aluminum corrosion at high
voltage to improve the coulombic efficiency.
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Figure 6. (a) Eight constant current charge/discharge cycles at a current of 5 mA across a voltage
range of 0.5 to 2.7 V. (b) Capacitance of EDLCs during cycle life testing across a range of 0.5 to 4.0 V.
(c) Coulombic efficiency of EDLCs under a voltage range of 0.5 to 4.0 V cycle life. (d) Increase in
internal resistance as determined by current interrupting a voltage range of 0.5 to 4.0 V in cycle life
test [102].
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Besides the F-containing compounds, different kinds of ILs can also be used as the
additives for IL-based electrolytes. In addition to the organic solvent with high dielectric
constant and minimal viscosity, incorporating ILs with other cations can also improve the
electric conductivity and reduce the viscosity of IL-based electrolytes. Adding different
contents of EMImBF, to 0.2 M SBPBF,/PC/DME [103] electrolyte reduced the interfacial
resistance and bulk resistance, thereby increasing the ionic conductivity. In particular, the
electrolyte with 15 vol% EMImBF, showed superior capacitance, electrochemical stability,
ionic conductivity, and low interfacial resistance. Moreover, when 15 vol% EMImBF,; was
added, the XPS spectra confirmed the thinnest SEI film. Otherwise, adding EMImBF or
EMImTFSI as additive into TEABF, /PC [104] also improved the ionic conductivity and
stability by inhibiting electrolyte decomposition. The ESWs of the electrolytes with IL addi-
tive were wider than that of the conventional electrolyte, which enabled EDLCs to operate
stably at 3.7 V. When the amounts of EMImBF,; and EMImTFSI were 7 wt.%, the specific
capacitances of the initial value of EDLC after 10,000 cycles were 97.5% and 91.3%, respec-
tively. By mixing N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr14TFSI) and trimethyl propylammonium bis(trifluoromethanesulfonyl)imide (TM-
PATFSI) with an equivalent mole ratio into AN at 1.0 M concentration [105], the binary IL
electrolyte exhibited a low viscosity of 0.692 mPa s~!, an exceptional electric conductivity
of 44.3 mS cm !, and a wide electrochemical stability window of 4.82 V. EDLCs constructed
with AC electrodes and this binary ILs electrolyte achieved an elevated operating voltage
of 3.1V, a maximum power density of 32.16 kW kg~ !, and a maximum energy density of
28.30 Wh kg 1. These metrics were notably superior compared to those of commercially
available EDLCs using organic electrolytes.

Unlike the common ILs, which can improve the conductivity and reduce the viscosity
of the electrolyte by cationic regulation, functional ILs with large-sized groups can enlarge
the operating voltage window by adjusting the polarization limit of the electrode. The
operating voltage of EDLCs is determined by the upper limit potential (Py) and lower limit
potential (Pr), which correspond to the potential of oxidation and reduction of electrolyte,
respectively. By adding a silica-grafted ILs additive into the EMIMTESI/PC electrolyte,
Yan et al. [106] developed an effective strategy to adjust the polarization potential of
electrodes and improved the potential limits of the positive and negative electrodes of
EDLCs (Figure 7a). Compared with the electrolyte without additives, the electrolyte with
10% SiO,-IL-TFSI exhibited a more symmetric potential range for two electrodes, and the
Pgy was adjusted to ~0 V vs. Ag. In this case, Py and P|, were expanded to 1.6 and —1.6 V vs.
Ag in a three-electrode system, and the voltage of the AC-based EDLCs increased from 2.8
to 3.2 V. The energy density was increased by 39% with the improvement in cycle stability.
Subsequently, a polymeric imidazole IL with ether branch (PVEIMTEFSI) was synthesized
and worked as an additive to EMImMTFSI/PC. It was found that PVEImTFSI could also
enlarge the limit potential ranges of carbon-based EDLC [107]. The addition of PVEImTFSI
improved the electrochemical stability and effectively adjusted the upper limit potential
(Py) and lower limit potential (Py) of the electrolytes. The Py and Py, of electrolytes with
10% PVEIMTFSI reached 1.7 and —1.5 V vs. Ag. The working voltage of EDLCs with 10%
PVEIMTFSI was increased to 3.2 V compared with EDLCs at 2.8 V without additives. As a
result, the energy density was increased by approximately 41.5%. The cycling stability of
EDLCs with electrolyte containing 10% PVEImTFSI at 3.0 V and 3.2 V was also significantly
enhanced. In addition, the equivalent circuit model was simulated and the Bode plots were
proposed according to the results of electrochemical impedance spectroscopy (EIS). Both
simulated and measured date show that the resistance of each element was reduced by
adding PVEImTFSI, which improved the ion dynamic and reduced the energy barrier of the
ion diffusion, thereby improving the electrochemical performance of EDLCs (Figure 7b).
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Figure 7. (a) The structure of SiO,—IL-TFSI and the schematic of increasing the operational poten-
tial [106]; (b) chemical structure of PVEImTFSI and its positive effects on voltage and impedance [107].

Moreover, novel electrolytes for EDLCs were prepared by adding cetyltrimethy-
lammonium-bromide-grafted Ti3C, MXene (Ti3C,—CTAB) into EMImBEF, /PC and Et4NBF, /-

PC [108]. Remarkably, the ionic conductivity of electrolyte with the Ti3C,—CTAB additive
increased by 38%, and the solid-liquid surface energy decreased from 18.03 mN m~! to
12.37 mN m~!. The hydrogen bonds and electrostatic force generated between Ti3C,-CTAB
and EMImBF, promoted the dissociation and ion transfer of electrolyte ion pairs. Compar-
ing with free-additive electrolyte, the EDLCs assembled with 0.5% additive showed higher
rate capability (76.4% vs. 45.8%), higher specific capacitance (29.6 Fg~! vs. 21.6 Fg~!), and
longer cycling life after 9000 cycles at 3.0 V (83.6% vs. 59.8%). The addition of Ti3C,—CTAB
reduced the interfacial resistance of electrolyte/electrode, which improved the electrochem-
ical performance. Consequently, EDLCs based on Ti3C,—CTAB/EMImBF, /PC obtained a
high energy density of 28.3 Wh kg ! and a power density of 18.3 kW kg~ .

It can be seen from the results reported above that there are many kinds of solute
additives, including F-containing compounds, ILs, and ionic compounds with large-sized
groups. The effect of adding these additives is immediate, so the addition of solute additives
is a very effective and relatively simple way to achieve high voltage. However, designing
or selecting suitable additives is still a challenge.

4. Conclusions and Future Perspectives

EDLCs have become important energy storage devices to improve the power quality
of renewable energy because of their fast energy storage and high power output. As
mentioned above, the electrochemical stability window is an important factor restricting
the energy density of EDLCs. The development of electrolytes with wider electrochemical
windows is an important direction for constructing high-energy-density EDLCs. IL-solvent
electrolytes are the most commercially promising for EDLCs due to their moderate conduc-
tivity and electrochemical window. In the past few years, many efforts have been dedicated
to the study of new solvents and electrolyte salts to achieve high-voltage EDLCs.
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This review provides insights to expand the working window from the IL-solvent
component level. In summary, tuning the components of the IL-solvent electrolyte is an
effective method to broaden the voltage window of EDLCs with IL-solvent electrolytes.
Various excellent organic IL electrolytes have been developed, including those that have
increased IL concentration, those that have novel organic solvents with high electrochemical
stability, and those that have co-solvents and solute salt additives in their electrolytes. The
as—discussed high-voltage IL-solvent electrolyte components and their electrochemical
performances are summarized in Table 2. Studies show that the voltage of EDLCs with
the use of these electrolytes increased compared to that of the initial. The results indicate
that the electrolyte salts, solvents, and additives have strong effects on the electrochemical
voltage window and the properties of the interface. Despite the fact that some progress
has been made in the research of IL-solvent electrolytes, there are still some works to be
carried out in order to meet their practical applications. The future research of IL-solvent
electrolytes will involve the following considerations:

Table 2. The methods to achieve high voltage of EDLCs with IL-solvent electrolytes.

Tuning Methods Electrolytes Voltage (V) Ref. Challenges
2M Pyry1BE4 /AN 3.4 [75] . o .
i . 2.3M Pyyr14TFSI /PC 35 [51] High viscosity and high
igh salt concentration cost limit the commercial
EMIMBE, /AN or PC or y-butyrolactone 32 (7] application
(0.005-1.0 M solvent) ’
TEABF, /EiPS 34 [83] .
SBPBF,/2,3-BC 35 [84] Accompanied by a
' Pyr14BF,/1,2-BC 315 [85] reduction in power output
High stable solvent SBPBF, /PN 35 (87]
4 .
DMPBF, /PN 3.3 [87]
Pyr14BE4/ADN 3.4 [88]
TEMABEF, /EiPS/AN 3.0 [53]
EMImBF,/MA /AN 3.5 [91] .
Co-solvent TEABF, /TTE/ AN 36 [92] The increase of voltage
SBPBF, /DME,/PC 32 [95] window is limited
(CoHs)3CH3NBF, /FEC/PC 3.0 [96]
EMImBF, /LiPF4/PC/DMC 3.0 [101]
SBPBF,/LiDFOB/AN 4.0 [102]
TEABEF;/EMImBF, /PC 3.7 [104] The designing and
Solute salt additive Pyr4TFSI/TMPATEFSI/ AN 3.1 [105] selecting suitable additives
EMImTFSI/SiO,-IL/PC 3.2 [106] lack systematic guidance
EMImTFSI/PVEIMTESI/PC 3.2 [107]
EMImBEF, /TizC,CTAB/PC 3.0 [108]

(1) It is necessary to develop high-purity, newly low-cost IL salts with high electro-
chemical stability windows. Firstly, the structure innovations of IL electrolyte salts with
high surface ion density are carried out by the cation structure regulation strategy. Secondly,
the purity of IL should be taken into account. It is well known that a small number of
halides or water may influence the physicochemical properties of electrolytes and the
behavior of EDLCs significantly. Thirdly, the cost is the major consideration while using
IL in commercial applications. It is necessary to explore the development of simple and
atom-economic synthesis methods with low-cost raw materials and post-treatment purifi-
cation steps, which make the IL a cheap solute. Finally, the strong effect of innovation on
IL-solvent electrolytes on the structure and the formation of the double layer is necessary to
study. Among the several aspects, the influences of the solvation process and ion mobility
need to be analyzed, which will indicate the advantages and limitations of innovative
electrolyte components.
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(2) We must continue to screen novel organic co-solvents with high dielectric constants,
wide temperature ranges, low costs, and low toxicities to improve the electrochemical
stability of EDLCs. Nevertheless, in some AN systems, the increase in voltage is obtained
at the expense of power reduction. Therefore, it is necessary to carry out research on the
tuning technology of multi-solvent components and explore the synergistic mechanism
between the components. Considering that the high electrolyte concentration and highly
stable alternative solvents in the above strategies can increase the voltage window and
that additives and co-solvents can also increase the conductivity, the combination of these
strategies can develop a high-concentration ionic liquid—-mixed solution electrolyte to
achieve a synergistic effect in high-performance EDLCs.

(3) The selection and design of solute additives still remain a major challenge. Large-
cation ILs are the main research content of large-size salts as IL additives, and the rarely
involved anions may be a future direction. Meanwhile, it is necessary to analyze the
influence of solute additives to the functional groups on the electrode surface, which
will allow us to deeply understand the advantages of electrolyte components and the
enhanced mechanisms.

(4) As the microscopic reaction of the electrode—electrolyte interface occurs in the
Stern layer of the electric double layer, which is determined by the ion dynamics and
physicochemical interactions, theoretical study of the formation, thickness, and composition
of the Stern layer will be the focus of research in the field of high voltage. The ionic
interaction and kinetics of the IL-solvent system at the electrolyte/electrode interface
should be systematically studied using molecular dynamics simulations. The influence
mechanisms of ion size and solvation on the formation and thickness of the Stern layer in
the electric double layer also need to be systematically studied via simulation. In addition,
it is necessary to introduce an effective computational screening method to identify ILs,
solvents, and additives suitable for EDLCs.

(5) A clear understanding of the electrochemical degradation mechanism of the IL-
solvent electrolyte of EDLCs at high voltage is still lacking at present, which gives important
guidance for the design of IL-solvent components with a wide operating window. The
inhibition of electrochemical reactions on the electrode surface caused by the electrolyte
components requires a deep understanding so that a highly electrochemical stable elec-
trolyte and an electrode material with a stable surface can be designed.
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Abstract: The zinc anode mainly faces technical problems such as short circuits caused by the
growth of dendrite, low coulomb efficiency, and a short cycle life caused by side reactions, which
impedes the rapid development of aqueous zinc-ion batteries (AZIBs). Herein, a common ionic
liquid, 1,1-Spirobipyrrolidinium tetrafluoroborate ([SBP]BF,), is selected as a new additive for pure
ZnSOy electrolyte. It is found that this additive could regulate the solvation sheath of hydrated
7Zn2* ions, promote the ionic mobility of 7n2t, homogenize the flux of 7Zn2*, avoid side reactions
between the electrolyte and electrode, and inhibit the production of zinc dendrites by facilitating
the establishment of an inorganic solid electrolyte interphase layer. With the 1% [SBP]BF;-modified
electrolyte, the Zn | | Zn symmetric cell delivers an extended plating/stripping cycling life of 2000 h at
1mA cm~2, which is much higher than that of the cell without additives (330 h). As a proof of concept,
the Zn||V,0s5 battery using the [SBP]BF, additive shows excellent cycling stability, maintaining
its specific capacity at 97 mAh g~ after 2000 cycles at 5 A g~!, which is much greater than the
46 mAh g~ ! capacity of the non-additive battery. This study offers zinc anode stabilization through
high-efficiency electrolyte engineering.

Keywords: aqueous zinc-ion batteries; ionic liquids; electrolyte; additive; zinc anode

1. Introduction

Due to the escalating severity of energy crises and environmental pollution caused by
human technological progress and industrialization, the advancement of renewable power
conversion/storage technologies has been a focus point and hot topic in the area of power
storage [1,2]. Considering their elevated theoretical specific capacity (820 mAh g~1), low
redox voltage (—0.76 V vs. SHE), and abundant resources (three times that of lithium metal)
of the zinc metal, as well as the cost-effectiveness, high safety, and high ionic conductivity
of water-based electrolytes, aqueous zinc-ion batteries (AZIBs) have significant application
value and prospects in areas ranging from mobile electronics and electric automobiles to the
industrial sector [3,4]. Typically, AZIBs utilize manganese-based materials with large tunnel
structures or vanadium-based layered materials as the cathode, with zinc alloys serving as
the anode and normal or mildly acidic water-based compounds like ZnSO,, ZnCl,, and
Zn(NOs); serving as the electrolyte [5]. At present, there are numerous challenges in the
cathode, anode, and electrolyte aspects of AZIBs, and relevant research is in the transitional
stage from scientific research to commercialization [6-8].
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The zinc anode faces the main technical problems such as short circuits caused by
the growth of dendrite, low coulomb efficiency, and a short cycle life caused by side
reactions [9]. Among them, zinc dendrite growth is associated with the uneven deposition
and solvation of zinc ions, while the side reactions are corrosion, hydrogen evolvement,
and obturation of the zinc anode [10]. Therefore, ensuring the reliability of the zinc anode
is essential to promoting the practical application of AZIBs. It is not difficult to find that all
the reactions occurring at the zinc anode in AZIBs involve strong interactions between Zn?*
and H,O molecules. Firstly, the Zn(H,0)¢2" solvated structure has a high energy barrier,
resulting in difficult desolvation, high charge transfer resistance, and slow kinetics during
charge and discharge. Secondly, [Zn(H,0)s]** can provide a large number of active H,O
molecules on the interface of the zinc anode, thus causing various side reactions [11,12].
Thirdly, the zinc anode cannot easily form the solid electrolyte interface (SEI) film in an
aquatic environment, and a bare zinc anode is prone to side reactions including erosion and
hydrogen evolution. Thus, stabilizing the zinc anode requires mitigation of the solvation
effect of Zn?* with water and suppression of the activity of water molecules on the anode
surface [13].

Researchers have adopted several strategies to increase the stabilization of the zinc an-
ode, including (1) optimizing the electrode structure, (2) constructing functional interfacial
layers on the zinc electrode skin, (3) optimizing the separator, and (4) adjusting the compo-
sition and concentration of the electrolyte or introducing additives [14-16]. However, the
first three methods require a significant amount of time and involve high process costs [17].
High-concentration electrolytes also face challenges such as high cost, limited conductivity,
and low-temperature salt precipitation. Introducing additives into electrolytes can directly
optimize the solvation structure of Zn?*, regulate the local current distribution, and im-
prove the electrode/electrolyte interface properties [18]. In comparison, the introduction
of additives is the simplest and most direct method for stabilizing the zinc anode and is
compatible with existing battery manufacturing processes.

Electrolyte additives can be categorized as ionic additives (Na™, Mg2+, Mn3*, etc.), inor-
ganic additives (oxides and inorganic acids), organic additives (small molecules, polymers,
ionic liquids, etc.), and metal additives (lead and tin). Ionic additives containing heavy
metals can cause environmental and electrolyte side reaction issues [19,20]. Inorganic and
metal additives have received less research attention due to their limited solubility. Organic
additives have been a popular topic as they can optimize the solvation structure of zinc
ions, regulate uniform nucleation, induce epitaxial deposition, and even produce SEI films
in situ [21]. They can also lessen the movement of water and zinc ions by creating hydrogen
bonds with water molecules, thereby mitigating water-related side reactions. However,
common organic additives have safety hazards such as flammability and toxicity [22]. Con-
sequently, there is an urgent to explore new excellent performance additives that are highly
stable, have a wide voltage window, are safe, and have low flammability.

Ionic liquids (ILs) consist of asymmetric organic cations and organic/inorganic anions,
which have special characteristics such as a low melting point, good thermal and chemical
stability, strong ionic conductivity, a broad electrochemical window, non-volatility, and
non-combustibility and have been widely applied in energy storage batteries, metal deposi-
tion, organic synthesis, and other fields [23]. In terms of non-aqueous zinc-based batteries,
ILs can be used alone as the electrolyte (EMI-DCA [24]) or as the solvent for zinc salt
(EMImQOTf [25]), and the resulting Zn/ / graphite battery showed no signs of dendrites or
short circuits after hundreds of cycles. In the area of aqueous alkaline zinc batteries, adding
a small amount of IL (EMI-DCA [24]) to the KOH electrolyte can improve the secondary
nucleation process of zinc, prevent uneven zinc deposition, and inhibit dendrite forma-
tion. As for AZIBs, only EMIES [26], [Ch]OAC [27], [BMIM]OTF [28], Me3EtNOTF [29],
DES [30], and PIL [31] have been reportedly applied as electrolyte additives, with related
work only providing preliminary verification of their feasibility and excellent effects. In
summary, other high-performance IL additives need to be screened to provide experimen-
tal data for the subsequent design of ideal IL additives with multiple functions such as
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stabilizing the zinc anode, increasing the voltage window, and improving low-temperature
performance [32].

In this paper, a common IL, [SBP]BF,4, was chosen as a novel addition to pure ZnSO4
electrolyte, and its impact on the stability of the zinc anode and the performance of the
whole battery was studied systematically [33,34]. In order to avoid side reactions between
the electrolyte and electrode, it is discovered that the [SBP]BF, is preferentially adsorbed
on the zinc anode and facilitates the creation of an inorganic SEI layer. On the other
hand, the solvation sheath of hydrated Zn?* ions may be controlled by the [SBP]BF,,
promote the ionic mobility of Zn%, homogenize the flux of Zn%**, and thereby inhibit
the formation of zinc dendrites. The findings of the experiment demonstrated that a
minimal concentration of [SBP]BF, (1%) may effectively prevent the production of zinc
dendrites and produce uniform zinc deposition. Consequently, the zinc anode delivered an
extended plating/stripping cycling life of 2000 h in the Zn||Zn symmetric cell with additive
at 1 mA cm~2, which is much higher than that of the cell without additives (where the
life was only 330 h). Due to the critical dual functions originating from [SBP]BF,, with
2000 cycles at 5 A g1, the Zn V,0s5 battery maintained its specific capacity of 97 mAh g,
which is significantly higher than the non-additive battery’s 46 mAh g~! capacity; this
indicates outstanding cycling stability.

2. Experimental Section
2.1. Materials

The following chemicals were procured from various suppliers: Pyrrolidine, 1,4-
dibromobutane, and ammonium fluoroborate (NH4BF4) were acquired from Shanghai
Macklin Chemical Co., Ltd., Shanghai, China. Potassium carbonate (K,CO3) and ace-
tonitrile (ACN) were sourced from Sinopharm Chemical Reagents Co., Ltd., Shanghai,
China. Vanadium pentoxide nanosheets were purchased from the same company. Zinc
sulfate monohydrate (ZnSO4-H,O, AR) was obtained from Aladdin Reagent, Shanghai,
China. Acetylene black was procured from Sinopharm Chemical Reagents Co., Ltd., China.
Polyvinylidene fluoride (PVDF) was acquired from Sinopharm Chemical Reagents Co., Ltd.,
China. Finally, 1-methyl-2-pyrrolidone (NMP) was purchased from Sinopharm Chemical
Reagents Co., Ltd., China.

2.2. Preparation of [SBP]BF,

Pyrrolidine (1.1 mol, 78.2 g) was combined with 1,4-dichlorobutane (1.1 mol, 139.7 g)
and potassium carbonate (2.1 mol, 290 g) in acetonitrile (ACN, 1.5 L). The resultant mixture
was stirred under reflux at 60 °C for 20 h. Upon cooling, the mixture was filtered and
the filtrate was subjected to vacuum drying to yield 170 g of a crude chloridate salt. This
crude product was then treated with 50% hydrofluoroboric acid (HBFy, 0.9 mol, 155 g) and
ethanol at room temperature for 20 h to facilitate an ion exchange reaction, converting the
chloride salt to a BF, salt. The reaction mixture was evaporated, and the residual salt was
purified through multiple recrystallization steps using ethanol. Following recrystallization,
the product was thoroughly dried under vacuum at 90 °C to afford the ionic liquid additive
[SBP]BE, in a suitable white crystalline form with a purity of 99.99%.

2.3. The Chemical Structure Characterization of [SBP]BFy

The synthesized [SBP]BF; sample was dissolved in a dimethyl sulfoxide (DMSO)
solution, and the anions and cations of the sample were analyzed using nuclear magnetic
resonance spectroscopy (NMR) (Figures S2 and S3). The 'H NMR (400 MHz, DMSO-dg)
spectrum is depicted in the figure, with an integral ratio of § 3.41 (s, 'H) to 6 2.03 (s, 'H)
protons at 1:1. The F NMR (376 MHz, DMSO-dg) spectrum showed an integral of 5-148.62
(d, J =20.4 Hz) proton at 1. The presence of DMSO solvent and residual water was also
confirmed at dw2.49 and dw3.33, respectively. In conclusion, the NMR data confirm that
the synthesized sample was [SBP]BF;.
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2.4. Preparation of V,O5 Cathode

The synthesis of the V,05 cathode was conducted following methods described in the
existing literature [18]. Initially, a mixture of 70% V,05 (0.21 g), 20% acetylene black (0.06 g),
and 10% PVDF (0.03 g) was combined in a mortar. Then, 5 mL of NMP solvent was added
and stirred manually for 3 h to obtain a slurry with a viscosity of 6000 mPa-S. Subsequently,
the electrode slurry was uniformly coated onto graphite paper. The coated electrode was
then subjected to vacuum drying at 50 °C for 12 h to facilitate solvent removal.

2.5. Materials Characterization

The crystal structure and phase of the material were ascertained using X-ray diffraction
(XRD, GBC MMA diffractometer, Super-Dimensional Technology Co., Ltd., Taiwan, China).
Fourier transform infrared spectroscopy (FTIR, Nexus 870, Thermo Fisher Nicolet, Waltham,
MA, USA) and Raman spectroscopy (DXR3xi, Thermo Scientific, Waltham, MA, USA) were
employed to investigate changes in functional groups and the sample’s molecular structure.
The elemental composition and atomic valence were analyzed using X-ray photoelectron
spectroscopy (XPS, ESCALAB 250, Thermal Power Corporation, Waltham, MA, USA). Field
emission scanning electron microscopy (FE-SEM, Hitachi Regulus 8100, Hitachi, Tokyo,
Japan) and transmission electron microscopy (TEM, JEM-2100FEG, Nippon Electronics Co.,
Tokyo, Japan) were utilized to study the material’s morphology.

2.6. Electrochemical Tests

The electrochemical properties of the Zn | | Zn symmetric battery, Zn| | Cu asymmetric
battery, and Zn | | V,Os full battery were studied by assembling the CR2032 button battery.
Zinc-zinc symmetric batteries were prepared by using ZnSO,4 aqueous solution with and
without [SBP]BF, additive as an electrolyte, glass fiber as a separator, and two identical
zinc foils as positive and negative electrodes. The stability of the zinc anode was evaluated
at a current density of 1 mA cm~2 using the LAND battery test system (CT3002A Wuhan,
China). The Zn | | Cu battery, which employs Zn foil as the negative electrode and Cu foil
as the positive electrode, underwent a prolonged cycle test at a capacity of 0.5 mAh cm 2 at
2 mA cm~2. The CHI660E electrochemical workstation conducted cyclic voltammetry (CV)
testing at a scan rate of 1 m Vs~!, chronoamperometry (CA) testing at an overpotential
of 10 mV for 600 s, and electrochemical impedance spectroscopy (EIS) testing within the
frequency range of 0.01~105 Hz. The Zn| | V,0s5 full cell, assembled with a Zn anode
and V,0s cathode, was subjected to CV, cycle, and rate tests at different current densities
of 0.2~1.6 V and 0.5~1.6 V. These evaluations confirmed the practical applicability of the
[SBP]BF, additive.

3. Result and Discussion
3.1. Structural Characterization Analysis

It is clear from Figure 1a that the initial stage of Zn deposition is usually uneven
and is mainly caused by the recognized “tip effect”, and finally, obvious Zn dendrites are
formed [35]. Simultaneously, the Zn anode/electrolyte contact experiences the development
of H, and the formation of by-products, both of which invariably result in fast capacity
loss [30]. To solve these problems, we proposed using an IL named [SBP]BF, as a functional
electrolyte additive, which not only ensures the uniform deposition of Zn but also avoids
the occurrence of adverse reactions. To verify these functions, AZIBs were constructed by
incorporating different amounts of [SBP]BF, into 22wt% ZnSO,4 aqueous solution.

As shown in Figure 2a, by using the X-ray diffraction (XRD) technique, the composition
of chemicals on the surface of zinc anodes after 70 cycles was examined. Apart from
significant zinc deposition on the zinc anode surface during cycling in the absence of the
[SBP]BF, additive, diffraction peaks equivalent to the ZnsSO4(OH)4-4H,O by-product
were also seen at 8.3° and 12.1° [31]. This is because the hydrogen evolution side reaction
produced a large amount of OH ™, which formed these by-products by combining with
Zn**,5042~, and H,O in the electrolyte. However, no by-product peak was observed on
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the surface of the zinc electrode after cycling in the electrolyte with [SBP]BF, additives,
indicating that the additive inhibited the generation of by-products. Furthermore, we found
that the addition of [SBP]BF; was advantageous for weakening the solvation between Zn%*
and water. The FTIR spectra of pure ZnSOy electrolytes and electrolytes containing varying
concentrations (0.5wt%, 1wt%, and 2wt%) of [SBP]BF; were compared in Figure 2b—d.
The O-H stretching vibration peak of water at 3000-4000 cm ! gradually moved to higher
wavenumbers with the increase in additive content, which indicated that SBP* cations
were beneficial for weakening the interaction between water molecules and Zn?* cations.
The vibration stretching peak representing SO42~ at 900-1200 cm ! also shows a blue
shift [32], indicating that the addition of additives damaged the electrostatic coupling
between Zn?* and SO,%~, thereby weakening the binding around SO4%~ [33]. In addition,
by comparing Raman spectra of pure ZnSO;, electrolyte and electrolytes with different
[SBP]BF, content, it was thoroughly shown that the addition of [SBP]BF, can lower the
activity of the water molecules in the electrolyte. As illustrated in Figure 2e,f, when the
additive content increases, the shoulder peak at 3396 cm ! in the Raman spectra gradually
weakened and shifted to a higher wavenumber; this demonstrates how the interaction
between [SBP]BF; and water molecules damaged the initial hydrogen bond network.
In summary, Zn** solvation in water can be lessened by [SBP]BF, addition, which also
accelerates the desolvation of hydrated zinc ions, achieves the homogenization of zinc ion
flux, and inhibits the decomposition of water molecules, thereby suppressing dendrite
growth and mitigating the occurrence of side reactions.
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Figure 1. The schematic diagram of the Zn deposition process in the electrolyte (a) without and
(b) with [SBP]BF, additive.

deposit

—>

With [SBP|BF

After 70 cycles, X-ray photoelectron spectroscopy (XPS) was used to characterize
the Zn electrode both with and without Ar* deep sputtering; the results are displayed in
Figure 3a,b. In the absence of [SBP]BF;, C-C and O-C=0 can be detected in the Cls spectra
of both the zinc electrode surface (no Ar* sputtering) and the inner side (Ar* sputtering for
5 min), which may mainly be caused by the strong bonded glass fiber separator or CO,
dissolved in the electrolyte from air [34]. After introducing [SBP]BF,, in addition to the
detection of O-C=0 peaks related to inorganic ZnCQOj3, organic components such as C-N,
C-H, and C-C were also detected on the surface and inside of the zinc anode, indicating
that [SBP]BF; molecules were adsorbed or decomposed. Analyzing the Zn2p spectra,
in the absence of additives, only the loose structure formed by the unevenly distributed
ZnO was detected on the surface and inside of the zinc. However, when [SBP]BF; is
present, a large amount of Zn(OH), and ZnO inorganic substances was detected both
on the surface and inside of the zinc [35]. In addition, for the high-resolution F1 spectra,
no F-containing inorganic zinc salt was detected regardless of the sputtering time when
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there was no [SBP]BF,;. In stark contrast, when [SBP]BF; was added, inorganic ZnF,
was found on the zinc anode surface, and the peak intensity of ZnF, escalated with an
increase in Ar* sputtering depth, suggesting that ZnF, not only resided on the surface but
also intermingled with organic components embedded within the SEI layer. The existing
literature confirms that inorganic constituents like Zn(OH),, ZnO, and ZnF; within the
SEI layer have been proven to possess good Zn?* conductivity and hydrophobicity. In
summary, adding [SBP]BF, additives caused a thick material to develop, as well as a
homogeneous SEI layer via organic/inorganic hybridization on the zinc electrode surface.
This not only gives it robust toughness but also provides ample transport channels for
electrolyte ions [36]. The SEI film not only keeps the aqueous solution and electrode from
coming into direct contact, which reduces side reactions related to hydrogen evolution
and corrosion, but it also makes it easier for Zn2* to deposit evenly and inhibits the swift
proliferation of zinc dendrites.
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Figure 2. (a) XRD patterns of the original zinc foil and the zinc foil after 70 cycles in electrolytes
with [SBP]BF; and without [SBP]BF,. FTIR spectra (b—d) and Raman spectra (e,f) of electrolytes
containing different proportions of [SBP]BFy.

To see how the [SBP]BF, addition affected the formation of zinc dendrites, scanning
electron microscopy (SEM) pictures (Figure 4a,b) were utilized. Without the addition of
[SBP]BF,, disordered and complex dendritic dendrites appeared on the surface of zinc
foil, and there were many glass fibers around the dendrites. However, with the addition
of additives, zinc foil’s surface morphology underwent a dramatic alteration, dendritic
development was suppressed, and a dense, homogenous planar structure developed [36].
The optical microscope images further verified that the consistent deposition of zinc ions on
the zinc anode’s surface was positively impacted by the addition of [SBP]BF,. Figure 4c,d
demonstrate this; many network dendrites appeared on the surface of the zinc sheet without
the [SBP]BF, additive, resulting in an irregular and rough appearance. After adding
[SBP]BE,, there were no obvious dendrites on the surface of the zinc sheet, and the number
of protrusions and dents was also reduced. This showed that the addition of [SBP]BF,
effectively prevented the formation of unwanted side reactions and the development of zinc
dendrites, producing a uniform and smooth zinc sheet surface. Atomic force microscopy
(AFM) was used to characterize the three-dimensional profile and roughness of the zinc
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anode surface in different states (Figure 4e—g). As can be seen from Figure 4g, the polished
original zinc foil has a smooth surface with a height of about 94.7 nm. In the ZnSOy
electrolyte without additives, Zn?* primarily deposited on the protrusions on the surface of
the zinc anode due to the uneven electric field [37]. Therefore, following 140 h of cycling in
pure ZnSOj electrolyte, the surface of the zinc electrode becomes highly rough, with many
zinc dendrites with a height of about 929.4 nm. In contrast, after cycling in the electrolyte
containing [SBP]BF, for 140 h, the tip effect was weakened, the surface of the zinc foil
remained relatively smooth and uniform, and the height was dropped to 537.5 nm. It can
be seen that the [SBP]BF, additive can successfully stop zinc dendritic growth and has a
positive effect on achieving a long cycle of the battery.
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Figure 3. The XPS spectra of the Zn foils after 140 h cycles in (a) pure ZnSO, and (b) ZnSO4 + 1wt%
[SBP]BF, electrolytes.
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Figure 4. SEM images and optical microscope images of zinc electrode after 140 h cycling in (a,c)
pure ZnSOy electrolyte and (b,d) electrolyte containing [SBP]BF4. AFM images of (e) the original Zn
foil and (f,g) Zn foil after 140 h cycling in different electrolytes.

3.2. Electrochemical Measurement

To ascertain the impact of the [SBP]BF, additive on the electrochemical stability of
the zinc anode, we assembled a three-electrode system (the working electrode and counter
electrode are zinc, and the reference electrode is Ag/AgCl) with Zn| | Zn symmetrical
batteries and tested their electrochemical properties in detail. The corrosion activity of zinc
anodes in batteries with and without additives was characterized by linear voltammetry,
and the result is shown in Figure 5a. It can be observed that the Zn corrosion potential of
the zinc anode in batteries with 1wt% [SBP]BF,; and without the [SBP]BF, additive was
—914 mV and —929 mV, respectively, indicating that the [SBP]BF, additive can prevent
the corrosion of the Zn electrode to a certain extent by inhibiting hydrogen evolution
reaction [38]. In addition, as shown in Figure S1, the cyclic voltammetry (CV) curves of
Zn| |SS (stainless steel) asymmetric batteries with and without the [SBP]BF, additive were
obtained. The introduction of the [SBP]BF, additive increased the nucleation sites of the
cell from 63 to 96 mV, which can reduce the radius of the Zn crystal nucleus and facilitate
the formation of a compact, flat, and uniform layer of Zn [39]. Consequently, this prevented
the growth of zinc dendrites.
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Figure 5. (a) The potentiodynamic polarization curves of the zinc anode in three-electrode sys-
tem in electrolyte with 1wt% [SBP]BF, and without [SBP]BF,. (b—e) The constant current charge
and discharge cycle performance of Zn | | Zn symmetrical battery using electrolytes with different
proportions of [SBP]|BF, additive at 1 mA cm 2.

By evaluating the Zn | | Zn symmetric battery’s constant current charge—discharge
curve, the Zn plating/stripping process on the Zn anode during long-term cycling may be
examined. The results show that the batteries with different electrolytes exhibit different
cycle life at a constant current density of 1 mA cm~2 and a cut-off capacity of 1 mAh cm 2.
As shown in Figure 5b-e, the battery using pure ZnSO; electrolyte was damaged after 330 h
of cycling and therefore has a short life. After the addition of [SBP]BF, into the electrolyte at
ratios of 0.5% and 2%, it was found that the battery life was prolonged, but the polarization
voltage was unstable, and they failed after 670 h and 680 h, respectively. It was worth
noting that when the content of [SBP]|BFy is 1%, the resulting Zn | | Zn battery exhibits a
steady overpotential, and the cycle lifespan was up to 2000 h, which was significantly better
than other batteries. It was proven that the [SBP]BF, additive can affect the nucleation site
of Zn?* and encourage consistent and steady zinc plating or stripping on the zinc anode,
which may successfully avoid the occurrence of zinc dendrites [40].

To further demonstrate that the [SBP]BF,; additive can improve the cycle stability of
the zinc anode, Zn | | Cu batteries were assembled and their electrochemical performance
was tested. In the discharge process, the zinc stripped from the zinc anode in the battery
will be deposited on the copper foil. When the battery is charged, the zinc metal on the
copper foil will be stripped before the cut-off voltage. Thus, one crucial metric to confirm
the reversibility and cycle stability of the zinc anode in zinc/copper batteries was the
coulomb efficiency (CE) [40]. As shown in Figure 6a, the Zn| | Cu battery using pure
ZnSQy electrolyte maintained a stable CE for 590 cycles, but then the CE value fluctuated
and decreased due to the formation of zinc dendrites/by-products or other side reactions.
After the [SBP]BF, additive was added, the initial cycles of the battery belonged to the
remodeling zinc ion coordination stage, so the CE was low. However, the CE value soon
reached more than 99% and remained in more than 2200 cycles. These results indicate
that the zinc anode can achieve higher cycle stability by using the [SBP]BF; + ZnSOy
electrolyte. At the same time, the voltage—time curves of Zn| | Cu batteries were also
tested at a constant temperature of 25 °C. As shown in Figure 6b, the substrate metal
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(Cu) was used to create a zinc storage cell with a capacity of 2.26 mAh cm~2 (Qt), and
a fixed current density of 0.565 mA cm ™2 was used during the cycle for stripping and
electroplating 0.565 mAh cm 2 (Qc) of Zn. In the final stage, the recoverable capacity Qs
were stripped through the charging process to achieve a specific voltage of 1 V. According
to the above conditions, the average CE value was calculated using Equation (1) [41]. The
Qs value of the battery without additives was 1.236 mAh cm 2, and the average CE was
calculated to be 87.1%. The Qs value of the battery with additives was 1.7932 mAh cm 2,
and the average CE was calculated to be 94.1%. Therefore, it has been established that the
reversibility and utilization rate of the zinc anode may be significantly boosted by adding
the [SBP]BF, additive to the ZnSO; electrolyte.

~ 9Qc+Qs
E= 5ot ar ‘”
L
°= RS @

In order to further prove the role of the [SBP]|BF; additive, we used graphite as the
positive and negative electrodes and glass fiber membrane as the diaphragm, assembled
graphite | | graphite batteries, tested their electrochemical impedance (EIS) curves (shown
in Figure 6c,d), and calculated the ionic conductivity of the two electrolytes in glass fiber
separators according to the obtained data and Equation (2) [42]. Where L is the thickness
of the glass fiber (0.0675 cm), S is the contact area (1 cm~2), and Ry, is the resistance value
of the glass fiber obtained by testing, the results showed that the ionic conductivity of
the separator with [SBP]BF,; + ZnSOj electrolyte was 24.19 mS cm ™!, which was higher
than that of the separator with the pure ZnSO; electrolyte (12.38 mS cm~!). High ionic
conductivity of the glass fiber separator can improve the diffusion efficiency of Zn?*, so
these data can also help explain the effect of additives on facilitating uniform deposition of

zinc ions.
b o = L(AV —LR,)
2 I, (AV — LkRg)

In the chronoamperometry experiment (Figure 6e,f), the applied voltage was set to
10 mV, denoted as AV. The initial current and resistance were represented by I, and R,
respectively, while the steady-state current and resistance were represented by I; and
Rs, respectively. For the cell using electrolyte of 22wt% ZnSOy + 78wt% H,O, the initial
current (I,) was 0.158 mA, the initial resistance (R,) was 218 (), the steady-state current
(Is) was 0.099 mA, and the steady-state resistance (Rs) was 474 Q). Therefore, according to
Equation (3) [42], the calculated t, »+ was 0.415. In contrast, for the cell using electrolyte
of 22wt% ZnSOy4 + 1wt% [SBP]BE, + 77wt% H,O, the initial current (I,) and resistance
(Ro) were found to be 7.747 mA and 183 (), respectively, while the steady-state current (Is)
and resistance (Rs) were 2.485 mA and 250 (), respectively. Therefore, the t, >+ calculated
by Equation (3) is 0.739. The result shows that the addition of [SBP]BF, can improve the
migration rate of zinc ions and promote the uniform distribution of ions so as to help
uniform galvanizing.

In this work, two full batteries were assembled using V,0Os as the cathode, Zn foil as
the anode, and ZnSO, and [SBP]BF; + ZnSO; as the electrolyte, respectively. As shown in
Figure 7a, the CV curves of both whole cells showed four (two pairs) redox peaks at a scan
rate of 1 mV s~ 1, which linked to the insertion/extraction of protons and Zn2* ions [43].
Remarkably, the voltage difference of the Zn | | [SBP]BF4+ZnSOy4 | | V,0s5 cell is only 6 mV,
while the voltage difference of the Zn | | ZnSO4 | | V505 cell is 32 mV. This indicated that
the addition of [SBP]BF, can alleviate the polarization of the battery and enhance the
reversibility, which had a positive effect on preventing the growth of zinc dendrites [44].
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Figure 6. (a) The coulombic efficiency and (b) the voltage—-time curves of Zn | | Cu batteries using
electrolytes with and without additives. Nyquist plots tested of the graphite paper | | graphite paper
batteries (c) without [SBP]BF, additive and (d) with additive in the electrolyte. The chronoamper-
ometry curves of Zn | | Zn cells (e) without and (f) with 1wt% [SBP]BF, additives in the electrolyte
(insets give the corresponding Nyquist plots at initial and steady states after fitting).
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Figure 7. In the study of the electrochemical performance of Zn| | V,Os5 fuel cells, it was determined

that the active material loading on the positive electrode sheet is between 1 and 2 mg cm~2: (a) the CV
cures at a scan rate of 1 mV s~ 1 in electrolytes with and without [SBP]BF, additives; (b) rate perfor-
mance in electrolytes with and without [SBP]BF, additives; charge/discharge profiles in electrolytes
of (c) without and (d) with [SBP]BF, additive; (e) cyclic stabilities and efficiencies in electrolytes with
and without [SBP]BF, additives at 5 A g~ 1.

Figure 7b displays the rate performance of the two batteries at various current densities
05Ag 1, 1Ag,3Ag 1 ,5A¢g71,10A ¢!, and 0.5 A g~!). The discharge specific
capacity of the zinc battery with [SBP]BF; added to the electrolyte was 296.6 mAh g’l
at a current density of 0.5 A g~!, which was higher than that of the battery without
the [SBP]BF, additive (260.4 mAh g~'). Surprisingly, even at a high current density of
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10 A g~ !, the battery with the [SBP]BF, additive can still maintain a high specific capacity of
166 mAh g~1, which is significantly higher than that of the battery without additives. This
revealed that the rate performance of zinc batteries was much enhanced by the addition
of additive [SBP]BF,. Upon evaluating the rate performance, it was noteworthy that the
battery’s capacity (294.1 mAh g~!) could still be reached when the current density dropped
to 0.5 A g~!, indicating strong cycle stability. Figure 7c,d shows the charge/discharge
curves of two cells with different current densities, and there are two discharge plateaus
near 0.68 and 1.08 V, corresponding to reversible Zn?* insertion and extraction reaction
processes, respectively, which are consistent with CV curves. Furthermore, the two batteries’
long-term cycle performance was assessed at a current density of 5 A g~ !; the outcome
is displayed in Figure 7e. Following 2000 cycles, the Zn | | [SBP]BF, + ZnSOy4 | 1 V205 cell
demonstrates a notable 97 mAh g~! specific capacity and a high average CE of 99.7%. In
contrast, under the same conditions, the specific capacity of the battery without [SBP]BE,
decreased to 46 mAh g~!, which was majorly attributed to the electrochemical hydrogen
evolution corrosion and zinc dendrite growth [45]. The cycling stability of Zn| | V5,05
batteries, both with and without additives, was evaluated at a current density of 20 A g~ !,
as depicted in Figure S4. After 3000 cycles, the battery equipped with additives maintained
a capacity of 66.7 mAh g~!, outperforming its counterpart devoid of additives, which
retained a capacity of merely 33.3 mAh g~! after the same number of cycles. Following
cycling, the zinc foil negative electrode and V,0Os positive electrode were detached from
the Zn | | V05 battery. Photographic evidence revealed that in the absence of additives
(Figure S4a), severe corrosion had occurred on the surface of the zinc foil, leading to
the proliferation of zinc dendrites. Consequently, there was an abundance of glass fiber
separator residue on the zinc foil’s surface. Concurrently, the V,0Os5 positive electrode
exhibited significant corrosion accompanied by numerous cracks. In stark contrast, the
application of the [SBP]BF, additive (Figure S4b) mitigated the corrosion and zinc dendrites
on the Zn surface while also enhancing the density and regularity of the V,Os pole piece
surface. As shown in Table S1 [35,45-52], we also made a comparison with other electrolyte
additives to further illustrate the role of [SBP]BF, in inhibiting zinc dendrite formation and
corrosion. Therefore, it can be concluded that the introduction of additive [SBP]BF, has
obvious advantages in improving the rate performance and long-term cycle stability of
zinc batteries, and this result provides valuable supporting data for promoting the practical
application of zinc-ion batteries.

4. Conclusions

AZIBs exhibit promising potential for use in the domains of portable electronics, elec-
tric cars, and large-scale energy storage. However, the metal zinc anode faces problems
involving zinc dendrite growth and zinc metal corrosion, as well as anode surface pas-
sivation, which affect the electrochemical performance of AZIBs. In order to solve these
problems, 1wt% [SBP]BF, + 22wt% ZnSOj, electrolyte was used in this work to improve
the stability of the zinc anode. We found that [SBP]BF, can preferentially adsorb on the
surface of the zinc anode to regulate the uniform nucleation of zinc ions and induce their
epitaxial deposition, can improve the solvation sheath of hydrated Zn?* to promote the
transport and charge transfer of Zn?*, and can produce adaptive SEI film on the surface of
the zinc anode to further prevent the occurrence of side reactions between the electrolyte
and the electrode. This means that the Zn | | Zn battery including the [SBP]BF4 additive has
a cycle life of 2000 h, which was six times longer than the battery lacking [SBP]BF,. It is
worth noting that the Zn | | Cu battery with the [SBP]BF, additive can also be stably cycled
more than 2200 cycles, during which the CE value has been maintained above 99%, proving
the good reversibility of the zinc anode. In addition, the Zn | | [SBP]BF4+ZnSO4 | | V5,05
full cell has a large specific capacity (288 mAh g~! at 0.5 A g~1), good rate performance
(205 mAh g1 at 10 A g 1), and a stable long life of 2000 cycles at a current density of
5 A g~1. In summary, the addition of [SBP]BF, can increase the rate performance and cycle
life of AZIBs in addition to improving the stability and reversibility of the zinc anode.
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Abstract: Graphene has a high specific surface area and high electrical conductivity, and its addition to
activated carbon electrodes should theoretically significantly improve the energy storage performance
of supercapacitors. Unfortunately, such an ideal outcome is seldom verified in practical commercial
supercapacitor design and production. In this paper, the oxygen-containing functional groups in
graphene/activated carbon hybrids, which are prone to induce side reactions, are removed in the
material synthesis stage by a special process design, and electrodes with high densities and low
internal resistances are prepared by a dry process. On this basis, a carbon-coated aluminum foil
collector with a full tab structure is designed and assembled with graphene/activated carbon hybrid
electrodes to form a commercial supercapacitor in cylindrical configuration. The experimental tests
confirmed that such supercapacitors have high capacity density, power density, low internal resistance
(about 0.06 mQY), good high-current charging/discharging characteristics, and a long lifetime, with
more than 80% capacity retention after 10 W cycles.

Keywords: graphene/activated carbon hybrid electrode; dry processing; full tab structure;
supercapacitors

1. Introduction

A supercapacitor fills the gap between batteries and traditional capacitors with its
simultaneously superior power density and energy density, and it has a wide range of
commercial applications in microgrids [1], electrical equipment, consumer electronics [2],
and many other fields. For commercial supercapacitors, the most used electrode material is
activated carbon because of its large specific surface area and low cost [3,4]. For academic
research, graphene has attracted extensive attention in the field of supercapacitors due to
its special two-dimensional material properties [5-10]. As an electrode material, graphene
has multiple contributions to the energy storage of supercapacitors: firstly, it has a higher
specific surface area than traditional activated carbon, providing a richer microscopic
interface for energy storage [11]; secondly, it has a good electrochemical activity [12], which
can realize a greater energy storage density through the pseudocapacitive effect and other
electrochemical reactions [13-17]; and thirdly, it has a good electrical conductivity [18],
which reduces the energy loss of the supercapacitor itself. As a result, many researchers
have focused on next-generation supercapacitors based on graphene electrodes and suc-
cessfully fabricated many device prototypes with great performance in the laboratory
environment [19-22].

However, until now, supercapacitors based on graphene electrodes did not make
ideal progress in the industry and failed to capture a significant market share [23,24]. This
is mainly since some active oxygen-containing functional groups of graphene electrode
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materials constantly have side reactions which produce gases, resulting in an increasing in-
ternal resistance and capacity degradation of supercapacitors on longer time scales [25,26].
Although there has been some research devoted to the removal of these potentially un-
favorable oxygen-containing functional groups, successful large-scale applications in the
industry have not been realized yet.

To solve the above problems, this paper proposes an easy-to-implement manufactur-
ing method for high-performance graphene/activated carbon hybrid electrodes. High-
density hybrid electrodes with good mechanical properties are realized by removing
oxygen-containing functional groups and humidity in the electrodes via high-temperature
treatment and a dry-film-forming process. Based on this hybrid electrode, improvements
have been made in both the surface interface design and full tab [27] design of the collector,
realizing a commercial-grade, high-performance supercapacitor that can be mass produced.
Detailed charge—discharge cycling test data demonstrate the long-term stability of the
performance gain of the proposed hybrid electrode supercapacitor.

2. Materials and Methods

To eliminate the oxygen-containing functional groups on the surface of the porous
graphene/activated carbon hybrid material, the hybrid was subjected to high-temperature
heat treatment at 850 °C for 2 h in a H, /argon mixed atmosphere (H; volume ratio of
10%) within a tube furnace. This treatment effectively removed the oxygen-containing
functional groups on the surface of the hybrid material. The surface functional group
content of porous graphene/activated carbon hybrid materials is typically characterized
using the alkaline Boehm titration method. The surface contains less than 0.1 meq/g
of oxygen-containing functional groups, significantly below industry standards. This is
expected to enhance the pressure resistance, lifespan, and safety of electrode materials.

Through the above dry method electrode manufacturing technique, we can prepare
electrode sheets with a thickness of 140-150 pM. Using a laser slitting machine to cut the
electrode plates, the electrode plate size is 75 x 37 mm, and the battery cells are stacked using
opposite side electrode tabs. The preparation environment is controlled to a humidity of
dew point temperature of —45 °C and baking conditions of 120 °C for 12 h under a vacuum
degree of <—90 Kpa with nitrogen replenishment. The moisture content in the final electrode
is maintained below 200 ppm. The battery cells are stacked in pairs, with an electrolyte
injection ratio of 1:1 (electrolyte/cell mass). Meanwhile, the electrolyte used is 1 mol/L
tetrafluoroborate spirocyclic quaternary ammonium salt (SBP-BF4)/acetonitrile (AN).

3. Results
3.1. Preparation of Graphene/Activated Carbon Hybrid Electrode

Typically, graphene oxide has a high content of oxygen functional groups on the
surface (5-10%), which is prone to both blocking the abundant pores of the activated
carbon and inducing gas-producing side reactions at high potentials. Therefore, if graphene
oxide and activated carbon hybrids are directly used to prepare electrodes, this will cause
problems such as increased internal resistance and the decreased capacity of capacitors.

To fully harness the electrochemical energy storage advantages of graphene ma-
terials while mitigating the negative impacts of oxygen-containing functional groups,
we have proposed a one-step carbonization activation method for synthesizing porous
graphene/activated carbon hybrids, as illustrated in the process flow diagram depicted in
Figure 1. The TEM image reveals that the activated products exhibit a wrinkled nanosheet
structure with layered porosity, as highlighted by the red circle in Figure 1c. This obser-
vation indicates that KOH activation effectively etches and creates pores. The abundant
voids formed during the activation process further enhance the specific surface area of the
hybrid material, enabling greater energy storage capacity. Leveraging the porous graphene
material with a specific surface area exceeding 2000 m? /g (as a comparison, the results in
the literature [28] are only 1861 m?/g), pore size distribution ranging from 2 to 5 nm, and
pore volume of 2.4 mL/g, we homogeneously mixed it with petroleum coke and potassium
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hydroxide using ultra-high-speed centrifugal dispersion technology. Subsequently, the
carbonization and activation of petroleum coke, as well as the activation and reduction
of graphene, were accomplished at high temperatures, resulting in the formation of high-
specific-surface-area porous activated carbon with a three-dimensional conductive network
structure, integrated with activated graphene hybrids.

(a)

% One step
® carbonization

Petroleum coke  Spray drying activation

Graphe‘;e oxide :> :>

Porous graphene/activated carbon
hybrid material

\« i \R Intermediate products
et

Figure 1. (a) Schematic diagram of one-step carbonization activation method for preparing porous
graphene/activated carbon hybrid materials; (b) SEM image of porous graphene/activated carbon
hybrid material; (c) TEM image of porous graphene/activated carbon hybrid material.

The morphology of the porous graphene/activated carbon hybrid material is depicted
in Figure 1b. As evident from the figure, the product post-one-step carbonization acti-
vation retains a wrinkled sheet-like structure akin to the original graphene, featuring a
certain degree of agglomeration. The surface is enveloped in an amorphous carbon layer,
exhibiting rough and wrinkled features. This graphene/activated carbon hybrid material
is theoretically superior in electrochemical energy storage characteristics, yet it proves
challenging to produce electrode films using traditional wet processes. This is because ca-
pacitors are highly sensitive to moisture during the preparation process. Yet, the traditional
wet electrode preparation process necessitates the use of solvents like deionized water to
regulate the slurry’s viscosity. Even high-temperature and high-vacuum drying processes
struggle to eliminate the moisture introduced by the wet electrode. This moisture not only
makes the electrode prone to delamination but also leads to increased leakage currents in
capacitors, compromising the long-term stability of the product. Additionally, while tradi-
tional wet electrode preparation processes boast strong continuous production capabilities
and relatively low engineering application difficulties, they result in low electrode densities
(usually less than 0.6 g/cm3), which in turn limit the capacity and voltage endurance of
the individual cells (to less than 2.7 V) [29]. Hence, traditional wet processes fail to pro-
duce electrode films of graphene/activated carbon hybrids with superior electrochemical
performance.

To enhance the voltage resistance and electrode density, this study independently
developed a dry preparation technique, as illustrated in Figure 2a.
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Figure 2. Preparation process and properties of the hybrid electrode film. (a) Dry preparation process;
(b) electron microscope photographs; (c¢) mechanical properties; (d) specific capacity.

Initially, we developed ultra-high-speed shear dispersion technology. This process
breaks down the agglomeration of micrometer-sized carbon materials, achieving uni-
form solid-phase mixing. Additionally, ultra-high-speed intense shearing transforms the
chain-like polymer structure of the dry powder adhesive polytetrafluoroethylene (PTFE),
transforming it from a cluster to a network configuration, evenly distributing it across the
surface of the carbon-based hybrid material. This ensures that the electrode does not lose
powder, fall off, or rebound during subsequent production steps, thereby enhancing the
supercapacitor’s long service life. Research on carbon film formation technology utilizes
low-temperature vertical rolling to synergistically produce high-density carbon films with
electrode hybrids and PTFE. Research on heat-curing rolling technology integrates elec-
trode materials with current collectors by hot-rolling hybrid carbon films and graphene
conductive adhesive-coated aluminum foils. Leveraging this dry preparation technique,
the electrode density can be increased to 0.65-0.7 g/cm? (as a comparison, the results in the
literature [30] are only 0.59 g/cm?), significantly improving the mass of active material per
unit volume and significantly enhancing both the overall capacity and specific energy of
the monomers.

Furthermore, this process eliminates the liquid-phase steps entirely, avoiding the
introduction of moisture that significantly impacts the voltage window, thereby facilitating
an increase in the monomer’s window voltage.

The microstructure of the hybrid dry electrode sheet is shown in Figure 2b. From the
figure, it can be seen that the carbon particles in the electrode sheet are tightly stacked,
indicating that the density of the electrode sheet can be increased by the above process,
thus increasing the content of active material in the monolithic capacitor. Meanwhile, the
size of active graphene is close to the size of active carbon particles, which proves that
the above ultra-high-speed shear dispersion technique makes the active graphene well
dispersed in the hybrid electrode sheet. Additionally, Figure 2b reveals sheet-like porous
graphene (as indicated by the arrow, with a smoother surface) and activated carbon (as
indicated by the arrow, in a blocky particle structure), both of which are well dispersed.
The high magnification scanning electron microscope (Figure 3b) photo further confirms
that the flake active graphene is well dispersed and connected to the active carbon particles,
and it also acts as a conductive bridging agent.
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Figure 3. Carbon-coated aluminum foil collector. (a) Three-layer structure; (b) mechanisms of the
conventional conductivity of the interfacial contact; (c) enhanced mechanism of interfacial contact
conductivity.

The key technology in the dry electrode manufacturing process is the fibrilization of
the binder. This is mainly achieved by pulverizing the spherical PTFE binder fibers with a
high-pressure air stream. The degree of fibrillation is mainly influenced by factors such
as feed rate and comminution pressure. Samples with a length of 9 cm and a width of
1 cm were used for testing. It was experimentally verified that the slower the feed rate and
the higher the grinding pressure, the higher the degree of binder fibrillation, the higher
the dry electrode film strength, and the better the electrode sheet quality. Figure 2c shows
the experimental data for the feed rate, comminution pressure, and tensile strength of the
sample with a length of 9 cm and a width of 1 cm. At a feed rate of 1 kg/h and a squeezing
pressure of 0.9 MPa, corresponding to the top left point on the data graph, the carbon film
has the highest tensile strength along its length.

Dry electrode rolling is the key process from powder to dry electrode sheet. The rolling
pressure and temperature directly affect the electrode density and ultimately determine
the specific capacitance of the capacitor monolith. It is experimentally verified (the process
parameters are shown in Figure 2d) that the higher the rolling pressure and the higher the
rolling temperature, the higher the electrode density and the higher the specific capacitance
of the monomer.

3.2. Fabrication of Collector-Optimized Supercapacitor

The current collector, which is the carrier material for the electrode material in the
composition of capacitors, serves the function of current collection and support. It should
possess the attributes of conductivity, corrosion resistance, and overload resistance. Com-
monly utilized current collectors include stable metal foils or meshes such as Al, Cu, Ni,
or Ti, which are known to exhibit high conductivity [31-36]. In specific contexts, rare or
precious metals may be employed as current collector materials. In power double-layer
capacitors, aluminum foil is typically employed as a current collector due to its advanta-
geous qualities, including high electrical conductivity, low cost, and corrosion resistance.
However, due to its high reactivity, the surface of aluminum current collectors tends to
form a poorly conductive aluminum oxide film, which increases the resistance between the
current collector and the active material and reduces adhesion between them. Therefore,
appropriate treatments of aluminum current collectors are necessary.

In the context of industrial applications, the surface treatment of aluminum foil for
supercapacitors primarily involves etching. The resulting material, designated “corroded
foil”, exhibits superior adhesion to electrode materials compared to unetched aluminum foil,
yet it exhibits reduced conductivity and mechanical strength and is associated with a higher
production cost, largely driven by the reliance on imports of the required raw materials.

The coating of carbon on aluminum foil involves the application of a layer of carbon
film (with a thickness of less than 5 micrometers) to the surface of the foil, with the addition
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of conductive agents such as conductive graphite, carbon black, carbon nanotubes, and
graphene. This coating has the effect of significantly reducing the interface resistance
between the electrode sheet and the aluminum foil, while also enhancing the adhesion
between the active material and the current collector. Furthermore, the coating can also
serve to partially suppress the corrosion of the current collector. Consequently, the utiliza-
tion of this novel type of current collector can facilitate the enhancement of the high-rate
charge-discharge capability and cycle life of batteries. The schematic diagram of the struc-
ture is depicted in Figure 3a. In the absence of a coating, the contact between interfaces is
insufficient, resulting in a reduction in the number of current pathways and a restriction
of the flow of the current. The coating facilitates improved contact between the particles,
thereby enhancing the current and performance, as illustrated in Figure 3b,c.

Figure 4 presents a comparative analysis of the adhesion properties of various collector
electrode coatings. The procedure for testing adhesion can be described as follows: the
electrode is placed onto a flat plate of sufficient hardness, the handle of the baguette cutter is
held so that the multi-flute cutter is perpendicular to the plane of the test piece, and the cut
is made with uniform pressure and at a cutting speed of 20-50 mm/s. The polarizer is then
rotated through 90 degrees, the aforementioned operation is repeated at the cutting place
to form a grid pattern, and the electrode piece is gently brushed with a soft brush along
the two diagonals of the grid pattern, backwards and forwards five times each. Finally, the
electrode piece is tested. Upon observation, it was noted that there were small pieces of
flaking at the intersection of the cuts. Additionally, the actual damage in the grid area was
found to be less severe. The adhesion of the two types of poles, carbon and aluminum foil
coated and corroded aluminum foil, is essentially comparable. It has been demonstrated
that the carbon aluminum foil coating can enhance the adhesion between the porous carbon
material and the collector.

Figure 4. The comparative diagram of film adhesion on different current collector electrodes:
(a) coating carbon aluminum foil; (b) corroded aluminum foil.

Figure 5 illustrates the alterations in the internal resistance and capacity of 100F
capacitors assembled with distinct current collector electrodes during high-temperature
ageing. From the graph, it can be observed that, during the 500 h high-temperature ageing
process, the rate of the increase in the internal resistance of carbon-coated aluminum foil
current collector capacitors is relatively gentle, while the rate of capacity retention is higher
than that of corroded foil current collector capacitors. This suggests that coated aluminum
foil can markedly reduce the interface resistance between the electrode and aluminum foil,
thereby enhancing the stability of the electrode.
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Figure 5. Contribution of carbon-coated aluminum foil to durability. (a) Conductivity; (b) capacity
retention.

In the development of cylindrical devices, the manner in which the tabs are connected
and lead out can serve to reduce the internal resistance of the device and increase the
power density. In this paper, we have employed a full tab structure in the design of the
electrode tab structure with the objective of enhancing the current-carrying capability.
The full electrode tab structure is depicted in Figure 6. Initially, the activated carbon was
coated on an aluminum foil, with the diaphragm placed between two layers of activated
carbon. Thereafter, the activated carbon, aluminum foil, and diaphragm were wound into
a compact structure. Following winding, the area of the aluminum foil is marginally larger
than that of the toner, with both toner ends encompassing a portion of aluminum foil.
The aluminum foil serves as electrode tabs, with the upper end connected to the negative
collector as a whole and the lower end connected to the positive collector in the same
manner. The negative collector is connected to the top cover, while the positive collector
is connected to the bottom case. In this configuration, the cover and the case act as the
two ends of the capacitor, with the capacitors able to output voltage to the outside and be
insulated from each other. Furthermore, the lead-in terminals employ the direct lead-in
method in lieu of the conventional indirect lead-in method. The structure is illustrated
in Figure 6, which entails soldering the lead foil directly to the lead-out terminals. The
protrusions of the lead-in terminals pass directly through the through-holes of the housing
and extend outwardly from the housing. The direct lead-in structure design significantly
reduces the internal resistance and enhances the power performance of the supercapacitor.
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Figure 6. Fabrication process for supercapacitors with full tab structure [36].

A trial production of capacitors based on the aforementioned materials and structures
was conducted. In order to verify the withstand voltage characteristics of the capacitor, a
cyclic voltammetry (CV) test was first conducted on the capacitor, with a voltage range of
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0-3 V and a scanning speed of 5 mV/s. The cyclic voltammetry (CV) curve is presented
in Figure 7a. The CV curve approximates a rectangular structure, reflecting favorable
capacitance characteristics, particularly at a high voltage (3V). The absence of an evident
oxidation curve in the CV indicates that, under high voltage, the electrode is relatively
stable and no significant side reactions occur. This indicates that the capacitor has a stable
structure at 3V. It should be noted that the current used in the test wasI40=5A,110 = 1.25 A,
and I5 = 0.625 A.
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Figure 7. Performance testing of supercapacitors. (a) Cyclic voltammetry; (b) charging and discharg-
ing with constant current; (c) cycling performance; (d) rate performance.

The capacitor’s charging and discharging test range is illustrated in Figure 7b, span-
ning a voltage range of 0-3 V. This range exhibits a regular triangular sawtooth shape
and clear capacitance behavior. To ascertain the capacitor’s operational lifetime, we con-
ducted cyclic tests, and the results are presented in Figure 7c. Following the completion of
the cycling tests, the observed capacity decay was found to be relatively minor, thereby
indicating that the capacitor in question has a longer lifespan. In order to ascertain the
rate performance of the capacitor, charge—discharge tests were conducted on individual
capacitors at different rates. The voltage range was 0-3 V, and the charge-discharge current
was 5-50 I. Each rate of current was subjected to five cycles of charge—discharge. The test
results are presented in Figure 7d. The initial capacity is 165 F (under 5 I testing conditions),
and as the testing current increases (5 I to 30 I), the capacity does not decay significantly,
demonstrating good rate performance. Upon increasing the charging and discharging
current to 40 I, a slight decrease in capacity was observed. At a test current of 50 I, the
capacity is approximately 125 F, with a capacity retention rate of 75.8%. Furthermore,
following repeated cycles of charge and discharge testing under different magnification
currents, the capacitor did not demonstrate any notable gas swelling, suggesting that it has
excellent voltage resistance. Furthermore, electrochemical impedance spectroscopy (EIS)
testing was conducted on supercapacitors, with the results presented in the Supplementary
Materials. It should be noted that the internal resistance of the capacitor prepared in this
work is about 0.06 m() (as a comparison, the results in the literature [28] are only 0.5 (2).
Table 1 shows some specific test data for capacitors, such as weight, internal resistance,
power density and energy density.
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Table 1. Test data of cylindrical capacitors.

Capacit Specific Internal Power Capacitance
Number Weight (g) I()F) y Energy Resistance Density Retention
(Wh/Kg) (mQ) (kW/kg) (%)
1# 543.5 2960 6.81 0.066 62.72 81.5%
24 534.5 2902 6.79 0.057 73.85 80.3%

4. Discussion

In this paper, porous graphene/activated carbon hybrids were prepared by a one-
step carbonization activation process on the basis of porous graphene materials with a
specific surface area of more than 2000 m?/g, a pore size distribution of 2-5 nm, and
a void volume of 2.4 mL/g. An ultra-high-speed centrifugal dispersion technique was
employed to achieve a homogeneous slurry comprising graphene oxide, petroleum coke,
and potassium hydroxide. At elevated temperatures, petroleum coke undergoes car-
bonization and activation, while graphene undergoes activation and reduction to form
a three-dimensional conductive network structure of high-specific-surface-area porous
activated carbon/activated graphene hybrids. The product that resulted from the one-step
carbonization and activation process exhibited a folded sheet structure that was similar
to that of pristine graphene. However, it also contained some agglomerates and was
coated with an amorphous carbon layer that exhibited a rough and folded surface. The
development of ultra-high-speed shear dispersion technology was employed to ensure the
long-term service life of the supercapacitors. The hybrid electrodes prepared using dry tech-
nology exhibited a notable enhancement in total capacitance and specific energy relative to
the monomer. The development of an all-pole tab high-power soft-packed capacitor with
good voltage resistance, large monomer power density, and excellent electrochemical per-
formance was achieved through the dry preparation of electrode sheets as electrodes. The
capacitor’s performance was evaluated through cyclic voltammetry, which demonstrated
that the electrode exhibited stability at high voltages without significant side reactions. The
results of the cyclic testing of the capacitors demonstrated a relatively small reduction in
capacitance, indicating that they have a relatively long life. Conversely, the capacitor did
not exhibit any discernible gas expansion following multiple charge/discharge tests with
varying amplification currents, thereby indicating that the capacitor exhibits robust voltage
resistance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries10060195/s1, Table S1. Test data of electrodes prepared by
two methods, Table S2. Electrical conductivity of several metals, Figure S1: AC Impedance Spectrum
of Supercapacitors.
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Abstract: Hybrid supercapacitors (HSCs) have garnered growing interest for their ability
to combine the high energy storage capability of batteries with the rapid charge—discharge
characteristics of supercapacitors. This review examines the evolution of HSCs, emphasiz-
ing the synergistic mechanisms that integrate both Faradaic and non-Faradaic charge stor-
age processes. Transition metal oxides (TMOs) are highlighted as promising battery-type
electrodes owing to their notable energy storage potential and compatibility with various
synthesis routes, including hydro/solvothermal methods, electrospinning, electrodeposi-
tion, and sol-gel processes. Particular attention is directed toward Ti-, Co-, and V-based
TMOs, with a focus on tailoring their properties through morphology control, composite
formation, and doping to enhance electrochemical performance. Overall, the discussion
underscores the potential of HSCs to meet the growing demand for next-generation energy
storage systems by bridging the gap between high energy and high power requirements.

Keywords: hybrid supercapacitor; transition metal oxide; battery; supercapacitor; energy
storage device; electrospinning; electrodeposition

1. Introduction

The rapid depletion of non-renewable energy sources, such as fossil fuels, and the
alarming rise in environmental pollution caused by their extensive use have spurred the
development of renewable energy alternatives in recent years [1,2]. Technologies such
as solar energy, electrochemical energy storage (including batteries and supercapacitors),
and hydrogen energy have gained significant attention. Among various electrochemical
energy storage systems (EES), batteries and supercapacitors stand out as the most promis-
ing devices [3-7]. The high specific capacity and energy density of secondary batteries,
attributed to bulk redox reactions, position them at the top end of the energy density
axis on the Ragone plot; a graphical tool that compares the energy density and power
density of various energy storage systems including batteries, supercapacitors and hybrid
supercapacitors in terms of both how much energy they can store and how quickly they
can deliver that energy [8-10] as shown in Scheme 1A. The high energy density of batteries
(150-300 WhKg~!) enables long driving range for EVs [11]. But when it comes to power
density (below 350 Wkg_l), batteries have inferior power density [12,13]. The power
density on the other hand in the case of supercapacitors is high but supercapacitors have
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very low energy density, almost 10 times lower than that of batteries, so, it is practically not
feasible to use supercapacitors where high energy density is required [14-17]. As both high
energy density and high power density are critical for advanced energy storage systems,
there is a growing need to develop energy materials capable of delivering both simultane-
ously. In the context of the Ragone plot, which visually maps the trade-off between energy
density and power density, and balance between these two-performance metrics. One
promising class of energy materials that has attracted extensive research attention is hybrid
supercapacitors (HSCs) [18]. HSCs are innovative energy storage devices that combine the
advantages of battery-like materials (Faradaic redox reactions) with supercapacitor-like
materials (non-Faradaic double-layer capacitance) [19]. This hybridization enables HSCs to
bridge the gap between two extremes of the Ragone plot, batteries, which provide high
energy density but suffer from low power density, and supercapacitors, which offer high
power density but exhibit limited energy density. By leveraging the complementary mech-
anisms of batteries and supercapacitors, HSCs open up new and previously unexplored
regions of the Ragone plot [1,20]. The battery-like component of HSCs contributes to higher
energy storage through Faradaic redox reactions, where energy is stored in the bulk of the
active material via ion insertion/extraction processes or conversion, and alloying processes.
Simultaneously, the supercapacitor-like component facilitates rapid charge/discharge capa-
bility, delivering high power density through surface-based, non-Faradaic charge storage
mechanisms. This dual nature of HSCs enables a unique synergy that addresses the in-
herent limitations of both batteries and supercapacitors, providing a balance between fast
energy delivery and large energy storage capacity. Due to these advantages, hybrid super-
capacitors are emerging as a key technology for next-generation energy storage systems,
garnering significant research focus globally. Over the past decade, the field has witnessed
exponential growth, with a substantial increase in the number of publications each year,
reflecting the increasing interest and progress in this area as shown in Scheme 1B. This
trend underscores the potential of HSCs to revolutionize energy storage by simultaneously
enhancing both energy and power performance. Ongoing innovations in material design,
electrode architecture, and device engineering are driving the next generation of HSCs by
enhancing both energy and power densities, thereby offering more efficient and versatile
energy storage solutions.
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Scheme 1. (A) Ragone plots for secondary batteries, supercapacitors, and HSCs. (B) Publication
numbers over time.

Transition metal oxides (TMOs) have emerged as a pivotal class of materials in the
development of hybrid supercapacitors (HSCs) due to their remarkable redox activity, high
theoretical capacitance, and tunable electronic properties [21-24]. Their ability to facilitate
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Faradaic charge storage mechanisms enables them to deliver energy densities comparable
to batteries while retaining the power capabilities of supercapacitors. This dual functional-
ity makes them indispensable for next-generation energy storage technologies aimed at
addressing the growing demand for efficient, sustainable, and versatile energy solutions.
Previous reviews have extensively covered TMO fundamentals and their electrochemical
properties [1,18,20,25]. In contrast, this review provides a comprehensive overview of fun-
damentals and history of HSCs, detailed analysis of the diverse TMOs used as battery-type
electrodes, including oxides of vanadium, cobalt, and titanium. Special attention is given
to the influence of their crystalline structure, oxidation states, and defect chemistry on
their electrochemical behavior. These factors play a critical role in determining the charge
storage capacity, rate capability, and long-term stability of HSC systems. Furthermore, this
article delves into state-of-the-art synthesis techniques such as sol-gel, hydrothermal, elec-
trospinning, and electrodeposition methods. These methods enable precise control over the
morphology, particle size, and surface area of TMOs, which are crucial for optimizing their
interaction with electrolytes. Recent advancements in nanostructuring strategies, including
the development of hierarchical architectures and composite materials, are discussed for
their ability to enhance ion diffusion and electronic conductivity. The review also addresses
key challenges in the application of TMOs in HSCs, such as cyclic stability, and conductiv-
ity limitations. Emerging solutions, including doping strategies, and hybridization with
carbon-based materials are critically evaluated for their effectiveness in overcoming these
challenges. Finally, this review outlines future directions for research and development in
this field, emphasizing the need for scalable synthesis techniques, environmentally friendly
production methods, and the integration of TMOs into flexible and wearable energy storage
devices. By bridging the performance gap between batteries and supercapacitors, TMOs
hold the potential to revolutionize energy storage systems and pave the way for sustainable
technological advancements.

2. History

The early history of HSCs, where two electrodes combine to form a new hybridized
device, can be traced back to the mid-1990s. In 1995, Aleksei Stepanov et al. reported the
successful hybridization of a nickel oxide electrode and a fibrous carbonic material to form
a hybrid device with enhanced capacity compared to the bare double-layer capacitor [26].
This hybridization of two different types of materials to create a new device with enhanced
electrochemical properties opened up a new door for the exploration of hybrid devices.
The possibility of hybridization of two materials either similar or different (symmetric and
asymmetric) allows researchers to explore various combinations to make hybrid devices
with different working mechanisms on either side of the electrodes. A timeline of other
types of hybrid devices is presented in Scheme 2. In 2006, Aida et al. reported a Li-
based hybrid supercapacitor using carbon-based electrodes and Li-based non-aqueous
electrolytes. The non-aqueous Li-based electrolyte coupling with carbon-based electrodes
enhanced the energy output of the hybrid system by increasing the operational potential
window [27]. The hybridization of composite-type negative electrodes with carbon-based
positive electrodes with a non-aqueous electrolyte was reported by Naoi et al. in 2009. A
nanocomposite of lithium titanate (LiyTi5O1p; LTO) with carbon nanofiber (CNF) was used
as a negative electrode and hybridized with an activated carbon electrode to obtain a hybrid
supercapacitor, which was termed a nano-hybrid supercapacitor (NHSC) or nano-hybrid
capacitor (NHC). The zero-strain ion insertion capability of LTO allows an insertion-type
redox mechanism in LTO/CNF composite electrodes without significant volume change
during the process. Also, the operational potential window of LTO lies in between the
decomposition limit of traditional non-aqueous-based electrolytes which eliminates the
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possibility of electrolyte decomposition and unwanted side reaction-based non-reversible
capacity contribution [28,29]. In 2016, Yoo et al. reported an HSC with “rocking-chair”-type
mechanism. The HSC was comprised of di-valent metal negative electrode, activated
carbon positive electrode and a non-aqueous electrolyte. This new “rocking-chair” type
mechanism enhances the energy density of the HSC and lowers the volume of required
electrolytes in the HSC system [30].
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Scheme 2. Timeline of different types of HSCs.

3. Fundamental Concepts of HSC

Before delving into the concepts behind the HSCs, it is essential to understand their
two components, i.e., batteries and supercapacitors. Batteries and supercapacitors both
are charge storage systems with different electrochemical charge storage mechanisms,
the former stores charge based on bulk Faradaic processes, and the latter is based on
near-surface non-Faradaic processes [31-34]. The bulk redox process of batteries results
in high energy density, but low power density stems from the sluggish ionic diffusion
(diffusion limitation). On the other hand, supercapacitors possess low energy density
due to the absence of redox reactions and high power density resulting from fast ionic
transport without significant diffusion limitations. As both have different charge storage
mechanisms, they can be distinguished by cyclic voltammograms. For instance, due to
the involvement of redox reactions clear well-separated anodic (oxidation) and cathodic
(reduction) peaks are visible in cyclic voltammograms of batteries, for supercapacitors,
these clear cathodic-anodic peaks are missing, and rectangular-shaped voltammograms can
be seen stemming from non-Faradaic processes [35,36]. The mechanism of these two energy
storage systems can be obtained from sweep voltammetry, like, whether the process is
diffusion controlled (like in batteries) or diffusion independent (supercapacitors). For an
electrochemical process, the following equation provides insight into the charge storage
mechanism of the electrochemical system [37,38]:

i = av® (1)
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Here, i is the peak current, v is the sweep rate, and b is a variable, which can be
obtained from the slope of the logarithmic plot between i and v. The value of b = 0.5
indicates battery-like diffusion-controlled redox processes and this can be expressed as a
square root relationship between peak current and sweep rate by Equation (2):

i=a,/v 2)

For a capacitive process (supercapacitor-like), the peak current is linearly related to
the sweep rate, i.e.,, b =1, and can be expressed by Equation (3):

i=av 3)

We can combine these two charge storage mechanisms in a single system to obtain a
cumulative effect on electrochemical performance compared to its single components, i.e.,
hybrid supercapacitors (HSCs). This hybridization can solve the low power-density issue
of batteries and the low energy-density issue of supercapacitors by utilizing both Faradaic
and non-Faradaic reactions. So, for HSC, we can expect the value of b between 0.5 and 1
(0.5 <b < 1) from Equations (1) and (2), and this can be expressed as the linear combination
of both equations as follows [39,40]:

i(HSC) = ay/0 + av )

The hybridization of battery-like and supercapacitor-like components to form a hy-
brid supercapacitor system with their cyclic voltammograms is shown schematically in
Scheme 3.
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Scheme 3. Hybridization of battery and supercapacitor type electrodes to hybrid supercapacitor.

4. Transition Metal Oxides as Battery-Type Electrodes

Transition metal oxides are emerging as a new paradigm in energy-related applications
owing to their unique properties. This review delves into the important role of transition
metal oxides (TMO) as battery-type electrodes in hybrid supercapacitor (HSC) systems,
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highlighting their unique electrochemical properties and potential to bridge the gap be-
tween batteries and capacitors. Additionally, it explores the various synthesis techniques
employed to tailor their structure, composition, and performance, offering insights into

advancements and challenges in this dynamic field.

5. Synthesis of TMOs
5.1. Hydro/Solvothermal

Hydro/solvothermal synthesis is one of the most popular, scalable, simple, and cost-
effective synthesis techniques. In this technique reaction is carried out in a sealed vessel
such as an autoclave, to create a high-pressure and high-temperature environment. High
pressure and temperature inside the autoclave facilitate chemical reactions and material
formation. Hydrothermal and solvothermal both work on this same principle just with
the assistance of different solvents, in hydrothermal, water is used as a solvent, and in
solvothermal other solvents like alcohols, amines, or glycerol’s are used as solvents for the
dissolution of precursors. A schematic of the hydrothermal synthesis process is shown
in Figure 1A. In hydrothermal synthesis depending upon reactant ratio, synthesis tem-
perature, and synthesis time, products with different morphologies and functionalities
can be obtained, which makes it an important synthesis technique to synthesize different
materials including battery-type TMOs. For instance, MnO, nanowires [41], MgCo,04
nanoflakes [42], FeCo0,04 nanoflakes [43], and Mn3O, nanorods [44] were synthesized uti-
lizing hydrothermal synthesis. The solvothermal method is also used to synthesize oxides
like MnCo0,04 5 with pod-like microstructure [45]. The hydro/solvothermal technique
is also used to synthesize composite materials. Recently, Yu and colleagues synthesized
ZnMoO4/MoO3 composite materials by hydrothermal method [46]. Other composites like
CupO-CuO-reduced graphene oxide (RGO) [47] and ZnO@Fe; O3 [48] were also synthesized

using this synthesis method.
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Figure 1. Schematic of different synthesis techniques. (A) Hydro/solvothermal. (B) Electrospinning.

(C) Electrodeposition. (D) Sol-gel. Images created by BioRender.com.

85




Batteries 2025, 11, 60

5.2. Electrospinning

Electrospinning is a versatile and efficient method for fabricating ultrafine fibers. It is a
simple and effective technique for producing continuous fibers at the micro- and nanoscale
from a polymer solution or melt under the influence of a high-voltage electric field [49].
The method is known for its ability to fabricate fibers with high surface area, fine diameters,
and controlled morphology. This electrospinning technique can be utilized to synthesize
transition metal oxide nanofibers with several benefits such as self-standing electrodes with
no requirement of binders, high surface area, enhanced electron transport, and enhanced
stability [50]. These benefits motivated researchers to utilize this technique to synthesize
TMOs for several applications including energy applications. For instance, Cao et al.
synthesized a series of La,Sr1.xNiO3.5 (0.3 < x < 1) nanofibers using an electrospinning
technique [51]. Several other TMOs, hierarchical Co3zO4 [52], MgCo,0O4 nanofibers [53],
ZnFe;O4 nanofibers [54], porous-high aspect ratio-Mn3O4 nanofibers [55], and coaxial-
cable-like Mn, O3 nanofibers [56] were also fabricated using electrospinning technique and
utilized in energy applications. In 2019, Xu et al. reported the synthesis of a core-shell
NiCo0,04-C@Ni(OH), nanofibers using the electrospinning technique, which also proves
the versatility of the electrospinning technique to synthesize structurally different TMO
nanofibers [57]. A schematic of the electrospinning process is shown in Figure 1B, the
versatility of the electrospinning method to couple with techniques like electrospraying to
synthesize composite TMOs is also shown schematically.

5.3. Electrodeposition

Electrodeposition or electrochemical deposition is another versatile and cost-effective
technique for fabricating TMO-based electrode materials with controlled properties like
morphology, thickness, and composition. In this technique, an electric potential is used to
deposit the intended material from its precursor solution on a conductive electrode surface
like carbon fibers, stainless steel, and nickel foam. Depending on the charges of the substrate
on which electrodeposition was performed, it can be divided into cathodic (negatively
charged) and anodic (positively charged) electrodeposition. A wide range of TMOs are
fabricated with this technique, with controlled composition, morphology, and thickness,
and proper optimization of solution pH, applied potential, and precursor ratio [58]. For
instance, Joo and co-workers electrodeposited porous and amorphous CuO film on a
stainless-steel substrate by cathodic electrodeposition using copper sulfate solution with
an optimized pH of 9.0 and an applied potential of 1.05 V vs. saturated calomel electrode
(SCE) [59]. Several other TMOs were also fabricated using this electrodeposition technique,
like «-MnQO, [60], MnO, nanowires [61], V505 [62], NiO [63], MnCo0,04 nanosheets [64],
3D mesoporous Fe; O3 [65] and Co3O4 nanoflakes [66] were electrodeposited on different
substrates. A schematic of the electrodeposition process is shown in Figure 1C.

5.4. Sol-Gel

The sol-gel method is a widely used wet-chemical synthesis technique for synthesiz-
ing inorganic materials such as transition metal oxides. Sol-gel is a bottom-up synthesis
technique that involves transforming a liquid “sol” of precursors into a solid “gel” network,
which is then processed to obtain the final material [67]. Figure 1D schematically shows
the detailed synthesis process. The sol-gel approach offers several notable advantages,
including uniform mixing at the molecular level (ensuring high homogeneity), broad ver-
satility in material design, and precise control over structural features [68]. This technique
has been used to synthesize various TMOs, such as spinel Co304 [69], NiCo,O4 [70,71],
FeCo0,04 [72], MnO, nanowires [73], and composite LaNiO3 /NiO [74].
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6. TMOs as Battery-Type Electrodes for HSC
6.1. Ti-Based TMOs

Relying on high natural abundance, chemical stability, cost-effectiveness, and excellent
safety, Ti-based oxide materials such as TiO, and LiyTisO1; are widely used as electrode
materials for supercapacitors and secondary battery applications, such as anodes in Li and
Na-ion batteries [75,76].

6.1.1. TiO,

The most abundant oxide of titanium, TiO, exists in four major polymorphs in nature,
including rutile, anatase, brookite, and TiO, (B) as shown in Figure 2A [77]. Most of these
polymorphs exhibit intrinsically low electrical conductivity except TiO; (B), which pos-
sesses higher electrical conductivity compared to other polymorphs. Because of its good
electrical conductivity, TiO, (B) is used as an anode for Li-ion batteries (LIBs) and Li-ion
capacitors (LICs) without further modification like carbon coating or nanocomposites with
other conducting materials [78,79]. Wang et al. reported the successful fabrication of an
HSC using TiO, (B) nanowires as an anode and carbon nanotube (CNT) as a cathode
with enhanced energy density, power density, and cycling stability, higher than CNT-CNT
symmetric supercapacitors [80]. However, while TiO,(B) resolves the conductivity issue
compared to other TiO, polymorphs, it is more structurally complex and can be challeng-
ing to synthesize in large quantities with uniform morphologies. In addition, despite its
relatively higher conductivity, TiO,(B) still falls short of ideal metallic or graphitic levels,
sometimes necessitating further optimization through doping or carbon integration for
applications requiring ultrahigh power densities. Scale-up and cost also remain considera-
tions: bulk production of phase-pure TiO,(B) may require carefully controlled synthesis
routes that can drive up manufacturing expenses. On the other hand, due to intrinsic
low electrical conductivity, other polymorphs of TiO, are mostly used as composites with
carbon or other functional materials. For instance, Kang and co-workers reported the
fabrication of an HSC utilizing an anatase TiO,-RGO composite anode paired with an
activated carbon (AC) cathode. The HSC device with TiO,-RGO anode exhibited enhanced
electrochemical performance compared to the HSC device having a synthesized TiO,-
without RGO and a commercial TiO, [81]. A critical drawback here is that integrating
carbon (e.g., reduced graphene oxide, carbon nanotubes) or other conductive phases adds
to the complexity of material synthesis and can introduce additional costs for large-scale
production. Moreover, achieving a uniform dispersion of carbon within TiO; is essential for
stable long-term performance, and any agglomeration could lead to localized conductivity
issues. Reproducibility is also a key concern, especially for industrial-scale applications,
where large batch sizes must maintain consistent phase composition and particle size distri-
bution. To address the intrinsic issues of TiO,, Ramasubbu et al. explored morphologically
different TiO,. They reported the successful synthesis of 3D porous TiO, aerogel /Cobalt-
metal-organic framework (TiO, aerogel/Co-MOF) composites using sol-gel method and
used as a battery-type electrode to fabricate an HSC device [82]. The TiO, aerogel and
Co-MOF synergistically enhanced the contact between electrolyte and electrode interface,
increased the electroactive sites for Faradaic reactions, decreased the internal resistance.
TiO, aerogel/Co-MOF composite also enhanced the ionic transportation by shortening the
diffusion path and improved the mechanical stability of the composite electrode. The HSC
fabricated using TiO, aerogel/Co-MOF as battery-type electrode and activated carbon (AC)
as capacitive electrode (as shown in Figure 2B) shows enhanced electrochemical perfor-
mance. The fabricated HSC shows an enhanced specific capacity of 111.2 C-g~! at a current
density of 0.8 A-g~! and a high specific power density of 1875 W-kg~!, which is greater
than bare TiO, aerogel and other TiO, /carbon composites without Co-MOEF. The AC and
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TiO, aerogel /Co-MOF electrodes operate at different potential windows and therefore for
the HSC device, combination of these two potential windows can be expected, which leads
to the enhancement of workable potential window of 1.5 V (as shown in Figure 2C(a)). The
battery and supercapacitor-like behavior of the HSC device arising from different energy
storage mechanisms (Faradaic and non-Faradaic) is evident from the broad peaks and
rectangular shape of the CV curves as can be seen in Figure 2C(b). The distorted triangular
shape and small plateau in the GCD curve also confirm the HSC-like behavior (as shown in
Figure 2C(c)). The fabricated HSC device shows long-term cycling stability. When cycling
the HSC at a current density of 2 A-g~! for 5000 cycles, it shows 93% of capacity retention
(as shown in Figure 2C(d)). Other TiO, composites were also reported as an anode for
HSC applications.
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Figure 2. (A) Different crystalline phases of TiO,: (a) anatase, (b) rutile, (c) brookite, and (d) TiO,-B,
reproduced with permission from ref. [77], American Chemical Society. (B) Schematic diagram of the
HSC. (C) (a) Comparative CV of AC and TiO; aerogel/Co-MOF composite electrode, (b) CV of the
HSC at different scan rates, and (c) GCD of the HSCs at various current rates, (d) Cycle stability of
the AC and TiO, aerogel/Co-MOF electrodes, reproduced with permission from ref. [82], Elsevier.

Nonetheless, while TiO,—-MOF and other composite approaches successfully enhance
conductivity, specific capacity, and mechanical stability, they introduce added complexity
in synthetic steps and may face issues in large-scale reproducibility. MOFs, for example,
can be expensive or sensitive to environmental conditions (e.g., humidity), potentially
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limiting their viability for mass production. The integration of multiple components (TiO,
aerogel + Co-MOF + carbon) must also ensure strong interfacial contact and consistent
distribution across the electrode to avoid inhomogeneous regions that could degrade
electrochemical performance.

6.1.2. LisTisO1p

LigTisOq; (LTO) is a well-studied material as an intercalation type anode for Li-ion
batteries due to its several advantages including low cost, long cycle life, and safety. LTO
can accommodate three Li-ions per formula unit during cycling with two phase reactions
and a negligible volume change of 0.2% (zero-strain) [83]. LTO is also a promising material
for HSC but inherent issues like poor electronic conductivity (2.7 x 1077 Sem 1), poor ionic
conductivity (<1072 em?s~1), and poor rate capability inhibit the overall electrochemical
performance of the HSC device [84,85]. Several methods are utilized to overcome these
shortcomings and to enhance the performance of the HSC, such as nanosizing LTO to
decrease the diffusion length, composite design with conducting materials like carbon,
and doping with other elements like AR*, Cr3*, or Mg2+ [86,87]. Naoi et al. coupled the
nanosizing of LTO and composite design with carbon nanofibers (CNF) to attain high-rate
capability and enhanced electrochemical performance [88]. They reported the successful
synthesis of a high-rate-capable nanocrystalline LTO anode grafted on CNF (nc-LTO/CNF).
The schematic of the formation process of nc-LTO/CNF is shown in Figure 3A, and the
successful formation of nc-LTO/CNF is evident from the high-resolution transmission elec-
tron microscopy (HR-TEM) image of nc-LTO/CNF (as shown in Figure 3B). The enhanced
rate capability of the nc-LTO/CNF-based electrochemical cell can be seen in Figure 3C. The
HSC device comprising nc-LTO/CNF anode and AC cathode exhibits improved energy
and power density compared to the conventional AC/AC symmetric supercapacitor. Also,
the nc-LTO/CNF anode with a higher LTO weight percentage than CNF (70:30) shows
better performance than the equal weight ratio between LTO and CNF (50:50) (as shown in
Figure 3D). Kim and co-workers reported the synthesis of a composite of LTO and spherical
holey graphene (HG) to enhance the electronic conductivity of LTO which arises from the
high conductivity of graphene and high ionic transport arising from open pores in graphene
sheets of HG [89]. The HSC device fabricated using spherical LTO/HG composite anode
shows improved electrochemical performance compared to the HSC devices fabricated
with LTO/RGO composite. The HSC device with LTO/HG composite anode delivered an
energy density as high as 117.3 Wh.kg ™!, which arises from the synergistic effect of both
components. Several other HSC devices with anode of modified LTO by carbon materials
were also reported with enhanced electrochemical performances [90-92].

Nevertheless, despite the clear advantages of LTO-based anodes (particularly their
near-zero strain and commendable safety features), several critical limitations need further
scrutiny. First, while carbon or graphene-based modifications do effectively address the low
conductivity, they increase the complexity and cost of synthesis—factors that can hinder
large-scale commercial implementation. Second, the reduced volume change helps main-
tain mechanical integrity, but LTO’s somewhat restricted operating voltage window and
moderate theoretical capacity may limit the ultimate energy density achievable in HSC con-
figurations. Third, doping with various cations (e.g., AI** and Mg?*) can improve certain
properties but may introduce trade-offs in terms of crystal stability or can demand precise
processing conditions that complicate manufacturing. Finally, strict control over particle
size and morphology is crucial for consistent, high-performance devices; batch-to-batch
variability remains a challenge, particularly when scaling up nanosized LTO materials.
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Figure 3. (A) schematic illustration for the two-step formation mechanism of the nc-LTO/CNF
composite. (B) HR-TEM image of the nc-LTO/CNF composite. (C) rate capability of nc-LTO/CNF
composite at different C-rates. (D) Ragone plots of LTO/CNF-based hybrid supercapacitors and
AC/AC symmetric supercapacitor. Reproduced with permission from ref. [88], Elsevier.

6.2. Co-Based TMOs

Cobalt as an element plays a key role in battery cathode materials due to its good
thermal stability and reversible redox capabilities [93]. In HSC, different Co-based materials
such as spinel Co3O4 and other bi-metallic cobalt oxides are extensively explored as battery-
type electrode materials [94].

6.2.1. CO304

In 2019, Devi et al. successfully synthesized a spinel CozOj4 using the sol-gel technique.
They fabricated an HSC device using synthesized CozO; as a positive electrode, RGO as a
negative electrode, and an aqueous-based electrolyte, with an enhanced energy density
of 40 Wh-kg~! at a power density of 742 W-kg~! and Columbic efficiency of 98% [69],
which signifies the applicability of Co3Oj4 as a battery-type electrode. CozO4 with different
morphologies were also reported to have enhanced electrochemical properties. For instance,
Numan et al. reported an HSC with good electrochemical performance (specific capacity:
108 Cg !, energy density: 23.7 Wh-kg~!, power density: 307 W-kg~!) comprising a 2D
porous Coz0O4 nanoflakes (CONF) as positive electrode and an activated carbon as negative
electrode in KOH electrolyte [95]. Park and co-workers reported a nano horn-like Co3zO4
(NHC) using a solvothermal technique, a schematic of the synthesis process is shown in
Figure 4A and the TEM image of the NHC is shown in Figure 4B. The authors also presented
the influence of calcination temperature on the electrochemical performance of the NHC-
containing HSC device [96]. The NHC calcined at 300 °C (NHC@300) shows the best
electrochemical performance compared to other NHCs which are calcined at 350, 400, and
450 °C. CV curves of NHC@300 are comprised of well-defined redox peaks stemming from
Co?*/Co3* and Co®" /Co** redox couples (as shown in Figure 4C(a)). The high cathodic
and anodic current values of NHC@300 in CV curve compared to NHC@350, 400, and
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450 materials confirmed the enhanced electrochemical performance of NHC@300 (as shown
in Figure 4C(b)). The enhanced electrochemical performance of NHC@300 stems from the
enhanced diffusion kinetics of NHC@300 which is confirmed by the lowered resistance
value in the Nyquist plot. The lowest equivalent series resistance (ESR) for NHC@300,
which is evident from the intercepts in the high-frequency region of the X-axis and the
steepness of the Warburg slope in the low-frequency region confirms the enhanced kinetics
of NHC@300 compared to other NHCs (Figure 4C(c)). The plateaus in the galvanostatic
charge-discharge (GCD) curves confirmed the battery-like behavior of synthesized NHCs
as shown in Figure 4C(d). This plateau is more pronounced in NHC@300 than in other
NHCs calcined at different temperatures as evident from Figure 4C(e). The enhanced
specific capacitance of different of NHC@300 (2751 F-g~! at 1 A-g~!) compared to other
NHCs confirmed the enhanced electrochemical performance of NHC@300 (as shown in
Figure 4C(f)). The authors also evaluated the cycling stability of an HSC with NHC@300 as
a positive electrode and AC as a negative electrode, they found 91.37% capacity retention
even after 350,000 GCD cycles at 20 A-g~! of current density as can be seen in Figure 4D.
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Figure 4. (A) schematic illustration of synthetic procedures and proposed formation mechanism of
the Co304 nano horn. (B) TEM image of the synthesized nano horn. (C) (a) CV curve of NHC@300
at different scan rates, (b) CV curves of NHCs synthesized at different temperatures, (c) Nyquist
plots of EIS for different NHCs, (d) GCD curves of NHC@300, (e) GCD curves of NHCs synthesized
at different temperatures, and (f) specific capacitance of the NHCs at different current densities.
(D) cycling stabilities and Coulombic efficiency of the NHC@300-based HSC. Reproduced with
permission from ref. [96], Elsevier.
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Apart from the morphologically different Co304, Co304 coupled with different other
materials were also reported and utilized in HSC applications. Vattikuti et al. reported
the successful fabrication of an HSC device using carbon nitride/Co30, material with
improved electrochemical performance [97]. Arjunan et al. reported the synthesis of Co304
nanoparticles embedded in nitrogen-doped porous carbon spheres and utilized it in the
fabrication of an HSC device. The fabricated HSC device shows an enhanced specific
capacitance of 464 F-g~! at a current density of 1 A-g~! [98]. A composite of Co3O, and
carbon (Co304/C), derived from a cobalt-containing metal-organic framework (MOF),
was reported by Kazemi and co-workers, they utilized this synthesized Co3zO4/C as a
positive electrode to fabricate an HSC with improved electrochemical performance [99].
Different other Co3O4-based materials were reported by researchers and their efficacy as a
battery-type electrode in an HSC device was studied [100-102]

6.2.2. Co-Based Bi-Metallic Oxides

Bi-metallic oxides where other metals apart from Co are also present are extensively
studied as an electrode material for HSC applications. For instance, Chen et al. reported
the successful fabrication of an HSC device using bi-metallic manganese-cobalt oxide
(MnCo0,045) as a cathode and AC as an anode with KOH electrolyte [103]. The MnCo,0O4 5-
based HSC device shows enhanced electrochemical performance. The authors conducted
electrochemical tests on the HSC device using different potential windows and different
current densities. Figure 5A(a) shows the CV of the HSC device at a potential window rang-
ing from 0 to 1.2 to 1.8 V at a scan rate of 10 mVs~!. The potential window from 0~1.75 V
was found suitable with negligible polarization phenomenon. Battery-like features can be
observed in the GCD curves with low voltage drop (as shown in Figure 5A(b)). With the
increase in operating potential, an increase in both specific capacity (77.40 C.g~ ' at 1.2 V to
126.29 C.g~! at 1.75 V) and specific energy density (15.02 Wh.kg ! at 1.2 V to 33.36 Wh.kg !
at 1.75 V) is observed as evident from Figure 5A(c,d). Battery-like redox behavior (peaks
arise from Faradaic reactions) and capacitive behavior (distorted rectangular shape) are
evident from the CV profiles of the HSC device at different scan rates as can be seen in
Figure 5B(a). The appearance of the weak plateau region along with the distorted trian-
gular shape in the GCD curve confirms the capacity contribution from both battery-like
capacitive mechanisms arising from battery-type MnCo,0, 5 cathode and capacitive-type
AC anode (as shown in Figure 5B(b)). The enhanced rate performance of the bimetallic
cathode-based HSC device at different current densities is evident from Figure 5B(c). The
MnCo,04 5-based HSC device showed enhanced cycling stability. No significant capacity
decay was observed even after 5000 cycles (100.04% capacity retention), cycling at a current
density as high as 6 A-g~!, which can be seen in Figure 5B(d). Nearly 100% Coulombic
efficiency even after long-term cycling suggested good cycling stability of the MnCoyO4 5-
containing HSC device. MnCo,0y 5 with different morphologies were also reported and
utilized as a battery-type electrode in HSC applications. For instance, urchin-like and
micro flower-like MnCo,04 5 bi-metallic oxides were synthesized by different research
groups and used as battery-type electrodes in HSC devices with improved electrochemical
performances [104,105]. Apart from MnCo,0y 5, other Mn, Co-based bi-metallic were also
reported as a battery-type electrode for HSC [106-108].
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Figure 5. (A) (a) CV curves of MnCo,0O45-based HSC at different potential windows, (b) GCD
curves of MnCo,04 5-based HSC at different potential windows, (c) The plot of specific capacitance
as a function of voltage window for MnCo,0O4 5-based HSC, and (d) The plot of energy density
as a function of voltage window for MnCo,0y 5-based HSC. (B) (a) CV curves, (b) GCD curves,
(c) rate performance, and (d) cycling performance and Coulombic efficiency of MnCo,O4 5-based
HSC. Reproduced with permission from ref. [103], Elsevier.

The efficacy of Co-based bi-metallic oxides with other metals towards battery-type
electrodes in HSC devices were also explored extensively. Recently, Ahmad et al. reported
an improvement in the electrochemical performance of an HSC using chromium-—cobalt-
based bi-metallic oxide (CrCo,O;4) synthesized by hydrothermal method [109]. Both Cr
and Co play synergistic role to enhance the electrochemical performance compared to
their individual oxide counterparts (Co3O4 and Cr,O3). Figure 6A(a) shows the CV curves
of bi-metallic CrCoy04, Cr,03, and Co30y4, in the potential window of 0.0 to 0.55 V at
a scan rate of 5 mVs 1. Between these three oxides, the current response of CrCo,0Oy is
highest with the highest area under the CV curve which signifies the capacitance of the
material. Figure 6A(b) shows the specific capacitance of the oxides at different current
densities with 69.4% capacity retention for bimetallic CrCo,Oy, the highest compared
to the other two individual metal oxides Cr,O3 (31.9%) and Co304 (60.7%). Enhanced
diffusion-kinetics is one of the reasons behind the improved performance of the bi-metallic
oxide. The bi-metallic CrCo,O4 possesses the lowest values for charge-transfer resistance
(Ret) and equivalent series resistance (Rs) with the value of Ret = 0.135 (), and R = 0.64 Q)
compared to CryO3 (R 0.176 Q), Rs: 0.84 1), and Co304 (Rer: 0.156 Q), Rs: 0.87 Q) (as
shown in Figure 6A(c)). The authors also conducted a long-term cycling test of the oxides
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with a current density of 10 A-g~!. The CrCo,O, shows the highest capacity retention of
98.74% even after 10,000 cycles, which is highest among the oxides with 97.34% retention
for Co304 and 96.4% retention for CryOj3 as evident from Figure 6B. To check the efficacy
of the bi-metallic oxide as an electrode for an HSC device, authors fabricated an aqueous
HSC using a CrCo,O4-based positive electrode and AC as a negative electrode. Figure 6C
shows the rate-performance of the HSC device at different current densities ranging from
1 A-g7!t0 20 A-g~! with the number of cycles up to 400 cycles. Capacity retention as high
as 72% of the initial capacity was obtained even after reaching a high current density of
20 A-g~! with 98% Coulombic efficiency. The CrCo,O4-based HSC device also shows a
capacity retention of 97% after 10,000 cycles even at a current density of 10 A-g~!, which
encompasses good cycling stability (as shown in Figure 6D). These enhanced performances
of the CrCo,04-based device stem from the synergism between Cr and Co metals in the bi-
metallic oxide—these cumulative effects are missing in individual oxides, and are therefore

inferior to performance than their bi-metallic counterpart. Different other bi-metallic oxides

such as CoWQy [110], FeCo0,04 [111], CuyCoO3 [112], NiC0,04 [113] and ZnCo,04 [114]

were also reported and utilized as battery-type electrode in an HSC device.
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Figure 6. (A) (a) Comparative CV curves of CrCo,Oy, Co304, and CrpO3, (b) specific capacitance at
different current densities, and (c) EIS spectra of CrCoyOy, Co30y, and Cr,0Oj3. (B) Cycling perfor-
mance of CrCoy0y4, Co304, and Cr,O3. (C) Rate capability and Coulombic efficiency of CrCoyOy-
based HSC. (D) Long-term cycling stability of CrCo,O4-based HSC at 10 A-g~!. Reproduced with
permission from ref. [109], American Chemical Society.
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Despite these promising outcomes, several challenges and limitations persist for Co-
based TMOs. First, the intrinsic electronic conductivity of Co-based TMOs can remain
suboptimal, necessitating complex morphologies or carbon integration to achieve high-rate
capabilities. Second, engineering unique architectures (e.g., horn-like shapes, nanoflakes,
or MOF-derived composites) often involves multiple synthesis steps that can be costly
and difficult to reproduce consistently at large scales. Additionally, while Co-based TMO
materials exhibit stable cycling in many lab-scale demonstrations, stability can still degrade
under prolonged high-rate operations or in certain aqueous electrolytes. Finally, cobalt-
based compounds raise concerns regarding cost fluctuations and potential environmental
impacts related to cobalt extraction and processing. Future endeavors should thus focus
on scalable, eco-friendly routes to form robust architecture and composites, as well as
advanced characterization methods to unravel failure mechanisms in real time. Addressing
these issues will be crucial for accelerating the commercial deployment of cobalt-based
TMOs in HSCs with both high energy and power densities.

6.3. V-Based TMOs

Vanadium (V) is another attractive element used in energy storage applications like
Li-ion, Na-ion batteries, multivalent batteries, and supercapacitors owing to its diverse
oxidation states (from +2 to +5) [115-117].

V,0s5

Among different vanadium-based compounds vanadium pentoxide (V,0s5) stands
out as a promising electrode material owing to its low cost, layered structure, high ca-
pacity, and straightforward synthesis process [115,118]. Although V,0Os is considered a
promising material as a battery-type electrode, it is plagued with inherent issues like low
electronic conductivity and low ionic diffusion kinetics. To counter these issues strate-
gies like morphology tuning (acquiring high surface area or nanostructuring to reduce
diffusion length), composite formation with conductive materials such as carbon materials,
and pre-intercalation with hetero ions such as Li* to increase the interlayer spacing were
explored [117,119,120]. Recently, Xu et al. reported the enhancement in ionic and electronic
conductivity of V,0s by incorporating Co?* ions and polyaniline (PANI) between the layers
of V05 (CoVO-PANI) and utilized it as a cathode material in Zn-ion hybrid supercapacitor
(ZHSC) [121]. The fabricated ZHSC device with CoVO-PANI@CC as cathode, AC@CC
as anode, and using Zn-based electrolyte shows enhanced electrochemical performance
stemming from the synergistic effects of Co?* and PANIL. Figure 7A shows the fabrication
process of CoVO-PANI. The higher capacitance of CoVO-PANI-based ZHSC is evident
from the area of the CV curves compared to VO-PANI, CoVO, and VO-based ZHSC device,
which also confirms the synergism between Co?* and PANI in enhancing the performance
of ZHSC (as shown in Figure 7B(a)). The enhanced specific capacitance of CoVO-PANI-
based ZHSC is evident from GCD curves as can be seen in Figure 7B(b). The lowered
charge-transfer resistance of CoVO-PANI-based ZHSC (Rc: 0.45 2) shows the enhanced
diffusion rate of Zn2* ions. The ZHSC devices based on VO-PANI, CoVO, and VO exhibit
much higher R values signifying sluggish Zn?* ion diffusion (as shown in Figure 7B(c)).
The synergism of Co** and PANI is also evident from the enhanced areal capacitance and
enhanced long-term cycling stability of CoVO-PANI-based ZHSC compared to its other
counterparts. The CoVO-PANI-based ZHSC retained 81.37% of its initial capacitance even
after 20,000 cycles at current density of 50 mA.cm~2 (as shown in Figure 7C(a) and 7C(b)).
Owing to the enhanced performance of CoVO-PANI electrode, authors fabricated a flexible
ZHSC device using PVA-Zn(OTF); as gel electrolyte and utilized the fabricated flexible
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ZHSC device to power a digital watch as can be seen in Figure 7D(a). The schematic
structure of the flexible ZHSC device is shown in Figure 7D(b).
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Figure 7. (A) preparation schematics of VO@CC, CoVO@CC, VO-PANI@CC, and CoVO-PANI@CC.
(B) (a) CV curves of CoVO-PANI, VO-PANI, CoVO and VO at 1 mVs !, (b) GCD curves of CoVO-
PANI, VO-PANI, CoVO and VO, and (c) EIS curves of CoVO-PANI, VO-PANI, CoVO and VO.
(C) (a) areal capacitance curves of CoVO-PANI, VO-PANI, CoVO and VO at different current densities;
(b) long-term cycling stability tests of CoVO-PANI, VO-PANI, CoVO and VO. (D) (a) Image of digital
watch powered by flexible ZHSC devices; (b) schematic diagram of the fabrication flexible ZHSC
device. Reproduced with permission from ref. [121].

Different other V05, such as pre-lithiated V,0s5 [122], hollow-structured V,05 [123],
V,05 nanofibers [124], V,05/graphene oxide nanocomposites [125] were also reported as
an electrode material for HSC applications, demonstrating significant improvements in
performance compared to their unmodified counterparts. These structural and composi-
tional modifications address the inherent limitations of pristine V,0Os, such as low electrical
conductivity, poor cycling stability, and limited rate capability. Pre-lithiated V,Os, for in-
stance, benefits from a pre-intercalation strategy that introduces lithium ions into the V05
lattice, resulting in enhanced electrical conductivity and reduced lattice strain during the
charge/discharge cycles. This modification not only stabilizes the crystal structure but also
boosts the overall capacity and cycling life of the electrode. Hollow-structured V,05 takes
advantage of its unique architecture, which provides a high surface area, reduced ion diffu-
sion pathways, and improved electrolyte penetration. These features significantly enhance
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the redox reaction kinetics and increase the electrode’s ability to store and deliver charge
efficiently. V,0Os nanofibers, synthesized through electrospinning and other advanced
fabrication methods, offer a one-dimensional structure with excellent electron transport
properties and a high aspect ratio. The interconnected network of nanofibers facilitates
rapid ion and electron transfer, making them particularly suitable for high power appli-
cations. V,0s5/graphene oxide nanocomposites represent another promising approach,
where the synergistic combination of V,05’s redox activity and graphene oxide’s high
conductivity and mechanical stability results in superior electrochemical performance. The
graphene oxide not only enhances the electrical conductivity of the composite but also
prevents the agglomeration of V,Os particles, ensuring a more stable cycling performance.

To provide a clear comparison of the electrochemical performance of transition metal
oxide (TMO) battery-type electrodes in hybrid supercapacitors, a tabulated summary of
specific power and energy densities is presented in Table 1. This comprehensive overview
will help readers quickly assess the relative merits of various TMO-based systems, including
cycling performance, energy density and power density.

Table 1. The performance matrices of different HSCs based on TMOs.

Energy Density Power Density

TMO-Based HSC Synthesis (Whkg1) (Wkg1) Cycling Stability Reference
C0304@Mn-Ni(OH), /CC Hydrothermal 655 800 93.0%, [126]
34 2 y ’ 10,000 cycles
Co304/Ni/ /N@g-C3Ny Hydrothermal 22.26 4000 82.4% 5000 cycles,  [127]
Co304 MBs/ /AC Hydrothermal 38.5 962 126.4%, 5000 cycles  [128]
Co304/ /GO Sol-gel 40 742 - [69]
Aqueous chemical o
MnCo,04//AC synthesis 36 4274 91.1%, 5000 cycles  [129]
CoFey04/CryCTx/ /AC Hydrothermal 125 15,264.4 99%, 2500 cycles [130]
MWCNT/LiCo0,04//AC Co-precipitation 54.84 775 94%, 5000 cycles [131]
Nio@Co304/C//AC Precipitation method 32.6 750 87.1%, 5000 cycles [132]
CoFe, O,/ /NPC Reflux condensation 56.2 1091.5 97.91%, 5000 cycles  [133]
Fe304 NPs Solvothermal 152.06 1822 89.71%, 5000 cycles  [134]
NiXFeyOZ@rGO //AC Microwave synthesis 43 2500 86%, 1000 cycles [135]
LizVOy4//AC Hydrothermal 136.4 532 87%, 1500 cycles [136]
. Micro-emulsion-based
Liz;VOs@C//AC method 190 18,500 _ [137]
3DG/NixCo1.x0//3DG Efgcnet:sneous assembly 5, 14,500 86%, 10,000 cycles  [138]
. . 84.21%,
NiCo-P/Ni3zV,0g//AC Hydrothermal 65 750 10,000 cycles [139]
ZnCo,Oy4 NSs/ /AC Hydrothermal 43.88 1077.45 ~100%, 8000 cycles  [140]
76.75%,
CrCoy04/AC/PPY//MnO,/AC Hydrothermal 97.77 1600 10,000 eycles [141]
Cu-Mn-Zn Oxide//AC Hydrothermal 44.26 9432.69 86.65%, 3000 cycles  [142]
96.43%,
ZnCr,04,@CC//AC Hydrothermal 26.2 800.6 10,000 eycles [143]

7. Conclusions and Future Direction

Hybrid supercapacitors (HSCs) represent a transformative advancement in energy

storage technologies, effectively bridging the gap between batteries and supercapacitors by
combining high energy density with excellent power density. This review has highlighted
the critical role of transition metal oxides (TMOs) as battery-type electrodes, underscor-
ing their capacity for Faradaic redox reactions that enable robust charge storage while
retaining formidable power performance. Across the broad spectrum of synthesis tech-
niques, spanning hydro/solvothermal processes, electrospinning, electrodeposition, and
sol-gel methods, researchers have demonstrated how careful control of TMO structures
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and morphologies can mitigate key limitations such as low electrical conductivity and
restricted ionic diffusion. The spotlight on Ti-, Co-, and V-based TMOs, in particular, illus-
trates how strategies like nanostructuring, composite integration, and doping can boost
electrochemical outputs.

Nonetheless, certain challenges must be tackled for TMO-based HSCs to achieve
commercial readiness such as (i) cycling stability: while striving for higher energy density,
TMOs undergo substantial volumetric changes during ion insertion/extraction, which
can lead to microcracks and structural deformation. This underscores the delicate bal-
ance between boosting capacity and preserving electrode integrity over extended cycles.
(ii) Scalability: many of the advanced nanostructuring and composite methods that de-
liver excellent lab-scale performance can be difficult or costly to implement at industrial
scales, necessitating more streamlined, cost-effective manufacturing processes. (iii) Cost-
effectiveness: high-performance materials and specialized synthesis conditions can drive
up production expenses. Achieving a favorable balance of performance and affordability is
paramount for real-world adoption.

Looking ahead, the future outlook for TMO-based HSCs hinges on integrating in-
novative research avenues and practical engineering solutions. Emerging strategies for
developing advanced TMO electrodes concentrate on simultaneously boosting electrochem-
ical performance and maintaining structural resilience, including (i) defect engineering;:
creating and tailoring oxygen vacancies or interstitials to regulate ion transport and ac-
commodating volume expansion [144,145]. (ii) Hierarchical nanostructures: designing
multi-level architectures, such as core—shell or hollow structures, that offer larger reactive
surface areas while tolerating mechanical strain more effectively [146]. (iii) Functional coat-
ings and protective layers: using thin coatings (e.g., polymeric, metallic, or carbonaceous
layers) to stabilize electrode surfaces, mitigate unwanted side reactions, and reduce struc-
tural deterioration [147]. (iv) Hybrid composites with 2D materials: incorporating emerging
two-dimensional materials (like graphene derivatives or MXenes) to reinforce conductiv-
ity, boost mechanical integrity, and provide additional ion diffusion channels [146]. (v)
In situ/operando characterization tools: developing advanced analytical techniques to
monitor structural evolution and reaction kinetics in real time, enabling more targeted
material and device optimization [147].

Beyond these emerging strategies, there are several additional avenues with potential
to advance TMO-based HSCs further:

1.  Advanced Material Design

Innovations in defect chemistry, nanostructured morphologies, and composite inter-
faces can significantly improve both energy/power densities and mechanical resilience.

2. Sustainable Synthesis Methods

Green chemistry principles, eco-friendly solvents, and the recycling or reuse of precur-
sors will be essential for minimizing environmental impact and reducing costs associated
with large-scale production.

3.  Flexible and Wearable HSCs

Architectures capable of withstanding mechanical stress under bending or stretching
broaden the scope of HSC usage in consumer electronics and wearable technologies.

4. Machine Learning and Computational Modeling

High-throughput simulations and predictive algorithms can accelerate the discovery
of new TMO compositions, dopants, and architectures, helping to efficiently pinpoint the
most promising optimization pathways.
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By focusing on these interconnected goals, enhancing cycling stability, refining scal-
ability, and ensuring economic viability, TMO-based HSCs can continue to evolve as a
cornerstone of next-generation energy storage. As researchers deepen their mechanistic in-
sights and leverage computational tools, we can expect further breakthroughs that balance
high energy density, structural robustness, and environmental sustainability, ultimately
driving the widespread adoption of HSCs in a variety of commercial and industrial ap-
plications. All the challenges of HSCs and future directions for TMO-based HSCs are
summarized schematically in Figure 8.

—..\
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Advanced Synthesis
Material Design Method
HSC ﬁ
o ‘ H‘ Future-Outlook for TMO-based HSC
Machine Learning
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& C tati 1
Wearable HSC e
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Figure 8. Schematic representation of challenges faced by HSCs and future directions for TMO-based
HSCs.

In conclusion, HSCs hold immense potential to revolutionize energy storage by com-
bining the best attributes of batteries and supercapacitors. Continued interdisciplinary
research encompassing materials science, electrochemistry, and device engineering will
be essential to overcome existing challenges and unlock the full potential of HSCs for a
sustainable and energy-efficient future.

Author Contributions: Conceptualization, B.R., M.I, M.M.R K. and G.A K.M.R.B.; validation: M.S.A.,
M.M.RK. and H.-Y.K,; data curation, G.A.KM.R.B. and H.-Y.K.; funding acquisition, K.-W.N.; re-
sources, K.-W.N.; supervision, M.L, and K.-W.N.; writing—original draft, B.R.; writing—review and
editing, M.I,, M.S.A. and K.-W.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Ministry of Trade, Industry & Energy (MOTIE) of the
Republic of Korea (Grant No. RS-2022-00155717 and 20224000000020).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Liu, H; Liu, X.; Wang, S.; Liu, H.K.; Li, L. Transition Metal Based Battery-Type Electrodes in Hybrid Supercapacitors: A Review.
Energy Storage Mater. 2020, 28, 122-145. [CrossRef]

2. Simon, P; Gogotsi, Y.; Dunn, B. Where Do Batteries End and Supercapacitors Begin? Science 2014, 343, 1208-1210. [CrossRef]
[PubMed]

3. Winter, M.; Brodd, R.J. What Are Batteries, Fuel Cells, and Supercapacitors? Chem. Rev. 2004, 104, 4245-4269. [CrossRef]
[PubMed]

99



Batteries 2025, 11, 60

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

Goodenough, ].B. How We Made the Li-Ilon Rechargeable Battery. Nat. Electron. 2018, 1, 204. [CrossRef]

Ponrouch, A.; Bitenc, J.; Dominko, R.; Lindahl, N.; Johansson, P.; Palacin, M.R. Multivalent Rechargeable Batteries. Energy Storage
Mater. 2019, 20, 253-262. [CrossRef]

Palacin, M.R. Recent Advances in Rechargeable Battery Materials: A Chemist’s Perspective. Chem. Soc. Rev. 2009, 38, 2565-2575.
[CrossRef]

Gicha, B.B.; Tufa, L.T.; Nwaji, N.; Hu, X.; Lee, J]. Advances in All-Solid-State Lithium—Sulfur Batteries for Commercialization.
Nano-Micro Lett. 2024, 16, 172. [CrossRef]

Ragone, D.V.; Ragone, D.V. Review of Battery Systems for Electrically Powered Vehicles Review of Battery Systems for Electrically Powered
Vehicles; SAE: Warrendale, PA, USA, 2018.

Beyers, I.; Bensmann, A.; Hanke-Rauschenbach, R. Ragone Plots Revisited: A Review of Methodology and Application across
Energy Storage Technologies. |. Energy Storage 2023, 73, 109097. [CrossRef]

Christen, T.; Carlen, M.W. Theory of Ragone Plots. J. Power Sources 2000, 91, 210-216. [CrossRef]

Wang, C.Y.; Liu, T.; Yang, X.G.; Ge, S.; Stanley, N.V.; Rountree, E.S.; Leng, Y.; McCarthy, B.D. Fast Charging of Energy- Dense
Lithium-Ion Batteries. Nature 2022, 611, 485-490. [CrossRef]

Kim, U.H.; Lee, S.B.; Park, N.Y; Kim, S.]J.; Yoon, C.S.; Sun, Y.K. High-Energy-Density Li-lon Battery Reaching Full Charge in 12
Min. ACS Energy Lett. 2022, 7, 3880-3888. [CrossRef]

Frith, ].T.; Lacey, M.].; Ulissi, U. A Non-Academic Perspective on the Future of Lithium-Based Batteries. Nat. Commun. 2023, 14,
420. [CrossRef] [PubMed]

Satpathy, S.; Das, S.; Bhattacharyya, B.K. How and Where to Use Super-Capacitors Effectively, an Integration of Review of Past
and New Characterization Works on Super-Capacitors. |. Energy Storage 2020, 27, 101044. [CrossRef]

Kumar, Y.A; Roy, N.; Ramachandran, T.; Hussien, M.; Moniruzzaman, M.; Joo, S.W. Shaping the Future of Energy: The Rise of
Supercapacitors Progress in the Last Five Years. . Energy Storage 2024, 98, 113040. [CrossRef]

Zhang, M.; Du, H.; Wei, Z.; Zhang, X.; Wang, R. Ultrafast Microwave Synthesis of Nickel-Cobalt Sulfide/Graphene Hybrid
Electrodes for High-Performance Asymmetrical Supercapacitors. ACS Appl. Energy Mater. 2021, 4, 8262-8274. [CrossRef]
Zhang, M.; Nautiyal, A.; Du, H.; Wei, Z.; Zhang, X.; Wang, R. Electropolymerization of Polyaniline as High-Performance Binder
Free Electrodes for Flexible Supercapacitor. Electrochim. Acta 2021, 376, 138037. [CrossRef]

Dubal, D.P; Ayyad, O.; Ruiz, V.; Gémez-Romero, P. Hybrid Energy Storage: The Merging of Battery and Supercapacitor
Chemistries. Chem. Soc. Rev. 2015, 44, 1777-1790. [CrossRef]

Ding, J.; Hu, W,; Paek, E.; Mitlin, D. Review of Hybrid Ion Capacitors: From Aqueous to Lithium to Sodium. Chem. Rev. 2018, 118,
6457-6498. [CrossRef]

Zuo, W.; Li, R.; Zhou, C; Li, Y,; Xia, J.; Liu, J. Battery-Supercapacitor Hybrid Devices: Recent Progress and Future Prospects. Adv.
Sci. 2017, 4, 1600539. [CrossRef]

Cakici, M.; Reddy, K.R.; Alonso-Marroquin, F. Advanced Electrochemical Energy Storage Supercapacitors Based on the Flexible
Carbon Fiber Fabric-Coated with Uniform Coral-like MnO; structured Electrodes. Chem. Eng. J. 2017, 309, 151-158. [CrossRef]
Pramitha, A.; Raviprakash, Y. Recent Developments and Viable Approaches for High-Performance Supercapacitors Using
Transition Metal-Based Electrode Materials. J. Energy Storage 2022, 49, 104120. [CrossRef]

Yuan, S.; Duan, X,; Liu, J.; Ye, Y.; Lv, E; Liu, T.; Wang, Q.; Zhang, X. Recent Progress on Transition Metal Oxides as Advanced
Materials for Energy Conversion and Storage. Energy Storage Mater. 2021, 42, 317-369. [CrossRef]

Chen, H.; Du, X; Liu, X.; Wu, R.; Li, Y.; Xu, C. Facile growth of nickel foam-supported MnCo,O4. 5 porous nanowires as
binder-free electrodes for high-performance hybrid supercapacitors. J. Energy Storage 2022, 50, 104297. [CrossRef]
Subhadarshini, S.; Peyada, N.K.; Goswami, D.K.; Das, N.C. Review of Battery-Type Transition Metal (Cu, Co, and Ni) Oxide Based
Electrodes: From Fundamental Science to Fabrication of a Hybrid Supercapacitor Device. Energy Fuels 2024, 38, 11455-11493.
[CrossRef]

Stepanov, A.B.; Varakin, LN.; Menukhov, V.V. Double-Layer Capacitor. U.S. Patent 5,986,876, 16 November 1999.

Aida, T.; Yamada, K.; Morita, M. An Advanced Hybrid Electrochemical Capacitor That Uses a Wide Potential Range at the
Positive Electrode. Electrochem. Solid-State Lett. 2006, 9, 534-536. [CrossRef]

Naoi, K. “Nanohybrid Capacitor”: The next Generation Electrochemical Capacitors. Fuel Cells 2010, 10, 825-833. [CrossRef]
Naoi, K.; Simon, P. New Materials and New Confgurations for Advanced Electrochemical Capacitors. Electrochem. Soc. Interface
2008, 17, 34-37. [CrossRef]

Yoo, H.D.; Han, S.D.; Bayliss, R.D.; Gewirth, A.A.; Genorio, B.; Rajput, N.N.; Persson, K.A.; Burrell, A.K.; Cabana, ]. “rocking-
Chair”-Type Metal Hybrid Supercapacitors. ACS Appl. Mater. Interfaces 2016, 8, 30853-30862. [CrossRef]

Nitta, N.; Wu, E; Lee, ].T.; Yushin, G. Li-lon Battery Materials: Present and Future. Mater. Today 2015, 18, 252-264. [CrossRef]
Schmidt-Rohr, K. How Batteries Store and Release Energy: Explaining Basic Electrochemistry. J. Chem. Educ. 2018, 95, 1801-1810.
[CrossRef]

100



Batteries 2025, 11, 60

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Salanne, M.; Rotenberg, B.; Naoi, K.; Kaneko, K.; Taberna, P.L.; Grey, C.P.; Dunn, B.; Simon, P. Efficient Storage Mechanisms for
Building Better Supercapacitors. Nat. Energy 2016, 1, 16070. [CrossRef]

Miller, J.R.; Simon, P. Materials Science: Electrochemical Capacitors for Energy Management. Science 2008, 321, 651-652. [CrossRef]
[PubMed]

Huang, J.; Xie, Y.; You, Y.; Yuan, J.; Xu, Q.; Xie, H.; Chen, Y. Rational Design of Electrode Materials for Advanced Supercapacitors:
From Lab Research to Commercialization. Adv. Funct. Mater. 2023, 33, 2213095. [CrossRef]

Gogotsi, Y.; Simon, P. True Performance Metrics in Electrochemical Energy Storage. Science 2011, 334, 917-918. [CrossRef]
Lindstrom, H.; Sodergren, S.; Solbrand, A.; Rensmo, H.; Hjelm, J.; Hagfeldt, A.; Lindquist, S.E. Li+ Ion Insertion in TiO, (Anatase).
1. Chronoamperometry on CVD Films and Nanoporous Films. J. Phys. Chem. B 1997, 101, 7710-7716. [CrossRef]

Bard, A.j. Fundamentals and Applications Plasmonics: Fundamentals and Applications; Springer: Berlin/Heidelberg, Germany, 2004;
Volume 677.

Dong, Y,; Li, D.; Gao, C.; Liu, Y.; Zhang, ]. A Self-Assembled 3D Urchin-like Tip gSng,O,-RGO Hybrid Nanostructure as an Anode
Material for High-Rate and Long Cycle Life Li-Ion Batteries. ]. Mater. Chem. A 2017, 5, 8087-8094. [CrossRef]

Noori, A.; El-Kady, M.F,; Rahmanifar, M.S.; Kaner, R.B.; Mousavi, M.F. Towards Establishing Standard Performance Metrics for
Batteries, Supercapacitors and Beyond. Chem. Soc. Rev. 2019, 48, 1272-1341. [CrossRef]

Yang, P.; Ding, Y.; Lin, Z.; Chen, Z.; Li, Y,; Qiang, P.; Ebrahimi, M.; Mai, W.; Ping Wong, C.; Lin Wang, Z. Low-Cost High-
Performance Solid-State Asymmetric Supercapacitors Based on MnO, Nanowires and Fe,O3; Nanotubes. Nano Lett. 2014, 14,
731-736. [CrossRef]

Chen, H,; Du, X;; Wu, R.; Wang, Y.; Sun, J.; Zhang, Y.; Xu, C. Facile Hydrothermal Synthesis of Porous MgCo,O, nanoflakes as an
Electrode Material for High-Performance Asymmetric Supercapacitors. Nanoscale Adv. 2020, 2, 3263-3275. [CrossRef]
Mohamed, S.G.; Chen, CJ.; Chen, CK,; Hu, S.F; Liu, R.S. High-Performance Lithium-Ion Battery and Symmetric Supercapacitors
Based on FeCo,04 Nanoflakes Electrodes. ACS Appl. Mater. Interfaces 2014, 6, 22701-22708. [CrossRef]

Lee, JJW,; Hall, A.S.; Kim, ]J.D.; Mallouk, T.E. A Facile and Template-Free Hydrothermal Synthesis of Mn3O4 Nanorods on
Graphene Sheets for Supercapacitor Electrodes with Long Cycle Stability. Chem. Mater. 2012, 24, 1158-1164. [CrossRef]

Chen, H.; Du, X,; Sun, J.; Wang, Y.; Zhang, Y.; Xu, C. Solvothermal Synthesis of Novel Pod-like MnCo,0O4 5 Microstructures as
High-Performance Electrode Materials for Supercapacitors. Int. |. Hydrog. Energy 2020, 45, 3016-3027. [CrossRef]

Ankinapalli, O.R.; Krishna, B.N.V.; Ayyaluri, R.R.; Yu, ].S. ZnMoO,/MoO3; Composite Materials via Facile One-Step Hydrothermal
Route for Efficient Hybrid Supercapacitors. J. Energy Storage 2024, 85, 111043. [CrossRef]

Sun, L.; Deng, Q.; Li, Y.; Deng, L.; Wang, Y.; Ren, X.; Zhang, P. Solvothermal Synthesis of Ternary Cu, O-CuO-RGO Composites as
Anode Materials for High Performance Lithium-Ion Batteries. Electrochim. Acta 2016, 222, 1650-1659. [CrossRef]

Kaneti, Y.V.; Zakaria, Q.M.D.; Zhang, Z.; Chen, C.; Yue, J.; Liu, M,; Jiang, X.; Yu, A. Solvothermal Synthesis of ZnO-Decorated
«-Fe;O3 Nanorods with Highly Enhanced Gas-Sensing Performance toward n-Butanol. . Mater. Chem. A 2014, 2, 13283-13292.
[CrossRef]

Pullanchiyodan, A.; Joy, R.; Sreeram, P.; Raphael, L.R.; Das, A.; Balakrishnan, N.T.M.; Ahn, ].H.; Vlad, A.; Sreejith, S.; Raghavan, P.
Recent Advances in Electrospun Fibers Based on Transition Metal Oxides for Supercapacitor Applications: A Review. Energy Adv.
2023, 2, 922-947. [CrossRef]

Kenawy, E.R.; Moharram, Y.I; Abouharga, ES.; Elfiky, M. Electrospun Network Based on Polyacrylonitrile-Polyphenyl/Titanium
Oxide Nanofibers for High-Performance Supercapacitor Device. Sci. Rep. 2024, 14, 6683. [CrossRef]

Cao, Y;; Lin, B.; Sun, Y.; Yang, H.; Zhang, X. Sr-Doped Lanthanum Nickelate Nanofibers for High Energy Density Supercapacitors.
Electrochim. Acta 2015, 174, 41-50. [CrossRef]

Lu, Y; Liu, Y.;; Mo, J.; Deng, B.; Wang, J.; Zhu, Y.; Xiao, X.; Xu, G. Construction of Hierarchical Structure of Co3O4 Electrode Based
on Electrospinning Technique for Supercapacitor. J. Alloys Compd. 2021, 853, 157271. [CrossRef]

Ghaziani, M.M.; Mazloom, J.; Ghodsi, EE. Electrospun MgCo,0O4 Nanofibers as an Efficient Electrode Material for Pseudocapacitor
Applications: Effect of Calcination Temperature on Electrochemical Performance. J. Phys. Chem. Solids 2021, 152, 109981.
[CrossRef]

Yang, S.; Ai, J.; Han, Z.; Zhang, L.; Zhao, D.; Wang, |.; Yang, C.; Cao, B. Electrospun ZnFe,O,/Carbon Nanofibers as High-Rate
Supercapacitor Electrodes. J. Power Sources 2020, 469, 228416. [CrossRef]

Bhagwan, J.; Sahoo, A.; Yadav, K.L.; Sharma, Y. Porous, One Dimensional and High Aspect Ratio Mn3O4 Nanofibers: Fabrication
and Optimization for Enhanced Supercapacitive Properties. Electrochim. Acta 2015, 174, 992-1001. [CrossRef]

Liang, J.; Bu, L.T.; Cao, W.G.; Chen, T; Cao, Y.C. Facile Fabrication of Coaxial-Cable like Mn,O3 Nanofiber by Electrospinning;:
Application as Electrode Material for Supercapacitor. J. Taiwan Inst. Chem. Eng. 2016, 65, 584-590. [CrossRef]

Xu, L.; Zhang, L.; Cheng, B.; Yu, ]J. Rationally Designed Hierarchical NiCo,O, C@Ni(OH), Core-Shell Nanofibers for High
Performance Supercapacitors. Carbon N. Y. 2019, 152, 652-660. [CrossRef]

101



Batteries 2025, 11, 60

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Abbas, Q.; Khurshid, H.; Yoosuf, R.; Lawrence, J.; Issa, B.A.; Abdelkareem, M.A.; Olabi, A.G. Engineering of Nickel, Cobalt
Oxides and Nickel/Cobalt Binary Oxides by Electrodeposition and Application as Binder Free Electrodes in Supercapacitors. Sci.
Rep. 2023, 13, 15654. [CrossRef] [PubMed]

Patake, V.D.; Joshi, S.S.; Lokhande, C.D.; Joo, O.S. Electrodeposited Porous and Amorphous Copper Oxide Film for Application
in Supercapacitor. Mater. Chem. Phys. 2009, 114, 6-9. [CrossRef]

Chen, Y,; Guan, J.H.; Gan, H.; Chen, B.Z.; Shi, X.C. Electrochemical Growth of x-MnO, on Carbon Fibers for High-Performance
Binder-Free Electrodes of Supercapacitors. J. Appl. Electrochem. 2018, 48, 105-113. [CrossRef]

Chou, S.L.; Wang, J.Z.; Chew, S5.Y,; Liu, HK.; Dou, S.X. Electrodeposition of MnO, Nanowires on Carbon Nanotube Paper as
Free-Standing, Flexible Electrode for Supercapacitors. Electrochem. Commun. 2008, 10, 1724-1727. [CrossRef]

Velayutham, R.; Manikandan, R.; Raj, C.J.; Kale, A.M.; Kaya, C.; Palanisamy, K.; Kim, B.C. Electrodeposition of Vanadium
Pentoxide on Carbon Fiber Cloth as a Binder-Free Electrode for High-Performance Asymmetric Supercapacitor. J. Alloys Compd.
2021, 863, 158332. [CrossRef]

Zhang, J.; Yi, X.-B.; Wang, X.C.; Ma, J; Liu, S.; Wang, X.J. Nickel Oxide Grown on Carbon Nanotubes/Carbon Fiber Paper by
Electrodeposition as Flexible Electrode for High-Performance Supercapacitors. |. Mater. Sci. Mater. Electron. 2015, 26, 7901-7908.
[CrossRef]

Sahoo, S.; Naik, K.K.; Rout, C.S. Electrodeposition of Spinel MnCo,O4 Nanosheets for Supercapacitor Applications. Nanotechnology
2015, 26, 455401. [CrossRef] [PubMed]

Zhao, P; Wang, N.; Hu, W.; Komarneni, S. Anode Electrodeposition of 3D Mesoporous Fe,O3 Nanosheets on Carbon Fabric for
Flexible Solid-State Asymmetric Supercapacitor. Ceram. Int. 2019, 45, 10420-10428. [CrossRef]

Kazemi, S.H.; Asghari, A.; Kiani, M.A. High Performance Supercapacitors Based on the Electrodeposited CozO4 Nanoflakes on
Electro-Etched Carbon Fibers. Electrochim. Acta 2014, 138, 9—14. [CrossRef]

Danks, A.E.; Hall, S.R.; Schnepp, Z. The Evolution of “sol-Gel” Chemistry as a Technique for Materials Synthesis. Mater. Horizons
2016, 3, 91-112. [CrossRef]

Parashar, M.; Shukla, V.K.; Singh, R. Metal Oxides Nanoparticles via Sol-Gel Method: A Review on Synthesis, Characterization
and Applications. J. Mater. Sci. Mater. Electron. 2020, 31, 3729-3749. [CrossRef]

Sankar Devi, V.; Athika, M.; Duraisamy, E.; Prasath, A.; Selva Sharma, A.; Elumalai, P. Facile Sol-Gel Derived Nanostructured
Spinel Co30y as Electrode Material for High-Performance Supercapattery and Lithium-Ion Storage. J. Energy Storage 2019, 25,
100815. [CrossRef]

Wu, Y.Q.; Chen, X.Y,; Ji, PT.; Zhou, Q.Q. Sol-Gel Approach for Controllable Synthesis and Electrochemical Properties of NiCo,O4
Crystals as Electrode Materials for Application in Supercapacitors. Electrochim. Acta 2011, 56, 7517-7522. [CrossRef]

Hu, G,; Tang, C.; Li, C,; Li, H,; Wang, Y.; Gong, H. The Sol-Gel-Derived Nickel-Cobalt Oxides with High Supercapacitor
Performances. J. Electrochem. Soc. 2011, 158, A695-A699. [CrossRef]

Lobo, L.S.; Kalainathan, S.; Kumar, A.R. Investigation of Electrical Studies of Spinel FeCo,O,4 Synthesized by Sol-Gel Method.
Superlattices Microstruct. 2015, 88, 116-126. [CrossRef]

Tang, W.; Shan, X.; Li, S.; Liu, H.; Wu, X.; Chen, Y. Sol-Gel Process for the Synthesis of Ultrafine MnO, Nanowires and Nanorods.
Mater. Lett. 2014, 132, 317-321. [CrossRef]

Wang, N.; Zhang, Q.; Zhao, P.; Yao, M.; Hu, W.; Komarneni, S. Highly Mesoporous LaNiO3 /NiO Composite with High Specific
Surface Area as a Battery-Type Electrode. Ceram. Int. 2017, 43, 5687-5692. [CrossRef]

Thangavel, R.; Ganesan, B.K.; Thangavel, V.; Yoon, W.S; Lee, Y.S. Emerging Materials for Sodium-Ion Hybrid Capacitors: A Brief
Review. ACS Appl. Energy Mater. 2021, 4, 13376-13394. [CrossRef]

Zhu, G.N.; Wang, Y.G.; Xia, Y.Y. Ti-Based Compounds as Anode Materials for Li-lon Batteries. Energy Environ. Sci. 2012, 5,
6652-6667. [CrossRef]

Ma, Y.; Wang, X,; Jia, Y.; Chen, X.; Han, H.; Li, C. Titanium Dioxide-Based Nanomaterials for Photocatalytic Fuel Generations.
Chem. Rev. 2014, 114, 9987-10043. [CrossRef]

Aravindan, V,; Shubha, N.; Chui Ling, W.; Madhavi, S. Constructing High Energy Density Non-Aqueous Li-Ion Capacitors Using
Monoclinic TiO,-B Nanorods as Insertion Host. J. Mater. Chem. A 2013, 1, 6145-6151. [CrossRef]

Liu, H,; Bi, Z.; Sun, X.G.; Unocic, R.R.; Paranthaman, M.P,; Dai, S.; Brown, G.M. Mesoporous TiO,-B Microspheres with Superior
Rate Performance for Lithium Ion Batteries. Adv. Mater. 2011, 23, 3450-3454. [CrossRef]

Wang, Q.; Wen, Z.; Li, ]. A Hybrid Supercapacitor Fabricated with a Carbon Nanotube Cathode and a TiO,-B Nanowire Anode.
Adv. Funct. Mater. 2006, 16, 2141-2146. [CrossRef]

Kim, H.; Cho, M.Y,; Kim, M.H; Park, K.Y.; Gwon, H.; Lee, Y.; Roh, K.C.; Kang, K. A Novel High-Energy Hybrid Supercapacitor
with an Anatase TiO,-Reduced Graphene Oxide Anode and an Activated Carbon Cathode. Adv. Energy Mater. 2013, 3, 1500-1506.
[CrossRef]

102



Batteries 2025, 11, 60

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Ramasubbu, V.; Omar, ES.; Ramesh, K.; Ramesh, S.; Shajan, X.S. Three-Dimensional Hierarchical Nanostructured Porous TiO,
Aerogel/Cobalt Based Metal-Organic Framework (MOF) Composite as an Electrode Material for Supercapattery. J. Energy Storage
2020, 32, 101750. [CrossRef]

Ohzuku, T.; Ueda, A.; Yamamoto, N. Zero-Strain Insertion Material of Li [Li; /3Ti5/3]O4 for Rechargeable Lithium Cells. J.
Electrochem. Soc. 1995, 142, 1431-1435. [CrossRef]

Li, X.; Qu, M.; Yu, Z. Structural and Electrochemical Performances of LisTis.xZryO1, as Anode Material for Lithium-Ion Batteries.
J. Alloys Compd. 2009, 487, 12-17. [CrossRef]

Khairy, M.; Bayoumy, W.A.; Qasim, K.F,; El-Shereafy, E.; Mousa, M.A. Ternary V-Doped LisTi5O1,-Polyaniline-Graphene
Nanostructure with Enhanced Electrochemical Capacitance Performance. Mater. Sci. Eng. B 2021, 271, 115312. [CrossRef]

Naoi, K.; Naoi, W.; Aoyagi, S.; Miyamoto, ].I.; Kamino, T. New Generation “Nanohybrid Supercapacitor”. Acc. Chem. Res. 2013,
46, 1075-1083. [CrossRef] [PubMed]

Lee, B.; Yoon, J.R. Preparation and Characteristics of Li; TisOj, with Various Dopants as Anode Electrode for Hybrid Supercapaci-
tor. Curr. Appl. Phys. 2013, 13, 1350-1353. [CrossRef]

Naoi, K; Ishimoto, S.; Isobe, Y.; Aoyagi, S. High-Rate Nano-Crystalline Lis TisO;» Attached on Carbon Nano-Fibers for Hybrid
Supercapacitors. J. Power Sources 2010, 195, 6250-6254. [CrossRef]

Jeong, ].H.; Lee, G.W.; Kim, Y.H.; Choi, YJ.; Roh, K.C.; Kim, K.B. A Holey Graphene-Based Hybrid Supercapacitor. Chem. Eng. |.
2019, 378, 122126. [CrossRef]

Choi, H.S,; Im, ].H.; Kim, T.; Park, ].H.; Park, C.R. Advanced Energy Storage Device: A Hybrid BatCap System Consisting of
Battery-Supercapacitor Hybrid Electrodes Based on LiyTisO1;-Activated-Carbon Hybrid Nanotubes. |. Mater. Chem. 2012, 22,
16986-16993. [CrossRef]

Jung, H.G.; Venugopal, N.; Scrosati, B.; Sun, Y.K. A High Energy and Power Density Hybrid Supercapacitor Based on an
Advanced Carbon-Coated LisTi5O1; Electrode. J. Power Sources 2013, 221, 266-271. [CrossRef]

Kim, H.; Park, K.Y.; Cho, M.Y.; Kim, M.H.; Hong, J.; Jung, S.K.; Roh, K.C.; Kang, K. High-Performance Hybrid Supercapacitor
Based on Graphene-Wrapped Lis TisO1p and Activated Carbon. ChemElectroChem 2014, 1, 125-130. [CrossRef]

Manthiram, A. A Reflection on Lithium-Ion Battery Cathode Chemistry. Nat. Commun. 2020, 11, 1-9. [CrossRef]

Godillot, G.; Taberna, P.L.; Daffos, B.; Simon, P.; Delmas, C.; Guerlou-Demourgues, L. High Power Density Aqueous Hybrid
Supercapacitor Combining Activated Carbon and Highly Conductive Spinel Cobalt Oxide. J. Power Sources 2016, 331, 277-284.
[CrossRef]

Numan, A.; Khalid, M.; Ramesh, S.; Ramesh, K.; Shamsudin, E.M.; Zhan, Y.; Jagadesh, P. Facile Sonochemical Synthesis of 2D
Porous Co30O4 Nanoflake for Supercapattery. J. Alloys Compd. 2020, 819, 153019. [CrossRef]

Sivakumar, P; Jana, M.; Kota, M.; Jung, M.G.; Gedanken, A.; Park, H.S. Controllable Synthesis of Nanohorn-like Architectured
Cobalt Oxide for Hybrid Supercapacitor Application. J. Power Sources 2018, 402, 147-156. [CrossRef]

Vattikuti, S.V.P.; Hoang Ngoc, C.T.; Nguyen, H.; Nguyen Thi, N.H.; Shim, J.; Dang, N.N. Carbon Nitride Coupled Co304: A
Pyrolysis-Based Approach for High-Performance Hybrid Energy Storage. J. Phys. Chem. Lett. 2023, 14, 9412-9423. [CrossRef]
Arjunan, A.; Ramasamy, S.; Kim, J.; Kim, S.K. Co304 Nanoparticles-Embedded Nitrogen-Doped Porous Carbon Spheres for
High-Energy Hybrid Supercapacitor Electrodes. |. Energy Storage 2023, 68, 107758. [CrossRef]

Hosseinzadeh, B.; Nagar, B.; Benages-Vilau, R.; Gomez-Romero, P.; Kazemi, S.H. MOF-Derived Conformal Cobalt Oxide/C
Composite Material as High-Performance Electrode in Hybrid Supercapacitors. Electrochim. Acta 2021, 389, 138657. [CrossRef]
Sahoo, S.; Milton, A.; Sood, A.; Kumar, R.; Choi, S.; Maity, C.K.; Han, S.S. Microwave-Assisted Synthesis of Perovskite Hydroxide-
Derived Co304/Sn0O,/Reduced Graphene Oxide Nanocomposites for Advanced Hybrid Supercapacitor Devices. J. Energy
Storage 2024, 99, 113321. [CrossRef]

Muralee Gopi, C.V.V,; Vinodh, R.; Sambasivam, S.; Obaidat, .M.; Naidu Kalla, R.M.; Kim, H.J. One-Pot Synthesis of Copper
Oxide—Cobalt Oxide Core-Shell Nanocactus-like Heterostructures as Binder-Free Electrode Materials for High-Rate Hybrid
Supercapacitors. Mater. Today Energy 2019, 14, 100358. [CrossRef]

Izwan Misnon, I; Krishnan, S.G.; Jose, R. Thin Chemisorbed Polyaniline Film on Cobalt Oxide as an Electrode for Hybrid Energy
Storage Devices. ChemistrySelect 2020, 5, 7973-7983. [CrossRef]

Chen, H.; Bao, E.; Du, X,; Ren, X,; Liu, X,; Li, Y;; Xu, C. Advanced Hybrid Supercapacitors Assembled with High-Performance
Porous MnCo,04 5 Nanosheets as Battery-Type Cathode Materials. Colloids Surfaces A Physicochem. Eng. Asp. 2023, 657, 130663.
[CrossRef]

Li, W.; Xu, K,; Song, G.; Zhou, X.; Zou, R,; Yang, ]J.; Chen, Z.; Hu, J. Facile Synthesis of Porous MnCo,0O, 5 Hierarchical
Architectures for High-Rate Supercapacitors. CrystEngComm 2014, 16, 2335-2339. [CrossRef]

Liu, Y;; Du, X;; Li, Y.; Bao, E.; Ren, X.; Chen, H.; Tian, X.; Xu, C. Nanosheet-Assembled Porous MnCo,0, 5 Microflowers as
Electrode Material for Hybrid Supercapacitors and Lithium-Ion Batteries. ]. Colloid Interface Sci. 2022, 627, 815-826. [CrossRef]
Yang, C.H.; Chen, Y.C.; Wu, C.E; Chung, R.].; Yougbaré, S.; Lin, L.Y. Novel Synthesis of ZIF67-Derived MnCo,04 Nanotubes
Using Electrospinning and Hydrothermal Techniques for Supercapacitor. J. Solid State Chem. 2022, 313, 123351. [CrossRef]

103



Batteries 2025, 11, 60

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Che, H.; Wang, Y.; Mao, Y. Novel Flower-like MnCo,04 Microstructure Self-Assembled by Ultrathin Nanoflakes on the Micro-
spheres for High-Performance Supercapacitors. |. Alloys Compd. 2016, 680, 586-594. [CrossRef]

Gao, Y,; Xia, Y;; Wan, H.; Xu, X,; Jiang, S. Enhanced Cycle Performance of Hierarchical Porous Sphere MnCo,0, for Asymmetric
Supercapacitors. Electrochim. Acta 2019, 301, 294-303. [CrossRef]

Ahmad, A.; Khan, S.; Javed, M.S.; Osman, S.; Li, H.; Majeed, S.; Luque, R. Improved Electrochemical Performance of Aqueous
Hybrid Supercapacitors Using CrCo,O4 Mesoporous Nanowires: An Innovative Strategy toward Sustainable Energy Devices.
ACS Appl. Mater. Interfaces 2024, 16, 6920—-6930. [CrossRef]

Sivakumar, P; Kulandaivel, L.; Park, ] W.; Raj, C.J.; Savariraj, A.D.; Manikandan, R.; Rajendran, R.; Jung, H. Electroactive Site
Enriched Battery-Type Worm-like Cobalt Tungstate Nanoarchitecture Electrode Material for Performance-Enhanced Hybrid
Supercapacitor. Surf. Interfaces 2023, 40, 103111. [CrossRef]

Zhao, Y.; Zheng, ].; Yuan, M.; Wang, Y.; Liu, W.; Yang, S.; Li, G.; Lian, J.; Bu, Y. Boosting the Energy Density of Iron-Cobalt Oxide
Based Hybrid Supercapacitors by Redox-Additive Electrolytes. J. Alloys Compd. 2021, 885, 160886. [CrossRef]

Nagaraju, M.; Ramulu, B.; Girija Shankar, E.; Su Yu, J. Rational Design of Hierarchical Zeolitic Imidazolate Framework-
67@CuyCoO3 Core-Shell Architectures for Hybrid Supercapacitor Applications. Appl. Surf. Sci. 2023, 640, 158339. [CrossRef]
Srivastav, S.; Paliwal, M.K.; Meher, S.K. Ribbon-like Nickel Cobaltite with Layer-by-Layer-Assembled Ordered Nanocrystallites
for Next-Generation All-Solid-State Hybrid Supercapatteries. Langmuir 2022, 38, 3969-3983. [CrossRef]

Ganesan, M.; Alagar, S.; Bagchi, V.; Piraman, S. Surface Oxygen Engineered ZnCo,0Oy4 Planar Hybrid Supercapacitor Electrode for
High Energy Applications. J. Energy Storage 2024, 98, 112954. [CrossRef]

Zhang, S.; Tan, H.; Rui, X,; Yu, Y. Vanadium-Based Materials: Next Generation Electrodes Powering the Battery Revolution? Acc.
Chem. Res. 2020, 53, 1660-1671. [CrossRef] [PubMed]

Tang, H.; Peng, Z.; Wu, L.; Xiong, F; Pei, C.; An, Q.; Mai, L. Vanadium-Based Cathode Materials for Rechargeable Multivalent
Batteries: Challenges and Opportunities. Electrochem. Energy Rev. 2018, 1, 169-199. [CrossRef]

Yan, Y.; Li, B.; Guo, W.; Pang, H.; Xue, H. Vanadium Based Materials as Electrode Materials for High-Performance Supercapacitors.
J. Power Sources 2016, 329, 148-169. [CrossRef]

Yue, Y,; Liang, H. Micro- and Nano-Structured Vanadium Pentoxide (V,0Os) for Electrodes of Lithium-Ion Batteries. Adv. Energy
Mater. 2017, 7, 1-32. [CrossRef]

Yang, Y,; Tang, Y.; Fang, G.; Shan, L.; Guo, J.; Zhang, W.; Wang, C.; Wang, L.; Zhou, J.; Liang, S. Li* Intercalated V,05: N H,O
with Enlarged Layer Spacing and Fast Ion Diffusion as an Aqueous Zinc-Ion Battery Cathode. Energy Environ. Sci. 2018, 11,
3157-3162. [CrossRef]

Liu, M.; Su, B.; Tang, Y,; Jiang, X.; Yu, A. Recent Advances in Nanostructured Vanadium Oxides and Composites for Energy
Conversion. Adv. Energy Mater. 2017, 7, 1700885. [CrossRef]

Xu, Y; Yang, X.; Li, X.; Gao, Y,; Wang, L.; Lii, W. Flexible Zinc-Ion Hybrid Supercapacitor Based on C02+—Doped Polyaniline/V;,0Os5
Electrode. . Power Sources 2024, 623, 235399. [CrossRef]

Keum, K.; Park, D.; Park, M.; Lee, Y.; Lee, H.; Jeong, H.; Kim, ].W.; Kim, D.-w.; Ha, J.S. All Vanadium-Based Li-Ion Hybrid
Supercapacitor with Enhanced Electrochemical Performance via Prelithiation. J. Alloys Compd. 2022, 914, 165288. [CrossRef]
Jing, X.; Zhang, Y.; Jiang, H.; Cheng, Y.; Xing, N.; Meng, C. Facile Template-Free Fabrication of Hierarchical V,05 Hollow Spheres
with Excellent Charge Storage Performance for Symmetric and Hybrid Supercapacitor Devices. ]. Alloys Compd. 2018, 763,
180-191. [CrossRef]

Aravindan, V.; Cheah, Y.L.; Mak, W.E;; Wee, G.; Chowdari, B.V.R.; Madhavi, S. Fabrication of High Energy-Density Hybrid
Supercapacitors Using Electrospun V,O5 Nanofibers with a Self-Supported Carbon Nanotube Network. Chempluschem 2012, 77,
570-575. [CrossRef]

Vishwakarma, N.; Mashangva, T.T.; Rajput, S.; Pham, T.D.; Kumar, M.; Sharma, A. Unlocking the Potential for Revolutionary
Energy Storage Capabilities of V,05/GO Nanocomposites Synthesized under Microwave Irradiation. J. Energy Storage 2024, 103,
114405. [CrossRef]

Wang, G.; Ding, Y.; Xu, Z.; Wang, G.; Li, Z.; Yan, Z. Co304@Mn-Ni(OH), Core-Shell Heterostructure for Hybrid Supercapacitor
Electrode with High Utilization. Chem. Eng. |. 2023, 469, 143984. [CrossRef]

Arun Kumar, S.; Sarasamreen, I.; Balaji, C.; Gowdhaman, A.; Ramesh, R.; Anbarasan, P.M. Elevates the Electrochemical Stability
Performance of Hydrothermally Synthesized Co3O4 Nanowires/NF for Hybrid Supercapacitors. Inorg. Chem. Commun. 2023,
158, 111506. [CrossRef]

Chen, H.; Du, X;; Sun, J.; Wu, R.; Wang, Y.; Xu, C. Template-Free Synthesis of Novel Co304 Micro-Bundles Assembled with Flakes
for High-Performance Hybrid Supercapacitors. Ceram. Int. 2021, 47, 716-724. [CrossRef]

Igbal, M.Z.; Shaheen, M.; Aftab, U.; Ahmad, Z.; Solangi, M.Y.; Abro, M.I.; Wabaidur, S.M. Faradically Dominant Pseudocapacitive
Manganese Cobalt Oxide Electrode Materials for Hybrid Supercapacitors and Electrochemical Water Splitting. Energy Fuels 2024,
38,2416-2425. [CrossRef]

104



Batteries 2025, 11, 60

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Reghunath, B.S.; Sunaja Devi, K.R.; Rajasekaran, S.; Saravanakumar, B.; William, ].J.; Pinheiro, D. CoFe,O, Nanoparticles
Embedded 2D Cr,CTx MXene: A New Material for Battery like Hybrid Supercapacitors and Oxygen Evolution Reaction. .
Energy Storage 2024, 84, 110775. [CrossRef]

Bhagwan, J.; Han, J.I. Formation of MWCNT/LiCo,O,4 Nanoplates and Their Application for Hybrid Supercapacitor. Ceram. Int.
2024, 50, 10676-10687. [CrossRef]

Zhao, L.; Zhang, H.; Ma, B. Formation of Carbon-Incorporated NiO@Co304 Nanostructures via a Direct Calcination Method and
Their Application as Battery-Type Electrodes for Hybrid Supercapacitors. ACS Omega 2023, 8, 10503-10511. [CrossRef]

Bhosale, R.; Bhosale, S.; Chavan, V.; Jambhale, C.; Kim, D.K.; Kolekar, S. Hybrid Supercapacitors Based on Nanoporous Carbon
and CoFe;Oy4 Derived from a Bimetallic Organic Framework. ACS Appl. Nano Mater. 2024, 7, 2244-2257. [CrossRef]
Govindasamy, T.; Mathew, N.K.; Asapu, V.K.; Subramanian, V.; Subramanian, B. Modulating the Structural and Magnetic
Properties of Fe304 NPs for High-Performance Supercapattery and EMI Shielding Applications. J. Energy Storage 2024, 79, 110243.
[CrossRef]

Huang, H.; Wang, X.; Tervoort, E.; Zeng, G.; Liu, T.; Chen, X.; Sologubenko, A.; Niederberger, M. Nano-Sized Structurally
Disordered Metal Oxide Composite Aerogels as High-Power Anodes in Hybrid Supercapacitors. ACS Nano 2018, 12, 2753-2763.
[CrossRef] [PubMed]

Shen, L.; Lv, H.; Chen, S.; Kopold, P; van Aken, P.A.; Wu, X.; Maier, ].; Yu, Y. Peapod-like Li3VO4/N-Doped Carbon Nanowires
with Pseudocapacitive Properties as Advanced Materials for High-Energy Lithium-Ion Capacitors. Adv. Mater. 2017, 29, 1-8.
[CrossRef] [PubMed]

Lim, E,; Lim, W.G; Jo, C.; Chun, J.; Kim, M.H.; Roh, K.C.; Lee, J. Rational Design of Liz VO,@carbon Core-Shell Nanoparticles as
Li-Ion Hybrid Supercapacitor Anode Materials. . Mater. Chem. A 2017, 5, 20969-20977. [CrossRef]

Zhou, Y.; Wen, L.L,; Zhan, K;; Yan, Y.; Zhao, B. Three-Dimensional Porous Graphene/Nickel Cobalt Mixed Oxide Composites for
High-Performance Hybrid Supercapacitor. Ceram. Int. 2018, 44, 21848-21854. [CrossRef]

Hao, Y;; Guo, H.; Ren, H.; Yang, Z.; Peng, L.; Liu, Y.; Yang, W. Highly Dispersive Nickel Vanadium Oxide Nanoparticles Anchored
on Nickel Cobalt Phosphate Micron-Sheets as Cathodes for High-Energy Hybrid Supercapacitor Devices. ]. Alloys Compd. 2025,
1010, 177893. [CrossRef]

Sun, H.; Miao, Y.; Wang, G.; Han, X.; Xu, C.; Zhu, J.; Chen, H. Battery-Type ZnCo,0O4 Nanosheets and Nanowires as Advanced
Cathode Materials for Hybrid Supercapacitors with Ultra-Long Cycling Stability. J. Energy Storage 2024, 92, 112189. [CrossRef]
Kour, S.; Kour, P; Sharma, A.L. A Chromium Cobaltite Based Ternary Composite as an Efficient Electrode Material for Hybrid
Supercapacitors with Theoretical Investigation. Nanoscale 2024, 16, 21456-21470. [CrossRef]

Suganya, S.; Kousi, F.; Sambasivam, S.; Tighezza, A.M.; Velsankar, K.; Sudhahar, S. Investigations of Ternary Cu-Mn-Zn Oxide
Nanocomposites as Potential Electrode for Hybrid Supercapacitors by One-Pot Hydrothermal Method. J. Energy Storage 2025, 109,
115181. [CrossRef]

Fei, T.; Ahmad, T.; Usman, M.; Ahmad, A.; Saleem, A.; Hanif, M.B.; Karami, A.M.; Javed, M.S.; Akkinepally, B.; Xia, C. Zn-Doped
CrpO3 Oxides Boosted the Electrochemical Performance of Aqueous Hybrid Supercapacitor. Electrochim. Acta 2024, 476, 143673.
[CrossRef]

Zheng, J.; Meng, D.; Guo, J; Liu, X.; Zhou, L.; Wang, Z. Defect Engineering for Enhanced Electrocatalytic Oxygen Reaction on
Transition Metal Oxides: The Role of Metal Defects. Adv. Mater. 2024, 36, €2405129. [CrossRef] [PubMed]

Sun, Y,; Wu, T; Bao, Z.; Moon, J.; Huang, Z.; Chen, Z.; Chen, H.; Li, M.; Yang, Z.; Chi, M,; et al. Defect Engineering of Ceria
Nanocrystals for Enhanced Catalysis via a High-Entropy Oxide Strategy. ACS Cent. Sci. 2022, 8, 1081-1090. [CrossRef] [PubMed]
Choi, J.; Im, S.; Choi, J.; Surendran, S.; Moon, D.J.; Kim, J.Y.; Kim, ].K.; Sim, U. Recent Advances in 2D Structured Materials with
Defect-Exploiting Design Strategies for Electrocatalysis of Nitrate to Ammonia. Energy Mater. 2024, 4, 400020. [CrossRef]

Lu, W,; Yan, L.; Ye, W,; Ning, J.; Zhong, Y.; Hu, Y. Defect Engineering of Electrode Materials towards Superior Reaction Kinetics
for High-Performance Supercapacitors. J. Mater. Chem. A 2022, 10, 15267-15296. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

105



batteries ﬁw\p\py

Article
Improvement of Co3V,0g Nanowire Driven by Morphology for
Supercapacitor and Water Splitting Applications

Manesh Ashok Yewale and Dong Kil Shin *

School of Mechanical Engineering, Yeungnam University, Gyeongsan 38541, Republic of Korea;
maneshphd@gmail.com
* Correspondence: dkshin@yu.ac.kr

Abstract: Supercapacitors have a better power density than batteries; however, there
is room for improvement in energy density. Co3V,0Og nanoparticles were synthesized
using the hydrothermal approach, with the reaction duration tuned to enhance energy
density. At a 10 h hydrothermal reaction time, bundles of nanowires with void spaces
were obtained, demonstrating excellent areal capacitance of 4.67 F/cm?, energy density
of 94 uWh/cm?, and power density of 573 uW/ cm? at a current density of 3 mA/ cm?.
With activated carbon (AC) and Co3V;,Og nanoparticles prepared over a 10-h hydrothermal
reaction period, an asymmetric supercapacitor (ASC) was assembled. The device performed
admirably in terms of energy storage capacity, with an areal capacitance of 781 mF/cm?
and a volumetric capacitance of 1.43 F/cm3. The ASC’s cyclic stability demonstrated
capacity retention of 83.40% after 5000 cycles. The powering of red LEDs was used to
show practical applications. In a 2M KOH electrolyte, the optimized Co3V,0Og electrode
demonstrated good electrocatalytic performance for the hydrogen evolution process, with
an overpotential of 259 mV at a current density of 10 mA /cm?. Overall, water splitting
studies revealed a potential of 1.78 V with little potential enhancement after 8 h of Chrono
potentiometric stability. As a result, CozV,0g nanoparticles prepared at a 10 h hydrothermal
reaction time offer excellent electrode materials for energy storage in supercapacitors and
electrocatalytic applications for total water splitting.

Keywords: Co3V,0g nanowires; supercapacitor; asymmetric supercapacitor (ASC); overall
water splitting; XPS; HRTEM

1. Introduction

Electronic gadgets, rapidly increasing in usage nowadays, operate on energy storage
devices. Supercapacitors have emerged as an excellent choice for energy storage in ad-
vanced electronic equipment due to their outstanding characteristics such as fast charging
time, high energy and power density, light weight, and longevity [1-6]. Their popularity is
growing day by day. Nowadays, supercapacitors are used in various electronic devices
including portable electronics, sensing devices, and hybrid electric vehicles [7-10]. Su-
percapacitors are classified into two subclasses based on their energy storage mechanism:
electric double-layered capacitors (EDLCs) and pesudocapacitors (PCrs). Pseudocapacitors
store charge through Faradic reactions on the electrode material’s surface, whereas EDLCs
store charge through the adsorption of ions on the electrode material’s surface. Materials
with a high surface area typically exhibit excellent EDLC characteristics. Mostly, carbon-
based materials such as graphene oxide [11-13] and carbon nanotubes [14], as well as
some metal oxides [15], demonstrate EDLC properties [16]. On the other hand, conducting
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polymers [17], transition metal oxides, and metal chalcogenides exhibit charge storage
mechanisms typical of pesudocapacitors. Pseudocapacitors have gained popularity as
electrochemical energy storage devices due to their large theoretical capacitance, differ-
ent valences, and diverse electronic architectures. Because of their superior theoretical
capacitance, numerous oxidation states, synergetic effects, cost-effectiveness, abundance,
and huge potential window, bimetallic metal oxides are now being researched for electro-
chemical energy storage applications. There have been several study papers on bimetallic
oxides such as NiCo,0y4 [18-20], CuCo,04 [21-23], Ni3zV,0g [24,25], and Co3V,0Og [26,27].
Bimetallic oxides have a higher energy storage capacity than monometal oxides such as
NiO [28,29], Co304 [23,30], and V;,0s5 [31] due to their synergetic effect and numerous oxi-
dation states. Researchers are particularly interested in Co3V,0Og. Cobalt-based bimetallic
oxides have gained significant interest because of their inherent properties such as strong
electrical conductivity, simple synthesis procedures, and great electrical stability [32,33].
Cobalt also has a large theoretical capacitance and a great reversible redox ability and
corrosion resistance [34]. The majority of cobalt-based metal oxides have a densely packed
cubic spinel structure [35]. Recently, the hydrogen evolution reaction (HER) via electro-
catalysis and supercapacitors has piqued the interest of many researchers in the field of
environmentally benign and highly effective electrode materials for energy storage and
conversion. Metal oxides with bifunctional applications are receiving more attention for
economic reasons [36]. Noble metals with high electrocatalytic activity include palladium
and platinum. However, their widespread adoption is hampered by high costs. As a
result, it is critical to develop electrode materials that are cost-effective, high-efficiency,
and environmentally benign for electrocatalytic and supercapacitor applications [37-40].
Porous microwires have potential uses in electrocatalysis and supercapacitor technology.
For multifunctional applications, several cobalt-vanadium oxide microstructures have been
described. H. Wang et al. reported on the hydrothermal synthesis of hexagonal nanosheets
of CopV;,07 for hybrid supercapacitor applications. They have a high energy storage
capacity [41]. H. Sun, on the other hand, developed 3D microflowers with exceptional
cycle stability for asymmetric supercapacitor electrodes. These were produced using a
chemical technique at precise temperatures and precursor molar concentrations. At1A/g,
the electrode demonstrated a remarkable energy storage capacity of 351 F/g. The energy
storage capacity of an asymmetric supercapacitor (ASC) developed with the optimized
electrode and reduced graphene oxide (rGO) was 19 Wh/kg. It had a power density of
375.8 W/kg, having a potential range of 0-1.5 V [42]. G. P. Sharma employed hydrother-
mal synthesis for synthesizing Co3V,0g and S-CozV,0g nanosheets for supercapacitor
applications. The Co3V,0g nanosheets demonstrated a remarkable storage capacity of
337.8 mAh/g at 2 A/g [43]. There have been few reports on the use of cobalt-mixed metal
oxide for catalysis. G. M. Thorat reported on octahedral cobalt vanadate synthesized for
an oxygen evolution reaction (OER) employing a deep eutectic solvent method [44]. D.
K. Singh addressed cobalt-based vanadium mixed oxide nanocrystals coupled with poly-
mer electrodes for electrochemical water oxidation, demonstrating their electrocatalysis
applications [45]. ]. Han also reported on cobalt vanadium spinel synthesized at various
Co/V molar ratios utilizing the hydrothermal process for electrocatalysis applications [46].
The usage of cobalt-based mixed vanadium oxide as a supercapacitor and electrocatalysis
electrode has received little attention.

When synthesizing Co3V;0g (CVO) nanowires, the influence of the hydrothermal
reaction duration was investigated in order to achieve a homogeneous nanowire with a
porous structure. While other parameters remained constant, the hydrothermal reaction
time was increased from 4 h to 16 h. The reaction time has an effect on the surface
microstructure of CozV;0g. Nanowire bunch production began at lower hydrothermal
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reaction durations, and the development of these nanowires accelerated as the reaction
time increased. Initial little bundles of nanowires began to develop after a hydrothermal
reaction period of 10 h. These clusters merged at one end, leaving empty space at the
other. This open area is beneficial for ion diffusion, increasing the electrode’s capacity.
The 10 h hydrothermal reaction time electrode displayed exceptional areal energy storage
capacity and electrocatalytic activity for water splitting via HER and OER. The optimized
electrode and activated carbon (AC) were used to make an asymmetric supercapacitor. The
ASC demonstrated exceptional areal energy storage capacity and power density. A two-
electrode device was constructed for practical applications, and it demonstrated its higher
energy storage capability by lighting red LEDs. The Co3V,0Og electrode formed by a 10 h
hydrothermal reaction appears to be an acceptable electrode material for supercapacitor
and electrolysis applications based on the findings obtained for the Co3V,0Og nanowires.

2. Experimental
2.1. Chemicals

All chemicals, particularly cobalt nitrate hexahydrate (Co(NO3),-6H,O (98%), urea
(CO(NH3)7) (99%), ammonium metavanadate (NH;VO3) (99%), acetone (CH3CO) (99%),
ethanol (C,HgO) (99.5%), polyvinylidene fluoride (PVDF), N-Methyl-2-pyrrolidone (NMP),
and potassium hydroxide (KOH) (85%), were sourced from Sigma-Aldrich (St. Louis, MO,
USA) and used without extra purification processing. HCI were provided by Daejung
Chemical (Siheung-si, Republic of Korea).

2.2. Preparation of Co3V,0g (CVO) Nanowires

A simple hydrothermal process was used to prepare CozV,Og nanowires. To begin the
synthesis, 40 mL of water was mixed with 4.8 mL of cobalt nitrate, 7.2 mL of ammonium
metavanadate, and 2.24 mL of urea to form a homogenous solution. After stirring, the
entire solution was transferred and carefully sealed into a 100 mL Teflon liner reactor.
The hydrothermal reactor was then placed in a fan-forced furnace for 4 h to maintain a
temperature of 140 °C. After the reaction was completed, the reactor was allowed to cool
naturally to ambient temperature. After cooling, the produced product was filtered through
filter paper and the residue was washed with water and ethanol several times. The washed
Co3V,0g powder was dried overnight at 60 °C. Following the drying procedure, the
Co3V;,0g powder was annealed at 400 °C for 4 h. After drying, the Co3V,0g powder was
given the designation CVO_U_4h. The reaction mechanism for the formation of Co3V;0Og
nanowires is represented by reactions (1)—(4) [47]. A similar approach was used for the
synthesis of Co3V,0g powder at 7 h, 10 h, and 16 h of hydrothermal reaction time, and the
products were called CVO_U_7h, CVO_U_10h, and CVO_U_16h, respectively. CozV,0g
nanowires prepared for different hydrothermal reaction times were utilized for further
characterization and study with similar nomenclature.

NH,CONH, + H,O — 2NHj; + CO, (1)

NH; + H,0 «» NHJ + OH ™ )

3Co*" +2VO;5 +40H~ — Co3V,05-H,0 + 2H,0 (3)
Co3V;,08-H,O — Co3V,08 + H,O (4)

2.3. Characterizations

X-ray diffraction (XRD; PANalytical, Almelo, The Netherlands) with CuK radiation
was used to analyze the crystal structure and phase evolution of the microparticles. The
surface morphology and elemental mapping of the nanoparticles were studied using field-
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emission scanning electron microscopy (FE-SEM; S-4800 HITACH]I, Ltd., Tokyo, Japan).
X-ray photoelectron spectroscopy (XPS; K-alpha, Thermo Scientific, Altrincham, UK) was
used to analyze the chemical composition of the surface. To investigate element map-
ping and surface morphology further, high-resolution transmission electron microscopy
(HRTEM; Tecnai F21, FEI Company, Hillsboro, OR, USA) was used. On a ZIVE SP5 (WonAt-
ech, Seoul, South Korea) electrochemical workstation, electrochemical tests such as cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), galvanostatic charge—
discharge (GCD), linear sweep voltammetry (LSV), and cyclic stability measurements were
performed. These measurements were performed using a three-electrode configuration
consisting of a platinum counter electrode, the active material as a working electrode, and
an Ag/AgCl reference electrode.

2.4. Electrode Preparation

The working electrode was made with extreme accuracy and attention to allow for a
complete examination of the electrochemical performance of the active substance. Using
an NMP solution, a slurry of the active material (Co3V,0s), PVDEF, and carbon black (CB)
in an 80:10:10 ratio was made and employed to form the electrode. To achieve a clean
electrode surface, the 1 x 2 cm? Ni-foam region was extensively cleaned with hydrochloric
acid to remove any contaminants. The dried Ni-foam substrate was then utilized to prepare
the final electrode. Prior to electrochemical investigation, the active material slurry was
drop-cast onto the Ni substrate’s 1 x 1 cm? active region and dried overnight at 60 °C. An
identical procedure was used for preparing the working electrode and activated carbon
electrode. Only activated carbon (AC) was used instead of Co3V,0Og nanoparticles in the
fabrication of the activated carbon (AC) electrode.

2.5. Electrochemical Measurement

The active electrode (CozV,0g) served as the working electrode in the three-electrode
arrangement, platinum served as the counter electrode, and an Ag/AgCl electrode served
as the reference electrode. The ZIVE-SP5 WonAtech workstation was used to conduct
electrochemical tests with a 2M KOH electrolyte. A two-electrode design was prepared
for the practical application. The CozV,0g nanoparticles were synthesized after a 10-h
hydrothermal process that was utilized to prepare two electrode configurations. For 20
min, both the CVO_U_10h electrode and the AC electrode were soaked in 2M KOH. Fol-
lowing that, the two electrodes were securely wrapped in paraffin paper, with wetted filter
paper put between them. Using a workstation, the device was used to investigate cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD), electrochemical impedance
spectroscopy (EIS), and electrode stability.

3. Result and Discussion
3.1. Physicochemical Properties of the Co3V,Og Nanoparticles

To investigate the phase evolution and crystalline structure of CVO nanowires, powder
X-ray diffraction was used. Figure 1 depicts the XRD diffraction pattern of CVO nanowires
generated by different hydrothermal reaction time frames ranging from 4 h to 16 h. Reflec-
tions were seen in the XRD spectra of all nanoparticles at 20 angles of 21.15°, 27.42°, 31.37°,
32.99°, 35.82°,36.81°, 48.35°, 48.84°, 57.41°, and 63.84°. These are clearly matched with the
JCPDS database of 01-074-1487, which has an orthorhombic phase with lattice parameters
ofa=830A,b=1150 A, and ¢ = 6.03 A and 20 angles of 22.47°, 23.98°, 39.74°, and
50.44° match with the JCPDS database of 00-022-0599, confirming the nanoparticles” mixed
Co3V,0g phase growth. The peak intensity of the 211 plane grows as the hydrothermal
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reaction time increases, and the XRD findings agree with those of Avi et al. [10], Mushtaq
et al. [48], and Samuel et al. [49].

~———CVO_U_16h
——CVO_U_10h
_ ~———CVO_U_7h
g g ——CVO_U 4h

(040)

(160)
S22 (042)
(024)

Intensity (a.u.)

20 30 40 50 60 70 80
20 (deg.)

Figure 1. XRD spectra of Co3V,0Og nanoparticles at 4 h, 7 h, 10 h, and 16 h of hydrothermal
reaction time.

The elemental state, purity, and chemical composition of the prepared CVO_U_10h
electrode were investigated through X-ray photoelectron spectroscopy (XPS). Figure 2a
shows the survey scan spectra of the CVO_U_10h electrode over the range of 0-1200 eV,
showing the presence of sharp peaks at 516.4 eV, 780.19 eV, and 529.93 eV and confirm
the existence of vanadium (V2p), cobalt (Co2p), and oxygen (O1s) in the CVO_U_10h
electrode. The elemental compositions of the XPS results were well matched with the EDX
results, which confirm the formation of Co3V,0Og stoichiometrically. Figure 2b shows the
spin orbit narrowing two core-level spectra of Co 2p3,, and Co 2p1,,. Co 2p3,, and Co
2pq/, were observed at binding energies of 780.01 eV and 795.81 eV, with a separation of
15.8 eV. The Co 2p3,, and Co 2pq /, spectra were split into two peaks, showing the presence
of Co?* and Co®*. The peaks appearing at 779.81 eV and 794.81 eV show the presence of
Co®", and the peaks observed at 781.23 eV and 796.60 eV show the presence of Co?* in
the CVO_U_10h electrode. Additionally, two shakeup satellite peaks were observed at
786.92 eV and 803.52 eV, which is in good agreement with the results [43]. The XPS study
reveals the presence of Co ions with a Co?* oxidation state [50,51].

The O 1s spectra of the CVO_U_10h electrode are shown in Figure 2c. Three peaks at
binding energies of 529.87 eV (Oy), 530.18 eV (Oyy), and 531.87 eV (Oyy) are attributed to
the O 1s spectra. The peak at 531.87 eV (Oyjy) can be ascribed to oxygen defects. The peak
at 530.18 eV (Oyy) is attributed to chemo-absorbed and physio-absorbed water molecules,
and further peaks corresponding to the binding energy of 529.87 eV (Oy) are attributed
to the metal-oxygen bond (Co-O and V-O) [43]. The deconvolution spectra of the V are
shown in Figure 2d, attributed to the two peaks of V 2p3,, and V 2p; /, at binding energies
of 516.41 eV and 524.11 eV. The peaks corresponding to 516.34 and 523.54 confirm the exis-
tence of the V** oxidation state, and the peaks attributed to 517.18 and 524.49 correspond to
the V*5 oxidation state [50]. Overall, the XPS study confirmed the existence, chemical com-
position, and purity of Co, V, and O in the CVO_U_10h sample. All CVO_U_10h nanowire
surface microstructures were examined using field emission scanning electron microscopy
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(FESEM) and transmission electron microscopy (TEM). At various magnifications, Figure S1
depicts an FESEM micrograph of the CVO nanowires prepared over various hydrothermal
reaction periods ranging from 4 h to 16 h. Figure S1(al-a4) shows FESEM micrographs of
CVO_U_4h nanowires obtained after 4 h of hydrothermal reaction time. Because of the
formation of nanowires, these micrographs have spherical forms. The nanowires grow
from the core of the sphere, with one end linked to the center and the other end free,
like flower petals. Each nanowire is independent at the free end, which provides a better
environment for electrolyte ion insertion and extraction during the electrochemical super-
capacitor charging and discharging process. As the hydrothermal reaction period extends
from 4 h to 7 h, some of the nanowires begin to cluster together and join together, as seen
in Figure S1(b1-b4). Furthermore, additional CVO nanowires begin to form, influencing
the electrode’s cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD) profiles.
The joining of the nanowires forms a network, which improves electrical conductivity and
facilitates ion movement throughout the charging and discharging processes. A distinct,
uniform spherical shape with a swarm of linked nanowires is found after the 10 h hydrother-
mal reaction period. Clusters are formed by small bundles of interconnected nanowires
(Figure 3a—d), with numerous bundles connected to one another while leaving vacant
spaces between them, as shown in Figure S1(c1-c4). These void regions are advantageous
for simple electrolyte ion entrance with few impediments, and their impacts may be seen
in the electrochemical performance of the CVO_U_10h electrode. It has a wider area under
the CV profile curve and takes longer to charge and discharge. The 10 h hydrothermal
reaction time appears to be an important optimized parameter for achieving the desired
microstructure of the CVO nanowires. Figure S1(d1-d4) shows an FESEM micrograph for
16 h of hydrothermal reaction, in which the surface microstructure is completely clumped
together due to the increased thickness of the nanowires and reduced vacant space between
the bundles. As shown in the CV and GCD profiles, the reduction in empty area results
in a reduction in energy storage capacity. The schematic shown in Figure 4 depicts the
growth mechanism of Co3V,0g nanoparticles during a 10 h hydrothermal reaction based
on structural and surface microstructural investigations. Cobalt vanadium nanowires
are prepared at the appropriate hydrothermal reaction time of 10 h, and their continued
development leads to the formation of nanowire frameworks. Energy-dispersive X-ray
spectroscopy (EDS) measurements were used to determine the elemental composition
of all CVO nanowires. The EDS spectra of CVO_U_10h nanoparticles prepared at 10 h
of hydrothermal reaction time are depicted in Figure 3e, and comparative EDS spectra
for all nanoparticles are shown in Figure S2a—d. Sharp EDS peaks indicate the presence
of cobalt, vanadium, and oxygen. The X-ray diffraction (XRD) and EDS data show that
the intended phase and stoichiometric cobalt vanadium oxide were formed. Figure 3f-h
displays the elemental mapping of the CVO_U_10h sample, which demonstrated that the
Co, V, and O distributions in the nanoparticles were uniform. The surface microstructure of
CVO_U_10h nanowires was investigated using transmission electron microscopy (TEM) to
analyze their morphology, structural arrangement, and potential effects on electrochemical
performance. Figure 5 displays TEM micrographs of CVO_U_10h nanoparticles at different
magnifications, highlighting their distinct nanostructural characteristics.
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Figure 2. XPS spectra of CVO_U_10h nanoparticles: (a) survey, (b) cobalt, (c) oxygen, and (d) vanadium.

Figure 5a illustrates the formation of nanowires, which are observed to interconnect
and assemble into bundles. This bundled configuration significantly enhances the network
connectivity of the electrode material, thereby improving charge transport and electron
mobility in electrochemical processes. The interconnected nanowire structure offers a
continuous conductive pathway for electron flow, significantly enhancing the performance
of the supercapacitor, especially regarding power density and cycle stability. The bundling
effect preserves the mechanical integrity of the electrode and mitigates excessive degrada-
tion across multiple charge-discharge cycles. At higher magnifications (Figure 5b-d), the
nanowires demonstrate minor splitting at their free ends, resulting in the development of
voids or pores among the individual nanowires. The inter-nanowire gaps significantly in-
fluence the electrochemical behavior of the material by enhancing the available surface area
for electrolyte interaction and facilitating rapid ion transport. The existence of these dispar-
ity areas facilitates the efficient diffusion of a substantial number of electrolyte ions into the
electrode material, thereby significantly improving its charge storage capacity. Figure 5e,f
displays high-resolution TEM images that illustrate the crystal plane spacing (d-spacing) of
the CVO_U_10h electrode material. Figure 5e clearly displays well-defined crystal planes,
indicating a high degree of crystallinity in the synthesized material. Fast Fourier transform
(FFT) analysis (Figure 5h) revealed a d-spacing value of 0.315 nm for CVO_U_10h, aligning
with the characteristic lattice spacing of Co3V,0Og. The crystallographic data offers direct
evidence of the ordered atomic structure in the nanowires, essential for ensuring stable
electrochemical performance during extended cycling. Figure 5g presents the selected area
electron diffraction (SAED) pattern of CVO_U_10h nanoparticles. The distinct ring patterns
observed in the SAED image confirm the material’s polycrystalline nature. The observed
diffraction rings align with various crystallographic planes of Co3V,0g, demonstrating
strong concordance with the X-ray diffraction (XRD) analysis. The correlation between
the SAED and XRD results confirms that the synthesized nanoparticles possess a highly
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crystalline and polycrystalline structure, conducive to enhanced electrochemical activity.
Surface examination of the CVO_U_10h nanowires was investigated using N; adsorp-
tion/desorption BET studies. Figure S3 depicts the N; adsorption/desorption isotherm
with a typical Type I-V adsorption and desorption curve. CVO_U_10h nanowires have a
surface area of 41.26 m?/g. The inclusion of tiny nanoballs with empty spaces may give an
enormous surface area, allowing for improved interaction between the electrode and the
electrolyte. Tiny nanoparticles provide a large surface area to enhance the energy storage
capacity of the CVO_U_10h electrode when compared to other electrodes.

Figure 3. (a-d) FESEM micrographs at different magnifications, (e) EDS spectra, and (f-h) elemental
mapping of CVO_U_10h nanowires.
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Figure 4. Schematic growth mechanism of Co3V;0Og nanoparticles prepared using a hydrother-
mal approach.

3.2. Electrochemical Performance and Kinetics Analyses of the Co3V,Og Nanoparticles

The electrochemical analysis of all the CVO_U electrodes was carried out in a 2M KOH
electrolyte using cyclic voltammetry and galvanostatic charge-discharge measurements.
Figure S4 depicts the CV profiles of all CVO_U electrodes. The area under the curve
grows with increasing hydrothermal reaction time, as shown in Figure 6a. The electrode’s
energy storage capacity rises with increasing area. All electrodes show distinct redox peaks,
demonstrating charge storage via pseudocapacitive behavior. The redox peaks shift as
the scan rate increases, indicating fast and reversible redox kinetics, a characteristic of
pseudocapacitive behavior [52]. As shown by the CV profile, the hydrothermal reaction
period influences the surface microstructure of CVO_U nanowires. Nanowires grow after
4 h of hydrothermal processing, giving additional active sites for redox reactions. With a 7-h
reaction, nanowires link sideways, increasing interaction, as can be seen in the CV profile of
the CVO_U_10h electrode, which has an expanded area in the CV profile curve, as shown in
Figure S4c. Nanowire bundles with a large active surface area provide a grown conjunction
and a large active surface area for a 10-h hydrothermal reaction. Figure 6a depicts the
area of the CV profile impacted by the hydrothermal reaction time. When compared to
the other electrodes, the area under the curve for the 10-h hydrothermal reaction was
larger, indicating superior energy storage capabilities. In a 16-h reaction, however, the
nanowire size increases, resulting in a loss in active surface area and storage capacity.
The electrode prepared in a 10-h hydrothermal reaction has a void space with connected
nanowire CVO nanoparticles which provide a high energy storage capacity, making it
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an attractive electrode material for energy storage applications. The CV profiles of all
electrodes were employed to examine the kinematics of their electrochemical characteristics
in more depth. The charge distribution was calculated using the ‘b” value, which reflects
two different charge storage processes, namely, capacitive and diffusive processes. In this
case, ‘b’ = 1.0 for the capacitive process and ‘b’ = 0.5 for the diffusive process. Charge
storage via diffusion and capacitive processes is indicated by values of 0.5 <b < 1.0. The
following equations were used to calculate the b values from the CV profiles:

i=axo (5)

log (i) = b-log(v) + log(a) (6)

2/1nm ! ! ! ] ! ! ! !
— 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
nm

Figure 5. (a—d) TEM at different magnifications, (e f) d-spacing image, (g) SEAD pattern, (h) FFT
pattern for d-spacing CVO_U_10h nanoparticle.
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Figure 6. (a) Comparative CV profile, (b) comparative GCD profile, and (c,d) EIS spectra of Co3V,0g
nanowires prepared at different hydrothermal reaction times.

The values were calculated using a log(i) vs. log(v) plot, as shown in Figure 7a,b, where
‘v’ is the scan rate and ‘i’ is the peak current corresponding to the scan rate. The ‘b” values
for the CVO_U_10h electrode are 0.44 and 0.39 for the cathode and anode, suggesting
that the diffusion process dominates in the charge process. This might be ascribed to
the bundle-like microstructures containing void spaces, which allow electrolyte ions to
easily diffuse during the charge and discharge processes [53,54]. The computation of the
b value reveals the combined capacitive and diffusion processes. At constant potential,
the total current in a CV profile is caused by pseudo capacitance from diffusion-controlled
contributions and double-layer capacitance from surface-controlled contributions. These
contributions are calculated using the formulae below.

i(V
10(0—5) = ke /0" +kg @)

i(V) = kev + kgo®;

Here, k./9%° denotes capacitive current contributions and k4 denotes diffusion-
controlled contributions. The values of k. and kg were calculated using Equation (7)
with different scan rates. Figure 7c depicts the capacitive and diffusion-controlled current
contributions of the CVO_U_10h electrode at a scan rate of 5 mV/s. The ‘b” value of
the CVO_U_10h electrode shows a larger diffusion contribution at 5 mV/s, implying a
larger diffusion contribution, presumably owing to the bundle nanowire with empty space
providing a higher diffusion contribution. Figure 7d shows the capacitive and diffusion-
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controlled contributions at various scan rates, with the diffusion-controlled contribution
decreasing as the scan rate increases [53]. The ‘b’ values were calculated to demonstrate that
the diffusion process outperforms the capacitive process, and the current contribution at
constant potential also shows a current owing to the diffusion-controlled contribution. This
indicates that the diffusion coefficient for the related electrode may be higher. The diffusion
coefficients were computed using the cyclic voltammetry (CV) profile spectra provided
in Figure 8a,b and Equation (8). The diffusion coefficient of the CVO_U_10h electrode is
higher than that of the other electrode, measuring 4.2 x 10~7 cm? /S for the anodic curve
and 4.5 x 1077 cm? /S for the cathodic curve, respectively. The existence of vacuum spaces
between the nanowire bundles may account for the high diffusion coefficient, allowing for
effortless insertion and extraction of ions during the electrochemical reaction process. This
demonstrates that the diffusion contribution for the CVO_U_10h electrode is higher than
the capacitive contribution, and these results are compatible with the ‘b” value and current
contribution. The diffusion coefficient values are listed in Table 1.

nFDv
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Figure 7. (a,b) Log(i) vs. log (v) for b values, (c) diffusive and capacitive current contributions at a
5 mV /s scan rate, and (d) diffusive and capacitive current contributions at different scan rates for
CVO_U_10h nanoparticles.
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Table 1. Transfer coefficients, diffusion coefficients, and standard rate constants of all
Co3V;,0g electrodes.

Transfer Diffusion Staél(c)l:;‘iulftate
Sample Coefficient Coefficient )
Code (o) (cm?/S) x 10-7 (cm/S) x 105
Reduction Oxidation Reduction Oxidation Reduction Oxidation
CVO_U_4h 0.30 0.27 1.98 2.30 7.49 6.58
CVO_U_7h 0.27 0.24 1.67 2.54 12.9 11.2
CVO_U_10h 0.25 0.22 4.26 451 18.6 14.2
CVO_U_16h 0.26 0.22 3.14 3.38 18.6 10.8

Here, A represents the electrode area, C represents the electrolyte concentration, v
represents the scan rate, R represents the universal gas constant, T represents the absolute
temperature, F represents Faraday’s constant, D represents the diffusion constant, « repre-
sents the transfer coefficient, n represents the number of moles participating in the chemical
reaction, Ep, represents the peak potential, and E° represents the formal potential. The
transfer rate constant (k%) was explored to analyze electrochemical kinetics and establish
the nature of the reaction process, whether reversible, irreversible, or quasi-reversible. As
illustrated in Figure 8c,d, the k® values were determined using the cyclic voltammetry (CV)
profile using the peak current and corresponding potential. Depending on the value of
k¥, it may be feasible to identify whether the reaction is irreversible, reversible, or quasi-
reversible. k > 10! for reversible chemical processes and k” < 10~° for irreversible chemi-
cal reactions. Chemical reactions with 107! < k? < 107 are categorized as quasi-reversible.
All electrodes have k” values ranging between 10! and 107>, implying that the charging
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and discharging processes are quasi-reversible. The transfer coefficient « is computed and
listed in Table 1, and outcomes vary between 0.22 and 0.30, implying that the reaction is
quasi-reversible. The areal capacitance, areal energy density, and areal power density of all
CVO_U electrodes were calculated from the GCD profile and Equations (10)-(12). Figure S5
shows the GCD profiles of all the electrodes. The charging and discharging times of all
electrodes were altered in accordance with the surface microstructural changes induced
by the hydrothermal reaction time. The surface microstructure of the nanowires exhibited
a shorter discharging time when compared to the other electrode, as shown in Figure 6b.
The nanowire microstructure demonstrated a progressive expansion as the hydrothermal
reaction time reached 7 hours, resulting in extended charging and discharging durations,
potentially attributed to the development of a wire network through lateral joining. When
the hydrothermal reaction time is increased to 10 h, the nanowires begin to form bundles,
and empty spaces arise between the bundles. The void spaces between the bundles are
beneficial for charging and discharging the ions, and their effects were observed in the GCD
profile shown in Figure 6a. The CVO_U_10h electrode showing the longer charging and
discharging times demonstrated excellent areal energy density and power density. For the
hydrothermal reaction time of 16 h, the thickness of the nanowires increased and the void
spacing between the bundles decreased, decreasing the charging and discharging times.
Overall, the electrode prepared with a 10 h hydrothermal reaction shows excellent charging
and discharging times, possibly due to the uniform nanowire microstructure with bundle
arrangement and void spaces between the bundles. The areal capacitance, areal energy den-
sity, and power density of the electrode were calculated using Equations (10)—(12) [55,56].
The CVO_U_10h electrode shows an areal capacitance of 4.67 F/ cm? at a current density of
3 mA/cm?, with an energy density of 94 uWh/cm? and a power density of 573 W /cm?.
The rest of the electrodes areal capacitances, energy densities, and power densities are
listed in Table 2. In an electrochemical cell, electrochemical impedance spectroscopy was
employed for assessing solution resistance (Rs) and charge transfer resistance (Rt). Rs
is the solution resistance originating primarily from ion transfer resistance through an
interface between the electrolyte and electrode material, estimated using a Nyquist plot at
the low-frequency intercept on the x-axis. R is the charge transfer resistance measured
from the semicircle diameter in the EIS spectra. Figure 6c,d illustrates the EIS spectra of all
CVO-U electrodes in the frequency range of 10° to 10! Hz. In the EIS investigation, the
impact of hydrothermal reaction time on surface morphological tailoring was observed.
At first, nanowires were observed in FESEM, and the electrode exhibited an Rg of 3.01 Q)
and an R of 3.91 ), which might be attributable to the nanowire microstructure of the
CVO_U_4h electrode. Once the reaction period extended to 7 h, the surface microstructure
was tailored to establishing nanowires that were connected laterally to each other, and
some nanowires formed looping structures, resulting in a network-like microstructure.
The series resistance of the electrode fell to 2.09 (2 owing to lateral linking; however, R¢¢
rose, probably due to the connection of the nanowire tips in the CVO_U_7h electrode.
This impact was found in the GCD analysis, particularly the capacitance study. Following
a 10-h hydrothermal reaction duration, nanowires continued to form bundles with the
highest lateral linking and void spacing between bundles, and all wire tips were free.
The series resistance (Rs) and charge transfer resistance (Rct) of the CVO_U_10h electrode
decreased to 2.01 ) and 2.24 (), respectively, due to substantial lateral linking and free
ends of the nanowires, and this impact was noticed in the GCD profile due to an increase in
charging and discharging times. The tiny values of Rs and Rt may improve the electrode’s
charging and discharging time. As the hydrothermal reaction time rose to 16 h, dense
bundles with increasing nanowire thickness were identified, affecting ion diffusion, as well
as Rg and R values, and originating in a drop in specific capacitance in the GCD profile.
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The CVO_U_10h electrode possessed the lowest Rs and Rt values compared to the other
electrodes, which might be due to laterally connected nanowires producing nano bundles
with void spacing and demonstrating good supercapacitor performance. The values of Rg
and R are listed in Table 2.

Tq x1
Areal Capacitance (C,) = d$/>><< /il, (10)
, Ca x dV?
Areal Energy Density (ED,) = 700 (11)
Areal Power Density (PD,) = w (12)
d

Table 2. Areal capacitance, energy density, power density, series resistance, and charge transfer
resistance of Co3V;,Og electrodes.

Areal Areal Energy Areal Power
Sample Capacitance Density Density Rs Rt
Code (C,) (ED,) (PD,) Q) Q)
F/cm? uWh/cm? uW/cm?
CVO_U_4h 2.86 56 567 3.01 391
CVO_U_7h 3.82 77 570 2.07 8.98
CVO_U_10h 4.67 94 573 2.02 2.21
CVO_U_16h 2.76 56 570 11.8 53

Here, C, is the areal capacitance, T4 is the discharging time, 14 is the current density,
dV is the potential window of the GCD profile, A is the area of the electrode, ED, is
the area energy density, and PD, is the areal power density. The EIS spectra employed
frequency-dependent real and imaginary impedance [22]. The following algorithms were
employed to determine real and imaginary capacitance values:

;o 7' (w)
T Sz o
s Z(w)

Cw 1 Z(w) 12 (%

Here, Z(w) denotes complex impedance, Z'(w) is the real part of complex impedance,
and Z"(w) is the imaginary part of complex impedance and represents the ‘f” frequency.
Figure S6 illustrates C' and C”, which represent real and imaginary capacitance. The impact
of the surface microstructure on C’' and C” was observed. The electrode CVO_U_10h
exhibited the highest values for both C and C” compared to other electrodes. This might be
attributed to laterally linked nanowires with void spacing between nanowire bundles.

3.3. Electrochemical Properties of the CVO_U_10h//AC ASC Device

To examine the actual application of the designed CVO_U_10h electrode, an asym-
metric supercapacitor with two electrodes, one coated with CVO_U_10h and a second
with activated carbon, was fabricated. The electrode method of preparation was exactly
the same for both electrodes, with the exception of the CVO_U_10h electrode, which used
Co3V,0g nanoparticles as the active material, while the other electrode used activated
carbon. The electrode arrangement was encased in paraffin paper, and the electrolyte
was 2M KOH. The two electrodes were coated in paraffin paper and separated by filter
paper. Figure 9g depicts a schematic of the two electrodes. Cyclic voltammetry (CV), the
galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS)
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were employed to look into the chemical characteristics of asymmetric supercapacitor
(ASC) electrodes. The potential window of the ASC was maintained at 1.6V using the
CV profile of CVO_U_10 and AC from Figure S7a. The plots for the CV, GCD, and EIS
of AC are presented in Figure S7b, S7c, and S7d, respectively. Figure 9a depicts the CV
profile of the ASC at various potentials ranging from 0.8 to 1.6 V. The potential window
was raised to 1.6 V without significant polarization, and this potential was retained for
future use. Figure 9b also shows the CV profile of the CVO_U_10h//AC at various scan
rates (20-100 mV/s). GCD profiles of the CVO_U_10h//AC ASC at various potentials are
displayed in Figure 9d,c, including 8 mA /cm? current density and various current densities
with a constant potential of 1.6V. The areal capacitance (C,), areal energy density (ED,), and
power density (PD,) of the CVO_U_10h//AC ASC were calculated using GCD profiles
at various current densities. Using Equations (10)—(12), the volumetric capacitance (Cy)
was calculated to be 1.43 F/cm?, and the volumetric energy density (EDy) was found to be
511 uWh/cm? at a 40 mW /cm3 volumetric power density (PDy) and an areal capacitance of
230 mF/cm?, with an areal energy density and power density 81 uWh/cm? at 6.4 mW /cm?
of at an 8 mA /cm? current density. To calculate the volumetric capacitance, the volume
of the CVO-U-10h//AC ASC was used instead of the area of the electrode. The obtained
results are compared with the reported study in Table 3. Figure 9e depicts the electro-
chemical impedance spectroscopy of the CVO_U_10h//AC ASC before and after 15 K
GCD cycles of stability testing. The CVO_U_10h//AC ASC’s Rs value was 7.09 Q) before
stability and grew to 11.03 () after stability. Figure 9f shows cyclic stability over 15 K cycles.
The capacity retention of the CVO_U_10h//AC ASC electrode was reported to be 83.40%
following stabilization. Overall, the CVO_U_10h//AC ASC electrode, constructed from
Co3V,0g nanoparticles in a 10-h hydrothermal process, demonstrates good electrochemical
performance in a three-electrode configuration. The ASC proves to be an efficient electrode
material for supercapacitor applications. The practical performance of the CVO_U_10h
electrode with two electrode configurations with multiple LEDs or a single LED glowing,
respectively, is shown in Figure 9h,i.

Table 3. Comparison of CVO-U-10h//AC ACS with previous studies.

Sr Areal Areal Areal

’ Electrode Material . Energy Power Reference

No. Capacitance : .
Density Density
1. CVO-U-10h//AC 230 mF/cm? 81 uWh/cm? 6.4 pW/cm? Present work
. NIOGN-C/CC//Fe0s@  1or ) B/em? 32 uWh/em? 0.8 LW /cm? 57]
N-C/CC

3 MoS,-graphene 6373 mF/cm? 3540 uWh/cm? 8.4 pW/cm? [58]

' bilayer/textile ' SO o
4. KOH | | BiyMoOyg 52 mF/cm 18.5 uWh/cm 978.7 uW /cm [59]
5. V,05//C 34.68 mF/cm? 1.73 uWh/cm? 0.072 uW/cm? [60]
6. NP/MnO2700/ /AC 32.8 mF/cm? 18.2 uWh/cm? 65.6 uW /cm? [61]
7. V,05@PEDOT/graphene 22.4 mF/cm? 0.18 uWh/cm? 11.0 uW/cm? [62]
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Figure 9. (a) CV profile at different potential windows with a constant scan rate, (b) CV profile at
different scan rates with a constant potential window, (¢) GCD profile at different current densities
with a fixed potential window, (d) GCD profile at a fixed current density with different potential
windows, (e) EIS spectra before and after stability over 15 K cycles, (f) cyclic stability for 15 K GCD
cycles, (g) schematic representation of the ASC using CVO_U_10h and AC, (h,i) red LED glowing
using the ASC of CVO_U_10h//AC.

3.4. Electrocatalysis Study of the CVO_U_10h Electrode

Figure 10a,b presents the linear sweep voltammetry (LSV) plot of the HER study as
well as the LSV plot of the OER study, in addition to investigating the electrocatalytic
properties of the CVO_U_10h electrode used to investigate the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) in a 1M KOH electrolyte.The CVO_U_10h
electrode exhibits an overpotential of 259 mV at a current density of 10 mA /cm? for HER
and 578 mV at 30 mA /cm? for OER. The nanowire morphology with vacuum spaces,
allowing for a larger number of active sites, might be responsible for the smaller over-
potential. Tafel plots were generated employing the LSV profile in order to investigate
the reaction kinetics of the CVO_U_10h electrode. Figure 10c,d shows the Tafel plots
for HER and OER, respectively. The Tafel slope of the CVO_U_10h electrode for HER is
176 mV /dec, and it is 389 mV /dec for OER. The comparative study of the electrocatalytic
performance of Co3V;0Og nanoparticles is summarized in Table 4. Figure 10e,f shows
the electrochemical impedance spectroscopy of the CVO_U_10h electrode for HER and
OER. For HER and OER, the series resistance of the CVO_U_10h electrode is 3.74 () and
3.56 (), respectively, while the charge transfer resistance is 12.2 () and 1.54 (), respectively.
The nanowire microstructure and lateral connections, which form a network with low
resistance, are credited with the lower series resistance. As a result of its nanowire struc-
ture, the CVO_U_10h electrode has an outstanding overpotential and an acceptable Tafel
slope. Figure S8a depicts total water splitting utilizing the CVO_U_10h electrode as both a
cathode and anode for hydrogen and oxygen evolution. According to the LSV plot, the
total potential required for an overall current density of 10 mA/cm? is 1.79 V, rising to
1.82 V after 8 h of stability. The long-term durability of the CVO_U_10h electrode was
investigated using chronopotentiometry for 8 h at a current density of 10 mA/cm?, as
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shown in Figure S8b. Overall, findings illustrate that CVO nanoparticles developed in a

10-h hydrothermal reaction function well as supercapacitors in both three-electrode and

two-electrode configurations. Furthermore, the CVO_U_10h electrode exhibits excellent

electrocatalytic activity, confirming CVO nanoparticles produced via a 10-h hydrothermal

process are a suitable material for supercapacitor and electrocatalytic applications.
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3 5
Zl'eal(Q)

(ab) LSV plot, (c,d) Tafel plot, (ef) EIS spectra of OER and HER for the

Overpotential Tafel Overpotential Tafel
Electrode mV mV/dec mV mV/dec Reference
(HER) (HER) (OER) (OER)
Co3V,0g - - 190 85 [63]
Co0-V,05 297 159 429 175 [64]
Vs3-Co-MOF 293 156 435 78 [65]
Co3V,0sg 278 180 318 130 [64]
Co3V,0s - - 359 65 [66]
V167-Co-MOF 271 146 413 77 [65]
CVO_U_10h 259 176 0 mSIZz;cmz) 389 Present work
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4. Conclusions

In conclusion, using the hydrothermal approach, nanowires of Co3V,0g nanoparticles
were prepared. At 10-h hydrothermal reaction time, the laterally linked nanowires form
clusters of nanowire bundles with void spaces between them. The prepared nanowire
bundles with void spacing have a considerable areal capacitance of 4.67 F/cm?, with energy
density and power density of 94 uWh/ cm? and 573 uWw/ cm?, respectively, at 3 mA/ cm?
current density. Activated carbon (AC) and Co3V,0Og nanoparticles prepared with a 10-h hy-
drothermal reaction time were employed to make an asymmetric supercapacitor (ASC). The
device has a volumetric capacitance of 1.43 F/cm? and an areal capacitance of 781 mF/cm?
in its two-electrode assembly. The ASC has an areal energy density of 81 uWh/cm? and
an areal power density of 6.4 mW/cm?, as well as a volumetric energy density of 511
uWh/cm? and a volumetric power density of 40 mW/cm? at 8 mA /cm? current density.
Furthermore, electrocatalysis examinations show that electrocatalysis performs effectively
in the hydrogen evolution process (HER), the oxygen evolution reaction (OER), and total
water splitting. HER electrocatalysis reveals a 259 mV overpotential at a current density
of 10 mA /cm?, with a Tafel slope of 176 mV /dec. For OER, there is a 578 mV overpoten-
tial with a Tafel slope of 389 mV /dec at a current density of 30 mA/ cm?. The Co3V,0q
electrode prepared with a 10-h hydrothermal reaction time acquires 1.78 V for overall
water splitting, which rises marginally to 1.8 V after an 8-h stability period. This work
demonstrates that nanowire bundles with void spaces prepared with a 10-h reaction time
are an acceptable electrode material for energy storage in supercapacitors, as well as HER
and OER electrocatalysis applications.
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and (d) CVO_U_16h nanowires; Figure S3: BET nitrogen adsorption isotherm plot of CVO_U_10h
nanowires; Figure S4: CV profiles of (a) CVO_U_4h, (b) CVO_U_7h, (c) CVO_U_10h, and
(d) CVO_U_16h nanowires; Figure S5: (a) GCD profiles of (a) CVO_U_4h, (b) CVO_U_7h,
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Abstract

Polybenzoxazines (PBZs) have garnered significant attention as a versatile class of precur-
sors for the development of advanced carbon-based materials, particularly in the field of
electrochemical energy storage. This review comprehensively examines recent progress in
the synthesis, structural design, and application of polybenzoxazine-derived materials for
supercapacitor electrodes. Owing to their intrinsic nitrogen content, tunable functionality,
and excellent thermal and mechanical stability, polybenzoxazines serve as ideal precur-
sors for producing nitrogen-doped porous carbons with high surface areas and desirable
electrochemical properties. This review discusses the influence of molecular design, poly-
merization conditions, and carbonization parameters on the resulting microstructure and
performance of the materials. Furthermore, the electrochemical behavior of these mate-
rials in both electric double-layer capacitors (EDLCs) and pseudocapacitors is analyzed
in detail. Challenges such as optimizing pore architecture, improving conductivity, and
achieving scalable synthesis are also addressed. This article highlights emerging trends
and offers perspectives on the future development of polybenzoxazine-derived materials
for next-generation high-performance supercapacitors.

Keywords: polybenzoxazine; porous carbon; composites; enhanced supercapacitor performance

1. Introduction

The heavy dependence on traditional fossil fuels has caused significant environmental
issues. Consequently, there is an urgent demand for clean energy conversion and storage
solutions to enhance energy security and build sustainable, carbon-free power systems,
which are essential steps toward achieving global carbon neutrality. Despite advancements,
fossil fuels remain a dominant energy source, contributing to both energy shortages and
environmental concerns. Researchers are increasingly investing in advanced materials to
address the growing need for sustainable and renewable energy solutions. The scope covers
advancements in flexible energy storage devices like capacitors, supercapacitors, and bat-
teries, as well as energy conversion systems such as solar panels, fuel cells, thermoelectric
modules, and wind energy technologies [1-7]. Notably, fuel cells and supercapacitors
are gaining attention as prominent candidates for future energy storage and conversion
solutions. Their high efficiency, near-zero greenhouse gas emissions, and ability to support
clean, smokeless transportation make them particularly attractive. As dependence on fossil
fuels persists, the demand for eco-friendly energy solutions—such as electrochemical su-
percapacitors and fuel cells—continues to rise. Additionally, the increasing global reliance
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on electronic and electrical devices has intensified scientific and technological interest in
energy storage and renewable energy innovations [8-11].

Supercapacitors (SCs), or electrochemical capacitors, have emerged as promising
energy storage devices due to their rapid charging/discharging, high power density, long
cycle life, and excellent safety profile. Commonly used in electric vehicles, renewable
energy systems, and aerospace, SCs complement or replace traditional batteries in various
applications by offering lightweight design, fast response times, and extended operational
life (>10° cycles) [12-15]. SCs are broadly classified into electrical double-layer capacitors
(EDLCs) and pseudocapacitors (PCs). EDLCs store charge electrostatically using carbon-
based materials like carbon nanotubes, graphene, and activated carbon. PCs, in contrast,
utilize Faradaic redox reactions with materials such as conductive polymers or transition
metal compounds to achieve higher capacitance. While SCs offer much higher power
density (>10 kW-kg~!) than batteries, their energy density (~10 W-h-kg~!) remains lower.
To improve this, research focuses on optimizing electrode materials, electrolytes, and
operating voltages [16—18], since specific energy (E) is given by Equation (1):

E=1%C-V? (1)

A typical SC consists of two carbon-based electrodes, a separator, and an aqueous or
organic electrolyte. Due to the cost of conventional carbon materials, heteroatom-doped
porous carbons—especially those rich in nitrogen and oxygen—have gained attention as
low-cost alternatives. These materials enhance electrostatic attraction and charge stor-
age through surface doping, increasing capacitance and enabling high-performance sys-
tems [19-21]. To bridge the gap between energy and power densities, supercapacitors
combine EDLC and pseudocapacitive mechanisms. This integration maximizes energy
storage while retaining fast response and stability, making SCs a promising next step in
supercapacitor technology [22-24].

Carbon materials, particularly activated carbon, are widely used as electrode com-
ponents in electrical double-layer capacitors due to their high surface area and conduc-
tivity. Carbon particles, ranging in size from a few nanometers to micrometers, have
gained widespread attention across various fields, including energy storage and conversion,
biomedicine, catalysis, and adsorption [25-27]. Their controllable size, high surface-area-to-
volume ratio, engineered morphology, and tunable composition make them highly versatile.
These physicochemical properties can be precisely tailored through the careful selection
of precursors and synthetic strategies. As a result, in the past decade, significant research
efforts have been devoted to designing novel molecular precursors to develop functional
carbon materials with enhanced properties [28-30]. Polymer precursors have emerged as
promising candidates for deriving carbon frameworks due to their well-defined molecular
architecture, versatile chemical composition, and ability to retain morphological integrity
during carbonization. Their adaptability allows for the fabrication of carbon materials with
tailored properties, making them attractive for various applications. Over the years, several
polymer precursors—such as polyimide, poly(ether imide), polystyrene, polyaniline, and
polyacrylonitrile—have been widely explored for their potential in carbon material synthe-
sis [31,32]. Phenolic resins, such as resorcinol formaldehyde (RF) and phenol formaldehyde
(PF) are among the most widely used precursors for synthesizing porous carbon spheres,
particularly due to their high carbon yield, controllable cross-linking chemistry, excellent
thermal stability and easy compatibility with templating or surfactant-assisted synthesis
routes [33,34]. More recently, nitrogen-rich or heteroatom-doped carbon materials have
been successfully obtained using an in situ process with polymers such as polyamines,
polyamides, and polyacrylonitrile [35-37]. These nitrogen-doped carbon materials ex-
hibit enhanced physicochemical properties, further expanding their application potential.
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However, many of these polymers fail to achieve high carbon yields due to molecular
fragmentation during carbonization [38,39].

As the core component of supercapacitors, electrode materials play a crucial role in
determining performance. The most commonly used electrode materials include porous car-
bon materials, metal oxides, and conductive polymers. Among these, metal oxides exhibit
the highest specific capacitance but suffer from high costs and poor cycle stability. Similarly,
conductive polymers offer excellent capacitance and conductivity but are limited by poor
thermal stability and mechanical deformability, restricting their practical applications. In
contrast, porous carbon materials have gained significant attention due to their exceptional
electrical and thermal conductivity, high-temperature resistance, and strong corrosion
resistance, making them highly suitable for energy storage applications [40—43]. Poly-
benzoxazine (PBZ) has recently emerged as an advanced class of phenolic thermosetting
polymers, synthesized via the ring-opening polymerization of the oxazine moiety in benzox-
azine monomers (Figure 1). This process occurs through thermal curing without requiring
a catalyst or curing agent, allowing PBZs to form inter- and intramolecular hydrogen bonds.
Due to their unique structural and chemical properties, PBZs are widely utilized in coat-
ings, low-dielectric materials, and aerospace applications. The use of amine precursors in
benzoxazine synthesis enriches the resulting polymer network with nitrogen heteroatoms,
making PBZs highly suitable for producing heteroatom-doped carbon materials. PBZs also
offer several advantageous characteristics, including molecular design flexibility, high char
yield (35-80 wt.%), high cross-linking density, and excellent dimensional stability with
minimal volume shrinkage. These materials exhibit remarkable thermal resistance, high
glass transition temperatures (Tg), and flame-retardant properties, making them one of
the most promising polymeric precursors for carbon material synthesis [44—47]. To obtain
heteroatom-doped carbon from PBZ precursors, various advanced synthetic approaches
have been employed, including soft templating via organic-organic self-assembly, hard
templating, and modified sol-gel methods. Additionally, carbon materials derived from
PBZs—such as foams, nanofibers, nanospheres, aerogels, and xerogels—have been synthe-
sized using carbonization and graphitization techniques [48-51]. These materials possess
controlled pore distribution, pseudocapacitive properties, and high charge stability, making
them highly relevant for energy storage applications, particularly in supercapacitors and

batteries [52,53].
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Figure 1. Synthesis and heat-triggered ring-opening polymerization of BZ monomers: (A) type P-a
and (B) type B-a.
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This review details the use of PBZs in the development of advanced carbon materials
for supercapacitors, highlighting the role of structured polymer frameworks in energy
storage applications. Additionally, it explores the combination of PBZ-based materials
with metal oxides and conductive polymers to create hybrid structures that bridge the gap
between capacitors and batteries, offering high power density along with improved energy
density. This review discusses the results of the literature reports in several sections. The
first section deals about the supercapacitor performance of novel benzoxazines and their
copolymers synthesized using several raw materials such as eugenol, apigenin, vanillin,
melamine, furfurylamine, tetraethylene pentaamine, and boric acid. This section highlights
the importance of several dopants into the carbon framework, like nitrogen, oxygen, boron
and phosphorous in enhancing the supercapacitor performance. In the next section, the
role of metal oxides along with PBZ carbon is discussed in detail. The formation of PBZ
carbon with metal oxides—Ni, Mn, Co and bimetaloxides—NiMn and NiCo and the effect
of carbonization temperature and redox active electrolytes in enhancing the electrochemical
performance have been discussed in detailed. The third sections deal with PBZ composites
with CNTs, graphitic carbon nitride, silica and graphene oxide. Here, the structure stability
of the composites and the enhanced conductivity of the composites in enhancing the
supercapacitor performance have been discussed. Finally, it concludes with a discussion on
challenges, future perspectives, and potential avenues for improving performance through
hybridization, scalable synthesis, and structural design innovations.

2. Supercapacitor Performance of Novel Benzoxazines and Their Copolymers

Recent research highlights the promise of novel benzoxazine-based materials and
their copolymers in enhancing the performance of supercapacitors. By tailoring monomer
structures or blending them into copolymers, enhanced electrochemical properties, such
as higher capacitance, better cycle life, and increased energy density could be achieved.
Thirukumaran et al. [38] introduced nitrogen-enriched mesoporous carbon ropes (NM-
CRs), produced from polybenzoxazine—an advanced thermosetting polymer—as active
electrode materials for supercapacitors. The benzoxazine monomer was synthesized using
eugenol and tetraethylenepentamine. The NMCRs were generated via straightforward
carbonization followed by activation using aqueous KOH. Their research highlighted
the significant influence of the nitrogen-rich polybenzoxazine precursor’s composition
on boosting electrochemical performance. The final NMCRs contained notable nitrogen
(5.26 wt.%) and oxygen (7.31 wt.%) levels [38], attributed due to the intrinsic heteroatoms
present in the polybenzoxazine [54,55].

The Brunauer—-Emmett-Teller (BET) surface analysis revealed that the NMCRs pos-
sessed a surface area of approximately 300 m?/g, with an average pore size of 3.0 nm
and a pore volume of 0.003 cm®/g. High-resolution imaging revealed a unique rope-like
porous morphology, which contributes to the enhanced surface area and offers additional
electrochemically active sites [56,57]. Elemental mapping confirmed the distribution of
carbon, nitrogen, and oxygen elements within the NMCR structure (Figure 2). Enhanced
electrochemical behavior was achieved through modifications to both the surface properties
and electrical conductivity of the carbon material [58,59]. Performance testing indicated
a specific capacitance of 60 F/g in a 2 M KOH solution under a current density of 1 A/g.
This improved result is attributed to the material’s distinct porous framework and excel-
lent conductivity.
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Figure 2. (a—d) FESEM images of N-MCRs at varying magnifications [(a): 5 pm, (b): 500 nm,
(c): 100 nm and (d): 1000 nm]; (e—g) elemental distribution maps highlighting C, N, and O presence;
(h) EDX spectrum analysis of the synthesized N-MCRs. Reproduced from [38].

In a related study by Thirukumaran et al. [60], a cost-efficient and straightforward
method (involving Mannich condensation, thermal polymerization, carbonization and
activation) was introduced to synthesize nitrogen-doped mesoporous carbon using a novel
polybenzoxazine precursor. Two carbon structures were fabricated from the same pre-
cursor, made from apigenin, furfuryl amine, and formaldehyde. The product obtained
through thermal treatment was named APFC-N (apigenin-furfurylamine-based carbon
obtained through normal carbonization), while the one prepared via an aerogel route was
termed APFC-G (apigenin-furfurylamine-based carbon obtained through gelation). Nitro-
gen adsorption—desorption studies revealed that both materials exhibited characteristics
of type I and IV isotherms, indicating a considerable presence of mesopores—particularly
pronounced in APFC-G [61]. BET analysis showed surface areas of 248 m? /g for APFC-N
and 635 m?/g for APFC-G. APFC-G displayed a narrow pore size distribution between
20-50 nm, as well as notable macropores with voids larger than 0.5 um, making it well
suited for electrochemical use (Figure 3a,b). Electrochemical evaluation of APFC-G, which
was activated in KOH at 900 °C, revealed a peak specific capacitance of 120 F/gina 1M
H,SOy electrolyte at a current density of 0.5 A/g (Figure 4). The high performance is
credited to its oxygen- and nitrogen-rich surface and large surface area [62,63]. Impres-
sively, it retained excellent stability, with no meaningful loss in capacitance observed over
25,000 charge—discharge cycles, highlighting its long-term durability. Moreover, the APFC-G
electrode displays a low solution resistance of 2.2 (), indicating good electronic conductivity.

Thubsuang et al. [64] synthesized carbon microspheres based on polybenzoxazine
(PBZ) using a simple preparation method (Mannich polycondensation) that utilized a
mixture of formaldehyde and dimethylformamide (DMF) as solvents. Successful formation
of PBZ microspheres was achieved at F/DMF weight ratios of 0.4 and 0.6. Upon carboniza-
tion, the materials displayed a high nitrogen content, and structural analysis confirmed
an amorphous nature with regions of partial graphitization. Notably, the carbon derived
from a 0.4 F/DMF ratio showed a superior specific capacitance of 275.1 F g1, outperform-
ing the reference carbon (PBZ carbon synthesized using pure DMF) (198.9 F g~ 1) when
tested at 0.05 A g~!. This performance boost was linked to a synergistic effect of electric
double-layer capacitance and pseudocapacitance, the latter being enhanced by nitrogen
and oxygen surface groups [65,66]. After CO; activation, the specific surface area of the 0.4
ratio sample increased markedly from 349 m? g~ ! to 859 m? g~ !, resulting in a further rise
in capacitance to 424.7 F g~ !—more than double that of the reference. These results indicate
that an F/DMEF ratio of 0.4 is optimal for producing high-performance carbon microspheres,
with improvements mainly driven by surface chemistry and increased porosity [67,68].
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Figure 3. (Top) FESEM micrographs of the synthesized samples: (a—c) APFC-N and (d—f) APFC-G,
captured at varying magnifications [(a,d): 10 um; (b,e): 5 um; and (c,f): 1 pm]. (Bottom) (a) N;
adsorption isotherms and (b) pore size distributions of APFC-N and APFC-G samples. Reproduced

from [60].
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Figure 4. (a) Cyclic voltammetry curves recorded at multiple scan rates, (b) galvanostatic charge—
discharge profiles under varying current densities, (c) plot of specific capacitance versus current
density [inset: schematic illustration of an electric double-layer capacitor (EDLC)], and (d) Nyquist
plot from electrochemical impedance spectroscopy with curve fitting [inset: corresponding equivalent
circuit model, Ry = solution resistance, R, = charge-transfer resistance, R3 = Warburg resistance] for
the synthesized APFC-G material. Reproduced from [60].

Meanwhile, Mohammed et al. [44] developed a new type of porous organic polymer
(POP) by coupling Cr-TPA-4BZ-Bry with tetraethynylpyrene (Py-T) (Figure 5). The precur-
sor benzoxazine monomers—Cr-TPA-4BZ (Dibenzo-crown ether-triphenylamine-based
benzoxazine) and its brominated version Cr-TPA-4BZ-Br;—were synthesized through a
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conventional three-step pathway, involving CH=N formation, sodium borohydride reduc-
tion, and a Mannich-type condensation. These monomers were then linked via a Sono-
gashira cross-coupling reaction to create Cr-TPA-4BZ-Py-POP. Upon further carbonization,
this yielded poly(Cr-TPA-4BZ-Py-POP)-800, a carbonaceous material with graphite-like
domains. This material showed a high CO, adsorption capacity of 4.4 mmol g~! at 273 K.
Electrochemical evaluations revealed a significant specific capacitance of 397.2 Fg~! ata
current density of 0.5 A g1, along with excellent stability, retaining 94% of its capacitance
over extended cycling. The enhanced performance was largely attributed to an optimized
ratio (C =73.5%, N = 8.9% and O = 17.6%) of heteroatom doping [69,70], which contributed
to improved structural features and electrochemical behavior.
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Figure 5. (a,b) BET isotherm and pore distribution analysis; (c) TEM image; (d—f) SEM micrographs
at different magnifications [(d): 10 um, (e): 1 um and (f): 1 pm]; (g—i) elemental mapping (EDS-SEM)
of poly(Cr-TPA-4BZ-Py-POP)-800. Reproduced from [44].

Wan et al. [71] developed nitrogen-doped porous carbon materials with high surface
areas and well-defined micro-/mesoporous architectures by employing a novel nitrile-
functionalized polybenzoxazine. The process combined a soft-templating strategy (Sur-
factant F127 was used as soft templating agent) with KOH chemical activation. Both the
use of the soft template and the activation temperature were found to significantly affect
the resulting pore structure and surface characteristics [72]. Compared to the primarily
microporous NPC-0, the hierarchical pore systems in NPC-1 and NPC-2 demonstrated
superior capacitive behavior. This enhancement was linked to a large surface area (up to
2036 m?/g), balanced pore distribution, robust electrical conductivity, and the inclusion of
nitrogen (2.33-5.32 wt.%) and oxygen (10.26-14.22 wt.%) functionalities within the carbon
framework [73,74]. Notably, NPC-2, activated at 700 °C, delivered the highest specific
capacitance of 362.4 F/g at a current density of 1 A/g in a KOH aqueous solution (Figure 6).

The material also exhibited excellent rate performance and long-term durability, pre-
serving 94.7% of its capacitance after 5000 charge—discharge cycles. Moreover, the solid
adsorbent NPC-1, thermally activated at 600 °C, achieved the highest CO, adsorption
capacity under 1 bar—recording 6.20 mmol g~! at 0 °C and 3.95 mmol g~ ! at 25 °C. It
also demonstrated high CO, /N selectivity and could be reused effectively without perfor-
mance loss. These exceptional properties, both as supercapacitor electrodes and CO, adsor-
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bents, were primarily ascribed to their extensive surface area, tailored pore architecture,
superior electrical conductivity, and the incorporation of nitrogen functionalities within the
carbon framework [75,76]. In a related study, Liu et al. [77] developed nitrogen and oxygen
co-doped porous carbon materials (NOPC-x and NOPC-bis-CN-x) [NOPC and NOPC-bis-
CN are carbon materials derived from different benzoxazine monomers, Boz-Va (benzox-
azine synthesized from vanillin, aniline and paraformaldehde) and Boz-bis-VaCN (ben-
zoxazine synthesized from diaminodiphenyl ether, 2-(4-hydroxy-3-methoxybenzylidene)
malanonitrile and paraformaldehyde)] derived from bio-based polybenzoxazines through
a soft-template strategy. They found that increasing the cyano content in the monomers
improved surface area, pore structure, and graphitization level. Notably, the NOPC-bis-
CN-3 variant achieved a remarkable surface area of 2347 m? ¢! and abundant mesopores
(2040 nm), along with a higher density of electrochemically active nitrogen [N-1 (pyridinic
N), N-2 (pyridonic N), and N-3 (quarternary N)] and oxygen (O-2, O-3) species [78,79].
Electrochemical testing confirmed the superior performance of the NOPC-bis-CN-x se-
ries over the NOPC-x group. Specifically, NOPC-bis-CN-3 delivered the highest spe-
cific capacitance of 167.3 F g~! at 1 A g~!, retained more than 80% of its capacitance at
10 A g~!, and demonstrated strong pseudocapacitive behavior and excellent cycling durabil-
ity. The symmetric device assembled with this material showed minimal decline in energy
density—from 10.8 to 9.0 Wh kg ~!—as power density increased from 45 to 4500 W kg ! (see
Figure 7). The convergence of outstanding electrochemical features, eco-friendly origins,
and straightforward synthesis renders NOPC-bis-CN-3 a top contender for next-generation
supercapacitor applications.
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Figure 6. Change in specific gravimetric capacitance over cycling for the four NPC electrodes at
10 A g~ ! current density. Reproduced from [71].

M.M. Samy and colleagues [46] developed an innovative bio-based benzoxazine
monomer, termed VFBZ-CN, synthesized through the condensation reaction of vanillin,
formaldehyde, and furfurylamine—compounds derived from renewable natural sources.
Characterization via differential scanning calorimetry (DSC) and thermogravimetric anal-
ysis (TGA) indicated that VFBZ-CN underwent thermal curing at a relatively low onset
temperature of 196 °C, a property attributed to cyano functionalities enhancing oxazine
ring-opening. Upon curing at 250 °C, the resulting polymer displayed impressive thermal
resilience, with a 10% weight loss temperature (Tdjg) of 379 °C, surpassing traditional ben-
zoxazine analogs. Electrochemical assessments revealed that poly(VFBZ-CN)-800 achieved
a gravimetric capacitance of 506 F g~!, significantly exceeding that of poly(VFBZ-CN)-700,
which reached only 171 F g~ ! at 0.5 A g~! in an alkaline KOH medium. Moreover, the
poly(VFBZ-CN)-800 electrode retained 99.43% of its capacitance after 2000 cycles at a high
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current density of 10 A g~ !, underscoring its cycling durability. This enhanced electro-
chemical efficiency was primarily ascribed to its porous carbon architecture and elevated
nitrogen/oxygen content [80,81]. Apart from energy storage, these N- and O-enriched mi-
croporous carbons derived from VFBZ-CN also exhibited strong CO, adsorption capacity,
reinforcing their multifunctionality and alignment with sustainable technologies.
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Figure 7. (Left) Electrochemical characterization of the assembled symmetric two-electrode su-
percapacitor: (a) cyclic voltammetry (CV) curves measured at various scan rates; (b) galvanos-
tatic charge-discharge (GCD) profiles at different current densities; (c) electrochemical impedance
spectroscopy (EIS) represented by Nyquist plots from 100 kHz to 10 mHz; (d) cycling stability at
2A g*1 (inset shows selected GCD segments); (e) Ragone plot of the NOPC-bis-CN-3-based device;
(f) charging of two series-connected symmetric supercapacitors over 30 s, and illumination of a red
LED (1.5 V) powered by the series-connected devices. (Right) Illustration of potential nitrogen and
oxygen functional groups on the carbon surface. Reproduced from [77].

Zhang and colleagues [82] developed nitrogen and phosphorus co-doped carbon
materials (C/P-Cs) derived from nonporous polybenzoxazine, using polybenzoxazine
as the carbon base and melamine polyphosphate as a dual-source dopant for nitrogen
and phosphorus. These carbon structures exhibited notably high atomic concentrations
of nitrogen (5.5%) and phosphorus (5.1%), which played a key role in enhancing their
electrochemical properties—specifically in terms of capacitance, charge—discharge efficiency,
and operational stability as supercapacitor electrodes. Among them, the optimized variant
(C/P-20-1) delivered an impressive specific capacitance of 203.0 F ¢! at a current density
of 0.5 A g~!, and still maintained 173.2 F g~! under a much higher load of 20 A g~ !.
The electrode’s durability was also remarkable, preserving 90.1% of its capacitance over
5000 cycles at 5 A g~!'. When configured into a symmetric supercapacitor, this material
demonstrated a peak energy density of 11.45 Wh kg~! at a power density of 50 W kg !,
and a maximum power output of 25 kW kg~! at an energy density of 5.55 Wh kg~!. Even
after undergoing 10,000 cycles of charging and discharging at 5 A g~ !, the device retained
79.9% of its original capacitance. The superior electrochemical behavior of the C/P-20-1
electrode and the symmetric device was attributed to a combination of factors: (i) the
presence of functional nitrogen and phosphorus species (such as pyridinic and pyrrolic N),
which boosted pseudocapacitive effects and overall charge storage [41]; (ii) nitrogen doping,
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which enhanced electrical conductivity and charge transfer rate [83]; and (iii) phosphorus
doping, which notably contributed to the material’s long-term cycling resilience [84].

Wang et al. [40] developed a range of oxygen-rich porous carbon materials by copoly-
merizing a diacetal-type benzoxazine (ACE-a) with melamine in varying proportions,
utilizing a straightforward, template-free synthesis approach. The inclusion of melamine
introduced a substantial amount of reactive C-N bonds into the network during polymer
formation, which contributed to the creation of abundant micropores during the carboniza-
tion and activation phases [85], thanks to melamine’s self-sacrificing behavior (see Figure 8).
This decomposition process not only promoted micropore generation but also increased
the oxygen content in the resulting carbon, improved its surface wettability, and lowered
internal resistance. Among the materials synthesized, CA3MK showed outstanding char-
acteristics, including a high BET surface area of 1383.9 m? g~!, a large pore volume of
0.748 cm® g1, and a notable surface oxygen content of 66.2%. Electrochemical evaluations
revealed impressive performance, with a specific capacitance of 430 F g~ ! in 0.5 M H,SO,
and 194 F g~ in 6 M KOH at 0.5 A g~ ! (Figure 9). Moreover, the material demonstrated
excellent cycling stability and strong performance at high current densities. These re-
sults underscore the promise of oxygen-functionalized porous carbons in supercapacitor
technologies, driven by their high surface area, well-developed porosity, and abundant
oxygen-containing groups [86,87].

Bai et al. [88] developed boron and nitrogen co-doped porous carbons (BNPC-X) by
carbonizing boron-containing polybenzoxazines followed by chemical activation. In this
synthesis, the benzoxazine resin functioned as both the carbon and nitrogen precursor,
while boric acid provided the boron dopant. Among the series, BNPC-0.15 showed notable
elemental incorporation, containing 2.97 wt.% boron and 2.43 wt.% nitrogen, with a homo-
geneous spatial distribution (Figure 10). This material delivered a high specific capacitance
of 286 F g1 at 0.05 A g~ ! and retained a commendable 174 F g~! at 1 A g~ !, maintaining
92% of its initial capacitance after 1000 cycles in 6 M KOH. The synergistic effects of boron
and nitrogen functionalities enhanced electrolyte interaction and introduced additional
redox activity, leading to improved electrochemical performance [89,90]. These features
highlight BNPC-X as a strong candidate for advanced supercapacitor electrode applications.
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Figure 8. (a) Chemical structures of ACE-a, BA-a and melamin; (b) preparation process of porous
carbon materials. Reproduced from [40].
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Figure 9. (Top) SEM micrographs of CA3MK material captured at various magnifications (10 um
and 1 pm). (Bottom) (a) Galvanostatic charge-discharge profiles of the CA3MK electrode at multiple
current densities; (b) cyclic voltammetry curves of the same electrode recorded at different scan rates.
Reproduced from [40].
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Figure 10. SEM micrographs of (a) NPC, (b) BNPC-0.05, (c) BNPC-0.10, and (d) BNPC-0.15. Panels

(e~h) show the elemental mapping of BNPC-0.15 obtained via energy-dispersive X-ray spectroscopy
(EDS). Reproduced from [88].

3. Supercapacitor Performance of Polybenzoxazine/Bimetal Oxides

The integration of polybenzoxazine-based carbons with bimetallic oxides is one of
the emerging combinations that has gained notable attention. This synergy merges the
high surface area and conductivity of carbon materials with the redox-active sites provided
by bimetallic oxides, leading to significant performance enhancements in electrochemical
energy storage. Thirukumaran et al. [91] developed a hierarchical framework in which
electroactive materials are securely integrated onto a carbon scaffold, promoting optimal
exposure of active sites and facilitating efficient ion and electron transport. The carbon base
is derived from polybenzoxazine (Pbz), synthesized from a benzoxazine monomer. The
carbonized Pbz features a rigid network enriched with nitrogen and oxygen heteroatoms,
which contributes to enhanced supercapacitor (SC) performance. Furthermore, incorpora-
tion of pseudocapacitive metal hydroxides like Ni(OH), and Mn(OH);, supports reversible
Faradaic reactions. The final products—nitrogen-rich porous carbon (NRPC), along with
its composites NRPC/Mn, NRPC/Ni, and NRPC/NiMn—demonstrate pore volumes be-
tween 0.18 and 0.42 cm® g~ 1. The NRPC displayed a tangled porous network containing
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a variety of pore sizes, including prominent macropores. SEM analysis revealed that the
NRPC/Mn composite developed flake- or petal-like formations, while NRPC/Ni exhibited
a deformed petal structure with sharp, spike-like tips. These morphological elements were
embedded within the carbon framework. Interestingly, co-incorporation of Mn and Ni gave
rise to a vertically oriented, three-dimensional flower-like architecture formed by inter-
linked petal structures. These petals were anchored by a hollow central core, contributing
to mechanical robustness and offering abundant electroactive sites conducive to efficient
ion storage in supercapacitor applications [92,93] (Figure 11).

NRPC/Mn

NRPC/Ni

NRPC/NiMn

Figure 11. SEM images of NRPC, NRPC/Mn, NRPC/Ni, and NRPC/NiMn at different magnifica-
tions (5 pm, 2 pm and 1 um). Reproduced from [91].

In contrast to NRPC containing only monometallic components, the NRPC/NiMn
composite exhibits a notably higher specific surface area of 365 m? ¢~! and a greater pore
volume of 0.42 cm® g~1, attributed to its distinctive flower-like architecture. Electrochemi-
cal measurements reveal a significant specific capacitance of 1825 F g~! for NRPC/NiMn,
retaining 78% of its initial capacity after 2500 charge—discharge cycles. This performance is
driven by the synergistic effects of bimetallic active sites and heteroatom doping, which
collectively promote strong pseudocapacitive behavior. Additionally, the porous carbon
framework acts as a highly conductive matrix, enhancing electron mobility and supporting
electrochemical double-layer capacitance (EDLC) through efficient ion transport and surface
adsorption. Asrafali et al. [15] designed a novel supercapacitor configuration integrating
heteroatom-enriched carbon, bimetallic oxide nanostructures, and redox-active electrolytes
to significantly boost electrochemical efficiency. The system leverages dual pseudoca-
pacitive mechanisms: one originating from the electrode material—specifically, nitrogen
and oxygen-doped carbon derived from polybenzoxazine blended with NiCo bimetallic
oxides—and the other from the electrolyte, utilizing iodide-containing redox-active species
such as KI and Rbl. The polymer precursor, synthesized via Mannich condensation of
eugenol and ethylenediamine, yields a heteroatom-doped carbon (HC) upon calcination
at 800 °C. The resulting HC/NiCo@800 °C structure features a hierarchical assembly of
interlinked 3D and ultrathin 2D morphologies [94], as confirmed by SEM and TEM imaging.
The flower-like architecture, formed without observable thermal degradation, provides a
high surface area, interconnected pore networks, and abundant electroactive sites, all of
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which contribute to improved electrolyte accessibility and charge storage kinetics [95,96].
Remarkably, devices tested with redox-active Rbl and KI electrolytes achieved elevated
specific capacitances of 2334 F g~ and 2076 F g~! at 1 A g™}, respectively. The asym-
metric device HC/NiCo@800 °C//HC operating in Rbl demonstrated a peak specific
capacitance of 232 F g~ with 89.04% retention after 5000 cycles, along with a low solution
resistance (Rs) of 0.75 () and charge transfer resistance (Rct) of 0.77 Q) (Figure 12). The
superior electrochemical response in Rbl is credited to the rapid transport dynamics of
Rb* and I~ ions, which enhance ion—solvent and solvent—solvent interactions. This con-
figuration achieved an impressive energy density of 96.57 Wh kg ! while maintaining a
power density of 850 W kg~!. The integration of functionalized porous carbon, dual-metal
oxides, and redox-active electrolytes demonstrates a promising strategy for developing
high-performance supercapacitors with excellent durability, high capacitance, and energy
output, paving the way for broader practical applications.
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Figure 12. Electrochemical characterization of the asymmetric HC/NiCo@ 800/ /HC device, including
(a) CV, (b) GCD, (c) EIS spectra, (d) specific capacitance versus current density, (e) cycle count, and
(f) cyclic stability. Reproduced from [15].

4. Supercapacitor Performance of Polybenzoxazine Composites

Polybenzoxazine composites, particularly when combined with other functional ma-
terials like carbon nanotubes (CNTs), graphitic carbon nitride (g-C3Ny), graphene oxide
(GO) and silica (SiO,), enable the development of high-capacitance, stable, and conductive
electrode architectures. Ge et al. [97] introduced a straightforward yet efficient approach
for producing highly porous carbon nanofiber (CNF) membranes with superior mechanical
flexibility and multifunctional performance. Their method involved multicomponent elec-
trospinning followed by in situ polymerization using polybenzoxazine (PBZ) as a novel
carbon precursor. The incorporation of SnCl, enhanced both the spinnability and thermal
stability of the precursor nanofibers (Figures 13 and 14). During the carbonization process,
SnO; nanoclusters—ranging from 20 to 40 nm—were uniformly embedded throughout the
carbon network and anchored onto the nanofiber surfaces via in situ synthesis. This led to

140



Batteries 2025, 11, 345

the formation of a heterogeneous nanostructure that imparted a plasticizing effect, enabling
the resulting SnO, /CNF membrane to withstand large deformations while preserving its
structural integrity. The membrane exhibited a high specific surface area of 1415 m?/g and
a pore volume of 0.82 cm®/g. It also achieved an energy density of 16.25 Wh/kg and a
power density of 1.03 kW /kg, significantly surpassing traditional porous CNF electrodes.
Moreover, the membrane maintained excellent electrochemical performance under bending,
highlighting its potential for use as flexible electrodes in wearable energy storage systems.
The enhanced performance was primarily due to (i) the strong interfacial interaction be-
tween the SnO; clusters and the carbon matrix, which minimized resistance, and (ii) the
well-developed porosity that facilitated rapid ion transport [98,99].
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Figure 13. Diagram depicting the synthesis pathway of porous SnO2/CNF membranes obtained
from PBZ. Reproduced from [97].
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Figure 14. (A) SEM images of SnO2/CNFs at various carbonization temperatures: (a) 650 °C,
(b) 750 °C, (c) 850 °C, and (d) 950 °C. (B) Corresponding (a) TEM image, (b) and (c) HR-TEM images,
and (d) XRD patterns of SnO2/CNFs. Reproduced from [97].

Wau et al. [34] developed uniform porous yolk-shell carbon nanospheres (PYCNs) via
a two-step coating strategy, using resorcinol-formaldehyde (RF) resin spheres as the initial
core material. RF resin was selected for its affordability, high carbon yield, and structural
stability. The process involved coating the RF spheres with two layers: an inner dense
silica layer and an outer composite shell made of polybenzoxazine and silica (PB/SiO;).
Tetraethyl orthosilicate (TEOS) served as the silica source, while a mixture of resorcinol,
formaldehyde, and ethylenediamine (EDA) was used for the PB layer. Transmission
electron microscopy revealed that the final carbon shell measured about 20 nm in thick-
ness, enclosing a central void of approximately 40 nm, with a carbon core approximately
600 nm in diameter—matching the original size of the solid carbon spheres (SCS). Surface
area analysis showed that SCS possessed a higher specific surface area of 606 m? g~! and
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a micropore volume of 0.25 cm® g1, in contrast to PYCNs, which exhibited values of
486 m? g~ and 0.15 cm® g1, respectively. Despite the slightly lower surface area, the
yolk-shell design, mesoporosity, and nitrogen doping in PYCNSs significantly enhanced
ion transport and diffusion [100,101]. Consequently, PYCNs outperformed SCS in superca-
pacitor applications, achieving a specific capacitance of 236 F g~! at a current density of
0.5 A g~ !, compared to 176 F g~! for SCS.

Du et al. [102] introduced a co-assembly strategy for producing nitrogen-doped hol-
low mesoporous carbon spheres (N-HMCS) with tunable morphologies. This method
employed cetyl-3-methyl ammonium bromide (CTAB) and tetraethyl orthosilicate (TEOS)
in conjunction with polybenzoxazine (PBZ), synthesized from phenol, formaldehyde, and
ethylenediamine, via electrostatic interactions. In the process, CTAB served as a structural
template, TEOS functioned as a silica precursor, and the PF oligomers with ethylenediamine
acted as carbon and nitrogen sources within a modified Stober synthesis. Ethylenediamine
also facilitated both TEOS hydrolysis and PF oligomer polymerization. The resulting
core-shell particles displayed morphology-dependent surface features—silica@PB-0.1 had
a smooth, spherical structure with a distinct core-shell interface, while silica@PB-0.4 fea-
tured a rougher surface with prominent protrusions [103,104]. Among the derived carbon
spheres, N-HMCS-0.1 delivered the highest specific capacitance of 307 F g~!, outperform-
ing its counterparts (198, 206, and 192 F g~ ! for N-HMCS-0.05, 0.2, and 0.4, respectively)
(Figure 15). Moreover, N-HMCS-0.1 maintained 83% capacitance retention at elevated cur-
rent densities. A symmetric supercapacitor assembled using N-HMCS-0.1 and a 6 M KOH
electrolyte attained an energy density of 11.2 Wh kg ! at 660.8 W kg1, and 10 Wh kg ! at
9000.5 W kg 1. The superior electrochemical performance of N-HMCS-0.1 is ascribed to its
fine particle size, thin shell, and high surface area, which together enhance charge storage
and ion accessibility [105,106]. Additionally, the mesoporous architecture ensures effi-
cient ion transport, while the nitrogen functionalities promote pseudocapacitive behavior
through redox activity [107,108].

Wan et al. [109] developed a method for producing graphene oxide (GO) and nitrogen-
doped porous carbon (NC) nanocomposites aimed at enhancing supercapacitor electrode
performance. The synthesis involved a polybenzoxazine (PBZ)-based ring-opening poly-
merization followed by KOH activation, leveraging both hydrogen bonding and covalent
interactions between GO and benzoxazine. Nanocomposites with different GO loadings
were fabricated, revealing that the inclusion of GO significantly altered the surface char-
acteristics, porosity, and electrical conductivity of the materials, thereby improving their
electrochemical behavior [110-113]. Among the samples, the electrode containing 1.29 wt.%
GO exhibited the highest specific capacitance of 405.6 Fg~! at 1.0 A g~ ! in a 6 M KOH
electrolyte. This electrode also showed excellent rate performance (267.8 Fg~! at40 A g~ 1)
and strong cycling durability, retaining 95.8% of its capacitance after 5000 cycles. Moreover,
symmetric supercapacitor devices assembled with the GO/NC material in 1 M NaySO4
operated within a broad 1.8 V voltage range, delivering an energy density of 38.6 Wh kg !
at 180 W kg~ ! and sustaining 19.9 Wh kg ! at a power density of 32.4 kW kg~ !.
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Figure 15. Electrochemical assessment of N-HMCS samples in a three-electrode setup: (a) CV
profiles at a scan rate of 5 mV s~1, (b) typical GCD profiles at a current density of 0.5 A g~ !,
(c) specific capacitances at varying GCD current densities, (d) Nyquist plots with fitting curves and
their corresponding high-frequency ranges (inset), (e) CV profiles at different scan rates, and (f) GCD
profiles at various current densities for N-HMCS-0.1. Reproduced from [102].

Selvaraj et al. [10] reported the synthesis of a novel quinoline-based Mannich-type
benzoxazine monomer (Q-xda), derived from the reaction of 8-hydroxyquinoline, xylylene-
diamine, and paraformaldehyde. This monomer was used to fabricate high-performance
carbon-based materials for energy storage. Composites were formulated by incorporating
graphitic carbon nitride (GCN) at varying concentrations (5, 10, and 15 wt.%) into the
poly(Q-xda) matrix. The presence of GCN notably improved the thermal resistance and
char yield of the composites [114,115]. Electrochemical tests confirmed pseudocapacitive
behavior, with poly(Q-xda) + 15 wt% GCN showing the highest specific capacitance of
370 F g~! at a current density of 6 A g~!. The composites with 5 and 10 wt.% GCN
exhibited capacitances of 294 and 310 F g~!, respectively, while the pristine poly(Q-xda)
showed a lower value of 216 F g~ 1. The poly(Q-xda) + 15 wt% GCN sample also demon-
strated superior charge transport characteristics, with a reduced charge transfer resistance
(20.8 ) compared to that of the unmodified polymer (26.0 (), and maintained 96.2% of its
capacitance after 2000 cycles. In a related study by the same group [9], a facile and scalable
approach was introduced for producing nitrogen-rich porous carbon (NRPC), which was
further integrated with graphitic carbon nitride and magnetite (g-C3N4/Fe30y) to fabricate
a functional nanocomposite. The difunctional benzoxazine monomer (NP-ha), synthesized
from nonylphenol, hexane-1,6-diamine, and paraformaldehyde, served as the precursor.
The process involved direct carbonization, KOH activation, and subsequent hydrothermal
treatment to embed Fe30,4 and g-C3Nj, into the NRPC matrix. Characterization using
FE-SEM and HR-TEM confirmed uniform dispersion of the nanophases [116]. (Figure 16)
The resulting composite exhibited a high specific surface area of 479.6 m? g~! and demon-
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strated effective pseudocapacitive behavior, highlighting its potential for use in advanced
supercapacitor applications.
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Figure 16. HR-TEM images of (a) Fe3Oy4, (b) NRPC/g-C3Ny, and (c,d) NRPC/g-C3Ny/Fe304-0.1.
Reproduced from [9].

Compared to the Fe304 and g-C3Ny/Fe30;4 electrodes, the NRPC/g-C3Ny/FezO4
electrode exhibited lower charge transfer resistance and higher capacitance. Specifically,
the NRPC/g-C3Ny/Fe30;4 electrode achieved the highest specific capacitance of 385 F g*1 at
1A g’l, outperforming Fe3Oy4 (112 F g’l) and g-C3Ny/Fe304 (150 F g’l). Additionally, the
cycling efficiency of the NRPC/g-C3Ny /Fe304 electrode remained at 94.3% after 2000 cycles.
These results demonstrate that the incorporation of NRPC into g-C3Ny/Fe30y4 significantly
enhances its potential for use in high-performance supercapacitors [117,118].

5. Supercapacitor Performance of Polybenzoxazine with Other Polymers

Polybenzoxazine-based thermosets, known for their high nitrogen content and sub-
stantial char yield, are gaining attention as sustainable precursors for nitrogen-doped
carbon materials. A key consideration in upcycling these materials is the reduction in both
energy input and processing costs. The combination of PBZ with other functional polymers,
including polyaniline (PANI), polypyrrole (PPy), or porous organic polymers (POPs), leads
to multifunctional electrode materials that deliver a balanced combination of energy and
power densities, making them suitable for both commercial and high-performance super-
capacitor applications. In line with this goal, Sharma et al. [119] demonstrated a method
for producing carbon materials under relatively mild carbonization conditions, eliminating
the need for chemical activation. Electrochemical analysis using a three-electrode system
revealed that the carbon derived from guaiacol-based polybenzoxazine (C-GP81), which
features 6.4% nitrogen incorporation, delivered a notable specific capacitance of 700 F g~!
at 10 A g~ 1. This indicates excellent charge storage and rate capability, making it a strong
candidate for supercapacitor electrode applications.

The material also achieved an energy density of 48 Wh kg~! at a power density of
8400 W kg~! in the same three-electrode setup. Its performance in an acidic medium
is credited to the synergistic effects of a well-developed surface area and a favorable
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composition of nitrogen (pyridinic, pyrrolic, and graphitic) and oxygen (quinone) functional
groups [41,120]. When evaluated in a symmetric supercapacitor device, C-GP81 delivered
a specific capacitance of 76 F g~! at 0.5 A g~!, which gradually declined to 40% after
10,000 cycles, reflecting moderate cycling stability. The device also reached a peak energy
density of 10 Wh kg~! at a power density of 2400 W kg~! (Figure 17). Overall, these
findings underscore the promise of eco-friendly carbonization strategies for transforming
polybenzoxazine resins into high-performance, heteroatom-enriched carbon materials for
energy storage applications [121,122].
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Figure 17. Electrochemical performance of the carbon material C-GP81 as an active material on
carbon cloth, measured in a three-electrode system: (a) CV curves at a scan rate of 100 mV s~ L across
different potential windows, (b) CV curves at a selected potential window with varying scan rates,
(c) GCD profiles at different current densities, (d) variation in specific capacitance with changing
current density, (e) long-term stability over 5000 cycles, and (f) Ragone plot showing energy and
power densities. Reproduced from [119].

Tiwari et al. [25] leveraged the molecular design flexibility of polybenzoxazine to
fabricate polybenzoxazine colloidal spheres using phloroglucinol, polyethylenimine, and
formaldehyde as multifunctional precursors, employing a simple template-free extended
sol-gel method (Figure 18). The kinetics of particle formation were controlled by adjusting
synthesis parameters such as the stoichiometric ratio of the reactants, precursor concentra-
tion, and solvent ratio, which influenced the morphology, particle size, and heteroatom
content in the polymeric particles [123]. The heteroatom-doped carbon spheres, containing
28% nitrogen and 20.5% oxygen (as determined by CHNS analysis), were obtained by
subjecting the polybenzoxazine particles to moderate carbonization conditions, resulting in
a partial graphitic structure.
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Figure 18. Schematic diagram showing the N, O-co-doped carbon particles obtained from polyben-
zoxazine colloidal spheres using a template-free extended sol-gel process. Reproduced from [25].

The uniform morphology, coupled with a significant BET surface area of 221 m? g~!
and high heteroatom content in the resulting carbon structure, highlights their potential
as active materials for supercapacitor electrodes [124,125]. The N, O co-doped carbon
structure exhibited an impressive specific capacitance of 728 F g~ ! at a current density
of 10 A g~ !, resulting in a maximum energy density of 56 W-h kg~! and a maximum
power density of 14,246 W kg~!. Further electrochemical performance evaluation was
conducted using a flexible all-solid-state symmetric two-electrode system to simulate real-
time conditions. The active material displayed a notable specific capacitance of 50.3 F g ! at
0.2 A g~!. Additionally, the material maintained approximately 86% capacitance retention
after 2500 cycles in the asymmetric two-electrode configuration, confirming the reversible
nature of the device with negligible changes in resistance before and after cyclic tests.
These results underscore the potential of fabricating high-performance supercapacitors
by precisely modulating the surface characteristics and functionality of polybenzoxazine
precursors through the careful selection of multifunctional precursors in the extended
sol-gel method [126,127].

Murugan et al. [1] reported the development of a series of polybenzoxazine-co-copper
metal-organic frameworks (PABz-co-Cu MOFs) and their covalently cross-linked membrane
composites with poly(imidazole-diphosphoric acid) (PIDPA) in various weight ratios
(80/20, 60/20, 50/50, 40/60, and 20/80%). These hybrid membranes were fabricated using
a sequential thermal curing method at different temperatures, resulting in a networked
polymer structure (Figure 19). Among the formulations, the 50/50 wt.% PABz-co-Cu
MOFs-graft-PIDPA membrane displayed the best performance as a high-temperature
proton exchange membrane fuel cell (HT-PEMFC) material, outperforming both pristine
PA-PIDPA and unmodified PABz-co-Cu MOFs. The enhanced performance was attributed
to the presence of large voids between the particles, which effectively retained phosphoric
acid (PA), crucial for proton conduction [128,129]. At the optimal 50/50 ratio, the PA-doped
membrane achieved a proton conductivity of 7.57 x 1072 S cm™!, an open-circuit voltage
(OCV) of 0.91 V, and a peak power density of 0.729 W cm~2—significantly higher than
those of the pure PABz-co-Cu MOFs membrane (3.21 x 1072 S cm ™! conductivity, 0.43 V
OCYV, and 0.357 W cm~2 power density).

146



Batteries 2025, 11, 345

%@@ Jo) m@@@
4

H H' ol

SOH

b&m
HO;S Intramolecular “1\./( )

N hydrogen bonding H‘@
{-(”»—@—N—{ >—}

Sr e

Figure 19. Proposed reaction pathway between ABz-co-Cu MOFs and PIDPA leading to the formation
of covalently crosslinked PABz-co-Cu MOFs-graft-PIDPA. Reproduced from [1].

Furthermore, the 50/50 membrane composite showed a specific capacitance of
387 Fg~! at a current density of 1 A g~!, exceeding the 187 F g~! achieved by the un-
modified MOFs. This research offers a cost-efficient strategy to design covalently bonded
PABz-co-Cu MOFs-graft-PIDPA networks enriched with imidazole, diphosphoric acid, and
5-sulfo salicylic acid functional groups, showcasing strong potential for both HT-PEMFC
and supercapacitor technologies. Table 1 shows the list of different carbon materials
synthesized from PBZ and their properties.

PBZ naturally contain nitrogen and oxygen, making them ideal for heteroatom doping
during pyrolysis. This enhances Faradaic activity, wettability, and electrical conductivity,
boosting pseudocapacitance and electrolyte access. With rising interest in green chemistry,
PBZ precursors are increasingly synthesized from biomass sources like natural phenols
and amines. Advanced methods, such as foaming and templating, enable the creation
of hierarchically porous structures (micro-, meso-, and macropores), which improve ion
transport and boost power and energy density. PBZ-derived carbons are often composited
with graphene, CNTs, or conductive polymers to enhance conductivity and mechanical
strength, supporting the development of flexible, wearable supercapacitors. However,
the field presents contradictions: Some studies credit micropores with high EDLC [59],
while others highlight mesopores for better ion compatibility [130]. The effect of KOH
activation is debated—beneficial in some cases [15], but linked to pore collapse in others [59].
There is also no agreement on the best electrolyte type, or whether co-doping (e.g., N and
S) improves or destabilizes performance. Key research gaps include: understanding
capacity fading (e.g., heteroatom leaching, pore blockage), limited data on cycling beyond
10,000 cycles, and a lack of studies on all-solid-state or stretchable devices. Additionally,
there is minimal insight into the cost, scalability, and environmental impact of PBZ synthesis,
calling for life cycle and techno-economic assessments.
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6. Conclusions and Future Directions

Polybenzoxazine-derived supercapacitors offer a promising alternative for energy stor-
age applications due to their tunable properties, high stability, and potential for large-scale
production. The research landscape on polybenzoxazine-derived supercapacitors is rapidly
evolving, focusing on (i) Sustainable materials: The integration of bio-derived PBZs into
supercapacitor electrodes is a major step toward sustainable energy storage solutions, align-
ing with the principles of green chemistry. These materials are gaining attention due to their
eco-friendliness, cost-effectiveness, and excellent electrochemical properties, making them
ideal candidates for next-generation supercapacitor electrodes. (ii) Enhanced performance:
Heteroatom doping involves introducing elements like nitrogen (N), oxygen (O), sulfur (S),
phosphorus (P), or boron (B) into the carbon framework derived from polybenzoxazines.
This process modifies the electronic structure, improves charge distribution, and enhances
redox activity, leading to higher specific capacitance and energy storage efficiency. Nitrogen
and oxygen doping introduce functional groups, such as -NH, -OH, -C=0, and -COOH,
that participate in Faradaic redox reactions, significantly boosting capacitance. Research
results show that N-doped carbon materials show up to a 50% increase in capacitance
compared to undoped carbons. Particularly, graphitic-N and pyridinic-N doping have
been shown to improve conductivity and charge transfer rates. Oxygen and sulfur doping
improve surface hydrophilicity, ensuring better electrolyte penetration and reducing charge
transfer resistance. (iii) Composite materials combine PBZ-derived carbon with other high-
performance materials like graphene and metal oxides to leverage synergistic effects that
boost energy storage capabilities. Metal oxides (MnO,, Fe;O3) and conducting polymers
(polyaniline, polypyrrole) introduce Faradaic charge storage mechanisms, significantly
increasing capacitance. Graphene reinforce the PBZ-derived carbon matrix, preventing
electrode degradation over repeated charge-discharge cycles. Future work may explore
scalable manufacturing techniques for PBZ-based supercapacitor materials and their in-
tegration into next-generation energy storage systems. These innovations will be crucial
in meeting the increasing demand for high-performance, environmentally friendly, and
cost-effective supercapacitors.

Future research should aim at low-cost, eco-friendly, and scalable polymerization and
carbonization techniques, possibly incorporating bio-based benzoxazine monomers and
solvent-free processes. It should emphasize controllable synthesis of multi-scale porous
architectures (micro-, meso-, and macropores) to optimize ion transport and electrolyte
accessibility while preserving high surface areas. Addressing degradation mechanisms
and ensuring thermal and electrochemical stability over extended cycles remain crucial
for commercial viability. Investigating the integration of polybenzoxazine-based materials
into flexible or solid-state supercapacitors could expand their application in wearable and
portable electronics. By focusing on these areas, researchers can unlock the full potential of
polybenzoxazine-derived materials in next-generation supercapacitor technologies.
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Abstract

The integration of ultracapacitors into the propulsion systems and implicitly into the hy-
brid energy storage systems (HESSs) of electric vehicles offers significant prospects for
increasing performance, improving efficiency and extending the lifetime of battery systems.
However, the realization of these benefits critically depends on the implementation of
sophisticated control algorithms. From fundamental rule-based systems to advanced pre-
dictive and intelligent control strategies, the evolution and integration of these algorithms
are driven by the need to efficiently manage the power flow, optimize energy utilization
and ensure the long-term reliability of hybrid energy storage systems. This study briefly
presents (in the form of a mini review) the research in this field and the development
directions and application of state-of-the-art control algorithms, also highlighting the needs,
challenges and future development directions. Based on the analysis made, it is found
that from the point of view of performance vs. ease of implementation and computational
resource requirements, fuzzy algorithms are the most suitable for HESS control in the case
of common applications. However, when the performance requirements of HESSs relate
to special and high-tech applications, HESS control will be achieved by using convolu-
tional neural networks. As electric vehicles continue to evolve, the development of more
intelligent, adaptive and robust control algorithms will be essential for achieving the full
potential of integrating ultracapacitors into electric mobility.

Keywords: ultracapacitors; battery; electric vehicles; hybrid energy storage systems (HESS);
control; algorithms; artificial intelligence

1. Introduction

The contemporary need to reduce the amount of pollutant emissions caused by trans-
port is essential for several important reasons, related to public health, environmental
protection and combating climate change. Transport, especially road transport, generates
emissions of fine particles (PM 2.5), nitrogen oxides (NOx) and other toxic substances that
increase the incidence of respiratory and cardiovascular diseases, the risk of cancer and
other chronic conditions caused directly and/or indirectly by them [1,2]. The transport
sector is also responsible for a significant part of greenhouse gas emissions (CO,, methane,
etc.), which contributes to the global warming process with immediate effects in increasing
the frequency of extreme weather phenomena (periods of prolonged drought, floods, ex-
treme heat waves, etc.), and moreover, it should not be forgotten that pollutant emissions
due to transport affect air and water quality, biodiversity and disrupt urban and rural
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ecosystems. The difference is substantial if we consider the Global Warming Potential
parameter values (g CO,-eq/km) as a reference point, with electric vehicles having an
average value of 182.9 while internal combustion engine vehicles have a value of 258.5 [3].

By their widespread introduction in transport, electric vehicles (EVs) play an essen-
tial role in reducing polluting emissions from transport, significantly contributing to the
transition to a more sustainable mobility system, they directly contribute to the elimination
of direct emissions, reduce air pollution in urban environments (where traffic is intense),
reduce noise pollution and in the long term have a lower carbon footprint than vehicles
with internal combustion engines (even if the industrial processes of battery production
involve increased polluting emissions, but also taking into account second-life applica-
tions [4]). Mainly all these advantages presented above are due to the superior energy
efficiency (40-70%) because the electric motors used for propulsion are much more efficient
than those with internal combustion (11-27%) and less energy is lost in the form of heat
dissipated in the environment [5].

Thus, it can be said that electric vehicles are at the forefront of progress towards
sustainable transport, but under current conditions of technological development, their
performance is intrinsically linked to the energy capacities of their battery energy storage
systems (BESS), storage systems based mainly on Li Ion technology, a technology that has
demonstrated its reliability in operation (Table 1) [6-8]. One of the barriers identified in the
massive penetration of EVs on the automotive market is the fact that consumers want a
vehicle autonomy almost equal to that of vehicles with thermal engines, and in this context
an important parameter is the energy storage capacity in batteries.

Table 1. Comparison between energy density and power density for the main types of batteries used
in electric vehicle applications and energy storage systems [6-8].

Energy Energy .
Storage Density ];):r::?: Life Cycle Safety Rz(a)t;tv €
System (Wh/kg) y

LPF battery 90-120 High 2.000 Very good Low
NMC
battery 150-220 Average 1.500 Good Average

LTO battery 50-80 Very high 10.000 Excellent High
NiMH 60-120 Average 500 Good Low
battery

Ultracapacitors ~ 5-10 Ext}:;e;ely 100.000 Excellent High

Specifically, Li-ion battery-based energy storage systems face major challenges in
terms of power density [9,10]. This particular characteristic becomes a problem in demand-
ing driving situations, such as aggressive acceleration or rapid energy absorption during
regenerative braking. Cold weather further aggravates this problem, as a low ambient tem-
perature: slows down the chemical reactions inside the battery, decreases the conductivity
of the electrolyte, and increases the internal resistance of the battery [11]. Also, when the
battery is subjected to high or sudden energy demands (e.g., rapid acceleration, starting at
low temperatures) or EV operation is carried out under extreme conditions (cold weather,
rapid charging or deep discharging, charging/discharging frequency), rapid voltage fluc-
tuations/variations occur, which can put significant stress on the battery, accelerating its
degradation, shortening its overall lifespan and limiting the maximum performance and
efficiency of the electric vehicle (Table 2) [12-15].
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Table 2. Operating temperature ranges of the main types of batteries used in electric vehicle applica-
tions and energy storage systems [12-15].

Energy Storage Optimal Operating Minimum Maximum

System Temperature Temperature Temperature Comments

Excellent thermal stability
LPF battery 2045 °C -20°C 60 °C making it ideal for
various environments

High energy density, but
NMC battery 15-40 °C 0°C 60 °C less thermally stable
than LFP

Works well in extreme
temperatures, making it
ideal for industrial
applications

LTO battery —30-55°C —40 °C 60 °C

Average performance
NiMH battery 0-45°C —20°C 60 °C given sensitivity to
extreme temperatures

Ideal for applications with
high power requirements
as they are extremely
thermally resistant

Ultracapacitors —40-65 °C —40°C 85°C

Based on the performances presented above, it can be stated that supplemen-
tary/complementary energy sources (such as ultracapacitors) are becoming an important
choice and application for increasing the performance and improving the long-term viabil-
ity of electric vehicle technology. Ultracapacitors (UC), also known as supercapacitors or
electrochemical capacitors, represent such an ideal complementary energy storage solution
due to their unique technical characteristics. Their high-power density allows them to de-
liver and absorb extremely high currents almost instantaneously. This capacity is measured
in kW /kg, with typical values ranging from 1 to 10 kW /kg, significantly higher than the
0.2 to 0.4 kW /kg of a standard lithium-ion battery. This makes UC perfect for handling
peak power demands during aggressive acceleration and for capturing rapid energy pulses
from regenerative braking [16-20].

The superior power density of ultracapacitors comes from their energy storage mech-
anism. Unlike batteries, which rely on slow electrochemical reactions, UCs store energy
electrostatically by separating charge at the interface between an electrode and an elec-
trolyte. This physical process is incredibly fast and reversible, allowing for rapid charge
and discharge cycles. The energy stored (E) is given by the formula E = CV2/2, where C
is the capacitance and V is the voltage. In addition, UCs possess a very low equivalent
series resistance (ESR), typically in the milliohm range. This low internal resistance (R)
translates into high efficiency, often exceeding 95%, as less energy power (P},s) is lost as
heat (Pjoss = I°R) during power transfer (depending on current intensity I).

The non-destructive nature of their physical charge storage mechanism gives UCs
exceptional cycle life and makes them a robust and long-lasting component within a hy-
brid energy storage system. They can withstand millions of charge/discharge cycles with
negligible degradation, a stark contrast to lithium-ion batteries, which are limited to a few
thousand cycles before significant capacity loss occurs. UCs also have a much wider oper-
ating temperature range than batteries. They can operate effectively at temperatures from
approximately —40 °C to +65 °C, while lithium-ion batteries suffer significant performance
degradation and risk of damage at extreme temperatures, particularly below zero degrees.
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This temperature resistance ensures consistent performance in a variety of climates without
the need for extensive thermal management systems.

The integration of ultracapacitors into electric vehicle powertrains, typically in a hybrid
energy storage system (HESS) configuration alongside batteries, aims to capitalize on these
advantages. The primary goal is to discharge the battery due to peak power demands,
thereby extending battery life, improving overall system efficiency, enhancing vehicle
performance (e.g., faster acceleration, more efficient regenerative braking), and potentially
reducing the size and cost of the battery pack (compared to the entire lifetime) [21,22].
Using a HESS for the powertrain of a mining haul truck, it was found that in addition to
the advantages related to traction power, under the specific conditions of the research, the
lifecycle cost of HESSs can be reduced by as much as 23.94% (compared to the battery-only
solution) [23].

Also, the implementation of a HESS (consisting of 7100 LiFePO4 electrochemical cells
and 72 UCs) in a plug-in electric vehicle demonstrated, under operating conditions based
on the UDDS cycle, a reduction in operating costs by 11.9%, in parallel with an extension of
the battery life cycle by 21.7% (also compared to the battery-only solution) [24].

It should be noted that these results directly depend on the way the HESS is composed
(the ratio between the number of battery cells and the number of ultracapacitors), which
directly influences the total cost and life cost of the HESS.

2. Architectures of Hybrid Energy Storage Systems in Electric Vehicles
Propulsion Systems

The effectiveness of utilizing the superior energy performance of the UC in the power-
train of an electric vehicle depends largely on how the UC is physically integrated with
the battery and the rest of the powertrain. In general, common HESS architectures have a
constructive topology divided into 4 classes (passive, semiactive, active and full active),
shown in Figures 1-4.

Figure 2. Semiactive HESS architecture.

When selecting various HESS topologies to outfit electric vehicle powertrains, technical
and financial performance criteria may be taken into consideration. In this regard, Table 3
is presented which summarizes the comparative CAPEX/OPEX expenses, weight and
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dimensions, efficiency and suitability for applications for above presented HESS topologies
using batteries and UC: passive, semi-active, active and fully active. Additionally, it takes
into account the range of requirements for EV powertrain applications where passive
topologies are still feasible and active topologies are superior.

uc <~

Figure 3. Active HESS architecture.

Figure 4. Full active HESS architecture.

Table 3. Comparative analysis of criteria for using a specific HESS topology for EV powertrain [25-28].

HESS Topology

Criteria

Passive Semi-Active Active Full-Active
CAPEX * % % R
OPEX * *% *% EE
Weight * *3% 3% .
Dimensions * 3% % EE e
EfflClenCy *% *% B EE e
Control * *% X% e
Peak Power Range <10 kW 10-50 kW 50-200 kW >200 kW
Peak Frequency Range <1 Hz 1-10 Hz 10-100 Hz >100 Hz
SOC Window +5...10% +10...20% +20...40% +40 ... 60%
Best for EV class Small Mainstream Luxury High Performance

and Race

* Low; ** Moderate; *** High; **** Very high.

Constructive and interconnection topology is essential to be active type for the future
development of HESSs, given the tremendous advancements in artificial intelligence ap-
plications, automation and production technologies [21]. However, it must be taken into
consideration that active topology currently faces challenges in large-scale applicability
and in different electric powertrain configurations (multiple classes and EV models) due to
its high costs, complexity, and space requirements.
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3. Control Algorithms for Ultracapacitors Integrated in Electric
Vehicles” Powertrains

3.1. Challenges and Objectives of Ultracapacitors Integration

The direct integration of ultracapacitors into the electric vehicle powertrain, despite
the immediate energy benefits, presents a number of challenges that require complex
control systems to optimize the low energy density, voltage variation, thermal management
and, last but not least, cost optimization.

Because integrated ultracapacitors store much less energy per unit mass or volume
than batteries, they are not capable of sustaining an electric vehicle alone for long periods of
time (if energy densities of present lithium-ion batteries are 150-250 Wh/kg, ultracapacitors
are typically limited to 5-15 Wh/kg). On the other hand, because UC serves as a high-
power buffer for the main battery, absorbing the demands of high-power transient energy
events, their incorporation into a hybrid energy storage system is necessary to protect the
battery and increase its lifetime.

The voltage of an ultracapacitor decreases linearly with the amount of energy dis-
charged, unlike batteries, whose voltage remains relatively constant during discharge (until
near exhaustion) (an ultracapacitor at half its maximum voltage has only 25% of its stored
energy left). This significant voltage fluctuation is problematic for the electric vehicle’s
traction motor inverter, which requires sophisticated control and DC/DC converters to
maintain a constant powertrain voltage. Complex control algorithms can be used to com-
mand and regulate the DC/DC converters to manage the optimal SOC (State of Charge) of
the UC and dynamically change the voltage from the UC to the level required by the DC
bus [29-31].

Although they are less susceptible to operating at extremely high or low temperatures
than batteries, they can still produce excessive heat when operating at high currents,
as might occur during high-speed driving. This heat can then spread or dissipate to
other parts of the energy storage system, requiring the inclusion of a specific thermal
management system in the storage system design. To prevent component degradation and
maintain system reliability, a specialized thermal management system must be considered
in the overall design of energy storage systems, even though UCs are robust devices to
temperature fluctuations [32,33]. The need to monitor system/component temperatures
and, if necessary, limit current to prevent overheating requires the use of a control system
and sophisticated command and control algorithms.

The cost-effectiveness of integrating a UC package is not measured in terms of energy
capacity, but rather in the value it adds by extending battery life, creating efficiency,
and providing adequate dynamic performance. This is because, despite continued cost
reductions, UCs can still be relatively expensive to implement in propulsion systems
compared to the energy capacity they provide [17]. To optimize these benefits, support the
higher initial investment, and increase the economic viability of the HESS or solution, the
control algorithms must be sufficiently complex.

The challenges presented above related to the inclusion of UC in energy storage sys-
tems, emphasizing the critical role of advanced control algorithms in efficiently managing
the power flow and optimizing the performance of electric vehicle propulsion systems
integrated in UC. Control algorithms for ultracapacitors in electric vehicle propulsion
systems are designed to achieve several interconnected objectives considering basic HESS
KPIs: optimizing power sharing, extending battery life, maximizing system efficiency,
regulating system voltage, managing battery state of charge (SOC) and UC, improved
vehicle dynamic performance, fault tolerance and operational safety (Table 4, Figure 5).
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Table 4. HESS main KPIs.

KPI Name Unit Description Method or Source
RMS; g A Root Mean Squafe of battery Simulation or measurement
- current over a drive cycle
I A Peak current drawn from Simulation or measurement
peak_B the battery
ASOCg % Change in battery State of Charge gy 1 del or BMS data
during operation
ASOCyc o Change in ultracapacitor State UC vol’Fage-based SOC
of Charge estimation
Recuperation o Share of braking energy .
Share o recovered and stored Energy flow analysis
- Overall energy efficiency of E
o, o ou
System Efficiency Yo the HESS 1= F% x100
Thermal Load °C/W Temperature Tise per unit thermal Thermal model or sensor data
resistance
Degradation/Cycle Ah/cycle Battery degradation per cycle Aging model or empirical data
Computational S . Theoretical analysis of control
Complexity - Algorithmic complexity algorithm
Step Time ms Time per simulation/control step  Profiling during simulation
Memory Memory capacity (e.md speed) N o
. MB needed for simulation or System profiling or estimation
Requirements

real-time control

CONTROL ALGORITHMS’
OBJECTIVES

Extending battery life

Reducing battery stress

and degradation

Maximizing system
efficiency

Minimizing energy

losses

Regulating system
voltage

Maintaining stable

operating voltage

Fault tolerance and
operational safety

Ensuring continuous

operation

Improved vehicle
dynamic performance

Enhance acceleration

and handling

Managing systems’
state of charge (SoC)

Controlling SoC of

battery and UC

Optimizing power
sharing

Power coordination

between battery and
uc

Figure 5. Interconnected main objectives of control algorithms for UC in electric vehicles propul-

sion systems.

The control objectives presented above are not the only possible ones, they are mainly

(or be must) correlated with the architecture of the energy storage system and the opera-

tional and performance requirements of the electric vehicle.
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3.2. Control Algorithms

Control algorithms for integrating ultracapacitors into electric propulsion systems
can be classified according to how they approach energy management and the optimiza-
tion of the overall system performance. They range from classical methods (such as
threshold-based control or PID) to heuristic approaches (which use empirical rules for
energy distribution). In recent years, there has been a trend towards intelligent algorithms,
which use neural networks, fuzzy logic or model-based predictive control (MPC) to antici-
pate power requirements and adapt the control strategy in real time. The choice of methods
depends on the complexity of the system, the performance requirements and the available
processing capacity [34,35]. The integration of these algorithms significantly contributes
to increasing energy efficiency, protecting the battery and improving the durability of the
propulsion system.

3.2.1. Rule-Based Control (RBC)/Heuristic Control

RBC is the simplest approach because it relies on predefined rules and thresholds
(specific to design and operating parameters) to manage the power flow based on the
following general principle: power splitting decisions are based on the power demand
from the driver, the battery and ultracapacitor SOC, as well as other operational parameters
(Figure 6). These rules are usually derived from extensive empirical data, simulations or
expert knowledge. The main advantages are simple implementation, low computational
burden, easy to understand, but there are also some disadvantages, such as suboptimal
performance under variable operating conditions, inadaptability to system degradation or
external disturbances, difficulty in defining process of exactly optimal thresholds.

’Ultracapacitor provides most]

High of the power, supplementing
the battery
Power demand h :
Gy Ultracapacitor absorbs

energy first

Rule-Based
Control (RBC)

s ~ s ~

Power is directed to the

High battery (or dissipated if
Ultracapacitor ) | necessary) )
sSOC g N r a
Low Battery may slightly charge it

J \ J

Figure 6. Examples of Rule-Based Control (RBC) considering exploitation conditions.

A multi-layer control approach is used to identify the best energy management strategy
for HESSs in electric vehicles [36]. The efficiency of a standard rule-based algorithm, an
adaptive rule-based algorithm, and an advanced adaptive rule-based algorithm were
considered in the analysis taking into account the following functional properties:

e  The standard rule-based algorithm uses fixed parameters that do not take into account
the topographic features of the route

e The adaptive rule-based algorithm adjusts the parameters based on the energy flow
produced by regenerative braking

e The advanced adaptive rule-based algorithm continuously updates the parameters
considering the operating cycle.

Regardless of the driving (operating) cycle considered, the standard rule-based algo-
rithm efficiently distributes the vehicle load current between the battery and the UC, while
maintaining the battery current at a predetermined target value (usually the highest). The
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HESS manages the energy flow by considering the direction of the energy flow, the total
requested load current, and the state of charge of the UC. The operational parameters of
the algorithm are established using Equation (1).

If (It > 0) and (It < Igmax) then Ico =0
If (It > 0) and (It > Ipmax) and (SOCyc > SOCycmin) then Ico = (It — Ipmax)
If (It < 0) and (SOCyc < SOCycmax) then Ico = I;

where I is total load current of the vehicle, Ico is output current of DC-DC converter, Ip is
battery current, Vo is output voltage of DC-DC converter and SOCyc is ultracapacitor
state of charge.

When the electric vehicle’s total load current is less than the maximum battery current,
the HESS can supply current from the battery to the vehicle using a standard rule-based
algorithm. Additionally, it limits the battery current to its maximum value during high
load driving cycles and uses the UC to capture all regenerative energy during the driving
cycle’s deceleration.

The adaptive rule-based algorithm dynamically modifies the algorithm coefficients
to improve system performance. Both the regenerative current and the total current
demand required for a given driving cycle are calculated taking into account variables such
as the electric vehicle model parameters, vehicle speed, and road gradient. The energy
distribution between the battery and UC is also independently optimized. By estimating the
potential regenerative energy and establishing an energy sharing ratio between the battery
and the UC, which is modified according to the driving cycle, the energy management
system (EMS) ensures that the HESS operates efficiently and that the UC utilizes all the
regenerative energy during the driving cycle.

By estimating the regenerative energy from the current driving cycle, the advanced
adaptive rule-based algorithm calculates the energy sharing ratio between the battery
and the UC. This method guarantees that the supercapacitor manages peak loads and
cooperates with the battery to meet the EVs’ transient load requirements by adjusting
the energy sharing ratio and the maximum permitted battery current in accordance with
the amount of regenerative energy available (this method maximizes the reuse of the
regenerative energy produced, ensuring sufficient capacity to deliver the powertrain the
energy needed during vehicle acceleration).

Simulations were conducted in [36] using three standard driving cycles (UDDS, NYCC,
and Japan1015) and varying initial states of charge of the UCs (in the first case 92%, in the
second case 51% and in the third case 20%) to evaluate the effectiveness of these control
strategies. In the first case, the standard adaptive rule-based algorithm allowed the HESS
to complete 29 driving cycles for UDDS conditions, 234 for NYCC conditions and 89 for
Japan1015 conditions. In contrast, the advanced rule-based algorithm significantly improved
these results, allowing 30 driving cycles for UDDS conditions, 357 for NYCC conditions, and
100 for Japan1015 conditions. Thus, it was proven that the HESS control by advanced adaptive
algorithm proved effective for all three considered driving cycles, as it efficiently manages the
energy sharing between the battery and the ultracapacitor in the HESS.

The results of the aforementioned study demonstrated that both the adaptive rule-
based algorithm and the standard rule-based algorithm successfully mitigate current peaks
and reduce battery power consumption (as well as the total power consumption of electric
vehicles). Comparing the performance of these two algorithms with the efficiency of the
advanced adaptive algorithm, it is observed that in addition to the benefits presented above,
an increase in the maximum number of driving cycles that can occur is also achieved.
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The rule-based HESS active power system (battery controller and ultracapacitor con-
troller) for a low-power electric vehicle is approached differently in [37]. Since the proposed
HESS active power scheme reduces the battery load, it improves the controllability of the
system and provides efficient and superior control while an electric vehicle is in operation
(Figure 7). Simulation results for different control modes demonstrate that the battery and
ultracapacitor can effectively share active power based on the state of charge of the energy
storage device, the peak load requirement, the instantaneous fluctuations of the electric
vehicle load, and the load voltage adjustments.

EV Power demand |NO o Regenerative
>0 v energy

Battery supply

A 4 \ 4
High Low
HESS SOC HESS SOC

Figure 7. Flowchart of the rule-based algorithm for a HESS (adapted from [37]).

Real-time parameters and suboptimal power splitting, which has nonlinear data and
linguistic knowledge, are used in fuzzy rule-based control to determine the best result.
With real-time parameters, the primary benefits are adaptability (easy to adjust) and
robustness (tolerance to imprecise measurements). Conventional fuzzy strategy, adaptive
fuzzy strategy, and predictive fuzzy strategy are its subcategories.

Figure 8 represents a general fuzzy logic-based control algorithm for a HESS consisting
of a battery and an ultracapacitor, with a detailed explanation of the algorithm steps. The
fuzzy control algorithm for HESS allocates power between a battery and an ultracapacitor
based on load demand and SOC levels. Inputs include the load power (Pj,4), its rate of
change (dP/dt), and the SOC of both the battery and UC. The controller fuzzifies these
inputs, applies a rule base to decide the power sharing, and defuzzifies the outputs to
produce two references: Py ot and Pyc rf- Fast power transients are handled by the UC,
the battery provides constant power and charges the UC as needed, and a ramp limiter
is used to filter out peaks to prevent battery degradation. The final outputs control the
DC-DC converters to maintain DC bus stability and ensure SOC constraints.
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INPUTS: Prad- Load power demand; SOCs- Battery State of Charge; SOCuc -UC
State of Charge; dP/dt - Rate of change of Pioad

START OF ALGORITHM

Step 1. Measure P,__, from the DC bus

load

Step 2. Calculate dP/dt
Step 3. Measure SOCgand SOC ;.

Step 4. Fuzzification:
Convert inputs (P4 dP/dt, SOCg, SOC,,. ) into fuzzy sets:
Pioad - {Low, Medium, High}
dP/dt - {Negative, Zero, Positive}
SOCy - {Low, Medium, High}
SOC ;¢ - {Low, Medium, High}

Step 5. Apply Fuzzy Rule Base:

e |F dP/dtis High AND SOCuc is High THEN UC supplies most
power

e |F dP/dtis Low AND SOCgis High THEN Battery supplies
most power

e |F SOCucis Low THEN Battery charges UC

Step 6. Inference:
Combine all matching rules to determine fuzzy outputs for:
- Battery (B) contribution
- Ultracapacitor (UC) contribution
Step 7. Defuzzification:
Convert fuzzy outputs into crisp values:
- Pa_ret (Battery power reference)
- Puc_ret (UC power reference)

Step 8. Apply constraints:
- Limit Pe_ret ramp rate
- Clamp outputs to respect SOCgand SOCuc limits

Step 9. Send Pa_ret to Battery DC-DC Converter
Step 10. Send Puc_retto UC DC-DC Converter

Step 11. Ensure power balance:
Pa_ret + Puc_ret = Pload

END OF ALGORITHM

OUTPUTS: Ps_ret - Battery power reference; Puc_ret- Ultracapacitor power reference

Figure 8. General steps of a fuzzy based control algorithm for a HESS.

One of the first and early attempts in this regard was carried out through simulation
activities, which were used to verify the energy management strategy within the Urban
Dynamometer Driving Schedule (UDDS) dynamic driving cycle by controlling the HESS
(battery + UC) with fuzzy algorithms [38]. The results show that the proposed energy
management strategy based on fuzzy logic can ensure the operation of the battery pack in
a high efficiency range and can present better performances than the traditional control
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strategy based on logical thresholds. The electricity economy of the HESS was improved
by 4.1%, and the negative influences of high-current discharge and charge on the battery
pack were avoided.

The real-time implementation of a fuzzy logic energy management strategy was
applied to a hybrid battery-ultracapacitor energy storage system and associated with a
permanent magnet synchronous motor (PMSM) emulating the traction part of an electric
vehicle [39]. Based on the results, it was determined that the fuzzy logic supervisor divides
the frequency efficiently and acts intelligently to smoothly permute between the various
operating modes. The suggested fuzzy logic supervisor was able to guarantee the proper
operation of each energy source (based on the dynamics of the energy requirement) and
deliver quick and high performance at various EV speed levels, in addition to the seamless
operation of the entire HESS. An ideal power flow to the powertrain was maintained
(while maintaining the UC operation within a safe voltage range) as a result of the discrete
and fluid regulation of both the DC bus voltages and the UC voltages (regardless of the
variations in the vehicle speed profile, according to the operating conditions).

In order to identify the optimal solution for the HESS control strategy of an electric
vehicle, the efficiency of fuzzy, GA-Fuzzy and PSO-Fuzzy control algorithms was analyzed
under the same optimization conditions (electric vehicle operation in three driving cycles:
UDDS, NEDC and China City) [40]. Based on the simulation results, it was observed that,
with fuzzy control, the fluctuation of the battery output current is more stable. Under the
selected UDDS, NEDC and China City cycles, the peak current of GA-Fuzzy control is
lower than PSO-Fuzzy control by 35.6001 A, 19.9046 A, and 46.5270 A, respectively. Also,
the total power consumption of GA-Fuzzy control decreased by 2.4489%, 9.0604%, and
2.5332%, respectively, and the system power consumption of PSO-Fuzzy control decreased
by 1.0859%, 0.9659%, and 0.2650%, respectively, compared with fuzzy control. Combined
with the comparative results of battery operating current, the optimization effect by using
GA-Fuzzy control algorithm is the best in terms of battery protection and stability of
battery life.

In the examples presented above, it is observed that several driving cycles have been
used. It should be noted that there are major differences between them, and normally all
research should be related to the WLTC cycle (it has the combination of urban and extra-
urban traffic). Based on the profile, it can be said that, for example, WLTC is more dynamic
and aggressive than UDDS, with higher acceleration and more frequent transitions. In the
case of WLTC fuzzy control, the membership functions will be affected in terms of power
demand (wider range, higher granularity), recovery power (more frequent and higher
power peaks) and SOC thresholds (faster depletion-the SOC decrease rate is about 1% for
UDDS and 2.5% for WLTC). An example of how the outputs in the case of HESS control
are affected for different driving cycles is shown in Figure 9.

OUTPUTS
(UDDS cycle)
FUZZY CONTROL Battery and UC
Membership Functions power share
INPUTS
Battery SOC Variable Type Range
uc soc :
] Battery SOC Ti I 0...100%
Power demand ater range
i uc soc Triangl 0...100%
Recuperation power riangle o SUTPUTS
Power Demand Trapezoid =50 ... +50 kW (WLTC cycle)
R i T i 0..30 kW Power demand
Recuperation peaks
SOC drop rate

Figure 9. Effects of different driving cycle characteristics on outputs for fuzzy control of HESS.
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This method exploits the distinct frequency characteristics of the power demand to dis-
tribute power between the battery and the ultracapacitor. The operating principle is based
on a low-pass filter (LPF) applied to the total power demand. The low-frequency compo-
nents (constant, long-term power) are assigned to the battery, while the high-frequency
components (transient, peak power) are handled by the ultracapacitor.

The main advantage of the method is that it effectively separates the steady-state power
from the transient power, but there is also the important disadvantage that the choice of
the filter cutoff frequency is critical and can have a significant impact on performance (a
fixed /preset cutoff frequency may not be optimal for all driving/discharging cycles or
battery SOC ranges).

One of the energy management strategies for EVs equipped with HESSs is the use of
low-pass filter (LPF), a strategy researched and developed in [41]. An iterative approach
based on the Ragone graph (called LPF-Iterative) was used to solve the primary problem
of LPF (Low Power Factor) based power management, which is figuring out the ideal
decoupling frequency. Comparative analyses of this initial method’s performance were
primarily conducted in relation to the use of an iterative process that was optimized using
the Particle Swarm Optimization (LPF-PSO) algorithm. The results obtained showed
that LPF-Iterative performed better than LPF-PSO, offering a notable 83.51% increase in
computational speed. It was also determined that the control method utilizing the LPF-
Iterative algorithm provides a workable solution for enhancing power distribution and
battery life in EVs whose power sources are outfitted with HESSs.

In [42], a hybrid HESS (battery + UC) power management approach based on adaptive
digital filters (ADFBEMS) was put forth for electric vehicles. The digital filter tracks the
instantaneous load spectrum using the sliding discrete fast Fourier transform (SDFFT), and
it achieves frequency-based load distribution by using a low-pass filter with an adaptive
cutoff frequency. The battery supplies the remaining load component, while UCs handle
the high-frequency portion of the load. By contrasting it with the conventional power man-
agement approach based on the fixed cutoff frequency filter, hardware-based experiments
conducted under the WLTC driving cycle have demonstrated the control’s optimization.

The battery module lifetime benefited from the reduction in the high-frequency ratio
by 27.46% and the power load stress by 11.06%, respectively.

The moving average filter (MAF) method determines the sampling frequency in
HESSs, while the upper limit of the battery charging and discharging power fluctuation
frequency is regarded as the cutoff frequency. Additionally, the wavelet transform (WT) is
a powerful analysis tool in signal processing that is used in the development of frequency-
decoupled algorithms.

In this regard, various power management strategies through MAF and WT control
algorithms have been applied in [43], to achieve/analyze the optimal distribution of load
power between the battery and the supercapacitor. Through a parameter called “power
allocation effect”, it was concluded that the WT method has a better power allocation effect
than the MAF method (the average values calculated for different driving cycles are 0.9479
and 0.8123, respectively).

In a brief recap of the control methods of HESS hybrid systems presented so far,
in Figure 9 the performance of the different control methods in terms of RMS battery
current and specific energy savings is compared, depending on 3 standard driving cycles
(the differences and influences due to the different dynamics of the driving cycles can be
observed). The data presented in Figure 10 were compiled from references [44-47].
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Figure 10. Comparison of LPF-Iterative, Fuzzy Logic, and MPC strategies in a HESS across UDDS,
WLTC, and NEDC driving cycles.

3.2.2. Optimization-Based Control

The control approach has the ability to handle complex constraints, adapt to changing
circumstances, and incorporate data on future driving habits (or operating conditions, if
considered and incorporated into the model). The goal of the algorithms is to minimize
an objective function to determine the best power distribution, often taking into account
a number of constraints (such as current limits or SOC). However, implementing this
approach is difficult because it requires a precise system model, which is very sensitive to
the accuracy of the prediction, and requires a significant amount of computing power.

Several control strategies, including the following, can be used to instantly optimize
the flow and demand of energy:

e  Equivalent Consumption Minimization Strategy (ECMS)
e Dynamic Programming (DP)
e  Model Predictive Control (MPC)

Equivalent Consumption Minimization Strategy, or ECMS, is a popular method for
hybrid electric vehicles that can be modified for HESS. It attempts to minimize the total
equivalent consumption at each moment by converting the energy consumption of the
ultracapacitor into an equivalent fuel/energy consumption of the battery. An important
component that can be modified online is the “equivalence factor”. The possibility of
using/implementing the ECMS aging control algorithm in HESS control was investigated
in [48]. The Ah flow method was used as the aging term in the ECMS cost function
(regardless of the driving cycles considered) and a fixed equivalence factor was taken into
account. The energy capacity of the vehicle battery was correlated with the aging coefficient.
Based on the results, it was determined that the optimal ECMS aging controller was
developed. It aims to preserve the battery life by minimizing the state of charge ripples and
optimizes the HESS operation without requiring predictions or knowledge of future driving
actions. By integrating operating conditions determined by environmental perception
with ECMS, this research [49] proposes an environmental perception-based HESS control
architecture to maximize the parallel power system management for hybrid vehicles. The
overall control process is divided into two parts: online testing and offline optimization.
The offline process involves optimizing the equivalence factors based on varying degrees
of environment and training the environmental perception using GCN and attention
mechanisms [50]. The lookup of the equivalence factor table in online testing is done based
on the environmental level determined by the environmental perception. Consequently,
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the optimized equivalence factor is used to complete the energy management control, and
the simulation results indicated a 7.25% improvement in performance (compared to the
traditional ECMS model).

Dynamic Programming (DP) is an offline optimization technique that determines the
best global energy management plan for a given driving cycle but cannot be implemented
in real time due to its computational complexity. It is extremely useful when creating rules
for real-time controllers and for benchmarking. The early research, presented in [51], use
dynamic programming (DP) analysis to identify the optimal control mode in terms of both
energy saving and battery life extension (Figure 11).

HESS DP optimization
model
Power data Power splittingrules || Power splitting results
NO
YES

Update of splitting

Power window (t) parameters

Update of statistical
features of power
window

I

Figure 11. Flowchart of the DP load-adaptive rule-based control (adapted from [47]).

tmod 50 =0

A functional relationship between the power-sharing parameters and charging statis-
tics is established (using a rule-based control strategy adaptive to load variation) by ex-
tracting three-segment control rules from the DP results for four distinct types of charging
cycles. The results demonstrate that the suggested strategy is more capable of protecting
the battery and conserving energy under unknown charging conditions than the rule-based
control strategy (the battery discharge in Ah and the total energy loss are reduced by 3.4%
to 15.7% and 3.0% to 15.1%, respectively). It is determined that the suggested strategy
(DP) can achieve near-optimal real-time energy management with low computational costs,
despite the fact that the obtained results are fairly close. However, the authors conclude
that more research is required in this area.

There are methods that use DP algorithms to solve the problem of optimizing energy
management in HESSs, because the rule-based strategy is empirical and cannot guarantee
to obtain the best efficiency optimization solution. According to [52], the HESSs managed
by the DP algorithm strategy can reduce energy consumption by 4.8% (for NEDC driving
cycle conditions) compared to the rule-based strategy. In addition, the HESS managed
by the power sharing strategy derived from the DP approach can reduce consumption
by 17.6% compared to a battery-only electric vehicle. The final conclusion of the study
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demonstrates that the optimized DP strategy provides lower energy consumption and
higher efficiency of the energy storage system compared to the rule-based strategy.

The idea behind using Model Predictive Control (MPC) as optimization-based control
technique is to predict how a system will behave in the future, over a limited period of
time, using a dynamic model of the system (battery, ultracapacitor, and vehicle dynamics).
At each time step, it then solves an optimization problem to identify the best course of
action to control a cost function (such as energy consumption or battery degradation) while
respecting constraints (Figure 12). The procedure is repeated after the first control action
is applied.

Step 1. System modeling
Dynamic model of HESS system is used to predict future
states considering:
- Battery (B) characteristics and behavior
- Ultracapacitor (UC) characteristics and behavior

A 4

Step 2. Prediction horizon
MPC look ahead over a fixed number of
future time steps (next 5, 10, 15 seconds for
e.g.) to simulate how the system will evolve

A 4

Step 3. Optimization
At each time step, MPC solves an optimization problem to
find the best control action (how much energy to draw from
each storage device) that minimize a cost function

J=x [(W1 PB + WQSOCB +W3)k2]

\ 4
Step 4. Apply first control input
The first control input from the optimized
sequence is applied to the system

Y

Step 5. Repeat
At the next time step, the process
repeats with updated HESS system
measurements

Figure 12. Algorithm’s general structure of Model Predictive Control (MPC) (w1, wp, w3 are weights
for different objectives, k is deviation from demand and ] is the prediction horizon).

With current parametric modeling techniques, model predictive control (MPC)-based
power management in electric vehicles with hybrid energy storage systems is susceptible to
model accuracy effects and parameter sensitivity. To overcome these shortcomings, a new
data-driven hierarchical predictive control-based power management system is proposed
in [53], in which the upper layer uses an optimized long-short-term memory (LSTM)
network for driving prediction (allowing cost-effective acquisition of load power demands).
To maximize power distribution between the UC and the battery (while minimizing battery
capacity losses), a data-driven predictive control for HESS is proposed in the lower layer.
In contrast to traditional MPC, data-driven predictive control is based on a non-parametric
model that is constructed solely from HESS input-output data. This model enables flexible
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handling of a range of nonlinearities and uncertainties in different tasks and operating
environments. When compared to predictive control based on nonlinear models, data-
driven predictive control can lower overall operating costs by up to about 23%.

3.2.3. Intelligent Control (AI/ML-Based)

The application of convolutional neural networks, hybrid models combining regres-
sion techniques, ensemble learning, reinforcement learning, genetic algorithms, short-term
memory algorithms, and graph neural networks for a variety of tasks (classification, regres-
sion, optimization, or system management) in the energy sector has grown exponentially in
the last several years [54]. In addition to providing a number of opportunities to enhance
energy, economic, and environmental performance and thereby support sustainability
goals, artificial intelligence is poised to become a crucial component of research in energy
conversion systems and the energy sector as a whole [55]. It will also significantly im-
prove benchmark performance for a variety of energy conversion and storage tasks when
compared to traditional or non-Al methods. By using machine learning and artificial intel-
ligence techniques, these methods for optimizing energy management in HESSs for electric
vehicles can learn the best control strategies from data or adapt to changing conditions,
which define how an electric vehicle operates in real-world scenarios. The most common
approaches, along with the general operating principle, advantages and disadvantages of
intelligent control algorithms are presented in Table 5.

Table 5. General operating principle, advantages and disadvantages of intelligent control algorithms.

Control System

Principle

Advantages

Disadvantages

Fuzzy Logic Control
(FLC):

FLC uses linguistic rules and
fuzzy sets to map input
variables (e.g., power demand,
battery and UC SOC) to
output control actions (e.g.,
power split ratio).

Robust to uncertainties.
Does not require a precise
mathematical model.

Intuitive for rule definition.

Requires expert knowledge
to define rules and
membership functions.
Tuning can be challenging.

Neural Networks
(NNs)

NN can learn complex
nonlinear relationships
between inputs and outputs
from training data.

Can be used to predict optimal
power split or estimate system
states.

Can learn highly complex
relationships.
Adaptive.

Requires large datasets for
training.

“Black box” nature can
make interpretation
difficult.

High computational cost.

Reinforcement Learning
(RL)

An RL agent learns an optimal
policy by interacting with the
environment (e.g., vehicle
powertrain simulation) and
receiving rewards or penalties
for its actions.

The goal is to maximize
cumulative rewards over time.

Can learn optimal
strategies without prior
knowledge of system
dynamics.
Adaptable to changing
environments.

Requires extensive training.
High computational
intensity.
Ensuring stability and
safety during real-world
deployment is challenging.

Strong machine learning models called neural networks (NNs) can capture intricate,

nonlinear relationships between input and output properties. By learning directly from
data, NNs are able to model intricate dependencies that are frequently challenging to
articulate analytically or through traditional control strategies. Using both historical and
real-time data, neural networks provide a scalable and flexible method to enhance the
performance, efficiency, and reliability of complex energy systems. There are several ways
in which NNs can be used to control electric vehicle HESSs (Table 6) [56]:
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e  Predicting optimal energy sharing.

e Estimation of system states: NNs can be trained to estimate internal system states,

such as battery and UC status, energy consumption trends, or thermal conditions,

which are expensive or difficult to measure directly. Predictive maintenance, fault

detection, and system monitoring can be improved through these estimates.

Table 6. Common types of general NN architecture with potential in controlling HESS of electric

vehicles.
. o Use Cases for
Architecture Task Strengths Limitations HESS Control
Limited in
Simple and fast; good handling Battery and UC
Feedforward Static estimation for static input-output sequential or state estimation
Neural Network (FNN) MADD] . Fault detection
ppmegs time-dependent
data
Prone to Driving cycle
Recurrent Complex control Captures te:.m}).oral Vanishing analysis
Neural Network olicies dependencies in gradients Power split
(RNN) P sequential data Less effective for prediction

long sequences

Predictive energy

Long Short-Term Time-series Handles long-term More complex management
Memory . dependencies; robust to and ) Vehicle behavior
(LSTM) prediction vanishing gradients computationally modeling (energy
intensive consumption)
Convolutional Good at extracting local Less suited for
i actng 1 v sequential Sensor array
Neural Network Spatial-temporal data  patterns; efficient with purely seq analysis
(CNN) structured input data unless
adapted
Deep Belief Complex control Effective for Training can be Systf?m health
Net\}zork policies (useful in unsupervised features complex monitoring
scenarios where labeled  learning and Less Cpmmor}ly Anomaly
(DBN) used in real-time detection

data is sparse)

pre-training

applications

In the case of optimal energy sharing prediction, neural networks (NNs) can learn to

predict the most efficient distribution of energy between energy sources by evaluating real-

time input data, including driver driving style, battery and UC charge status, vehicle speed,

and environmental conditions. This makes it possible to implement dynamic, data-driven

energy management plans that adapt to changing operational circumstances.

For more accurate system state estimation, neural networks (NNs) can be trained to

estimate specific internal system states (such as battery and UC status), energy consumption

trends, or thermal conditions, which are expensive and/or difficult to measure directly.

Also, collaterally, other estimates regarding predictive maintenance, fault detection, and

system monitoring can be used to increase the efficiency of energy storage systems.

A reinforcement learning (RL)-based power management (control) strategy for min-

imizing real-time energy losses is proposed to achieve the optimal energy distribution

between the battery and the ultracapacitor (Figure 13), which is a critical issue for the

hybrid energy storage system [57]. The Kullback-Leibler divergence rate is used to deter-

mine when the power management strategy update is initiated, and the power transition

173



Batteries 2025, 11, 395

probability matrices are updated according to the new application duty cycle to further
minimize the energy losses. The suggested control method has been verified under various
circumstances, taking into account influencing factors such as duty cycles, operating states,
temperatures, and SOC values (battery and UC). According to a comparison between rule-
based energy management and RL-based online energy management, the latter approach
can increase the efficiency of energy management (the relative reduction in total power
losses can reach 16.8%).

St S

RL based
controller

| et

Figure 13. Structure of RL-based power management (control) strategy (a-action variable, r-reward
function, s-state variables, t-time, B-battery, UC-ultracapacitor) (adapted from [57]).

Because of its instantaneous optimization and computational simplicity, the indi-
rect optimal control method of EV energy management (EMS) based on the Pontryagin
minimum principle (PMP) draws attention in this direction. In order to reduce battery
degradation in a hybrid HESS EV (Figure 14), the online hybrid EMS solution is examined
in [58] by integrating PMP and deep reinforcement learning (RL). By keeping the UC state
of charge within the desired range and minimizing the battery current for various driving
profiles, the experimental results demonstrate the efficacy of deep reinforcement learning
for optimal cost estimation to satisfy the UC load sustainability. Comparing this EMS
control method to the standard EMS performance, a notable improvement of 900 charging
cycles is obtained.

Drive cycle Intelligent Controller EV Powertrain
Reward
<
States
<
A
B NSEET
Panew= f(Ps, SOCuc, A) R« -
=1 P
High level Control Low level Control

Figure 14. Energy source management framework for hybrid HESS EV based on the Pontryagin
minimum principle (PMP) (adapted from [58]).

174



Batteries 2025, 11, 395

The application of DL in HESS management can be applied to manage the hybrid
energy system of electric vehicles (battery, ultracapacitor, motor) by controlling the energy
flow between the energy storage and different consumption modules [59]. The vehicle
speed, the desired speed, the electric motor power, SOC of the battery and the ultracapacitor,
the terrain topology and the outdoor temperature are the inputs used by the proposed
Artificial Neural Network (ANN). The neural network construction contains two hidden
layers (each layer having fifty nodes), having the hyperbolic tangent as the activation
function and the identity function at the output connections (Figure 15). The input/output
power flow of the battery and UC are the outputs of the neural network. The neural network
was validated using 20 distinct datasets (16 for training and 4 for testing). According to the
results of the neural network training, the system can achieve a 2.68% increase in the travel
efficiency for the UDDS driving cycle, which is represented by the autonomy of the electric
vehicle (due to the optimization of energy consumption).

Ambient

Topography temperature

EV speed

Power
demand

Driver requested speed Battery's power flow

Battery
SOC

UC power flow

uc
SOC

Input Hidden Output
layer layers layer

Figure 15. Structure of NN for HESS control (adapted from [59]).

As an advanced energy management strategy between the battery and the energy
storage system of an electric vehicle HESS, the DNN control method combined with the
SS-IFS technique is used to maximize the benefits of both the battery and the UC storage
components while also ensuring the safety and stability of the battery packs (Figure 16) [59].
By recovering energy during deceleration stages and extending battery life through ad-
vanced HESS control—a control that guarantees the HESS operates at high efficiency by
solving a multi-objective optimization problem—this superior energy management aims
to increase vehicle autonomy. A Deep Neural Network (DNN) is constructed using the
results of the initial PID controller. The meta-heuristic algorithm SS-IFS is further utilized
to generate the best control signals for the HESS. In comparison to the conventional control
schemes that use the WOA, PSO, SOA, and SSA algorithms, the adopted SS-IFS model is
74.96%, 79.9%, 40.39%, and 70% better in the rise time analysis. The research also yielded
stabilization times that were 74.71%, 79.61%, 39.61%, and 69.72% faster than the current
WOA, PSO, SOA, and SSA methods. Furthermore, the suggested DNN + SS-IFS model’s
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computation time is 7390.3 s, compared to 5262.6 s for the conventional WOA, 6259 s for
the PSO, 4381 s for the SOA, and 7390.3 s for the SSA.

Energy Management
System
(Deep NN + SS-IFS
control algorithms)

Figure 16. Structure of DNN + SS-IFS control strategy for HESS EV (adapted from [59]).

3.3. Application of Algorithms Depending on the Architectures of Hybrid Energy Storage Systems

The choice of the type/topology of the HESS architecture (passive, semi-active, active
or fully active-see Figures 1-4) directly influences the complexity, response speed and
flexibility of the control strategies that can be used. Active and fully active architecture,
which allows bidirectional energy flow and independent control of each energy storage
component (e.g., batteries and UC), offers the greatest flexibility for implementing advanced
control algorithms. These architectures allow for dynamic energy management, real-time
optimization and predictive control, which are essential for applications that require high
performance, efficiency and adaptability (Table 6).

It should be emphasized that the effectiveness of the control algorithms depends
largely on how the ultracapacitor is physically integrated with the battery and the rest
of the powertrain and on the choice of specific control strategies for the HESS. Specific
command and control strategies for optimizing the energy efficiency of storage systems are
often combined to form a comprehensive control system.

In the case of ultracapacitor SOC management, multiple approaches include:

e Fenestration: aimed at maintaining UC’s SOC within a defined operational window
(e.g., 50-90%) to ensure availability for both charging (regenerative braking) and
discharging (acceleration).

e  Charge/discharge prioritization: during regenerative braking, UC charging is priori-
tized, and during acceleration, UC discharging is prioritized.

e  UC recharging: if the UC’s SOC drops too low, the battery can provide a small charge
to bring the UC back within the defined operational window.

In the case of managing the current/power limitation delivered to the propulsion
system, multiple approaches aim to ensure that the current consumption from or supplied to
the battery and ultracapacitor remains within their safe operating limits (to prevent possible
fires, component damage, and to extend the lifetime of both the components and the storage
system as a whole). Furthermore, to this end, control algorithms can incorporate thermal
models to predict and mitigate thermal stress on both the batteries and the ultracapacitor,
possibly by adjusting power sharing strategies depending on temperature.
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In addition to the HESS topologies that can equip the transmission of an electric
vehicle, the specific operating conditions of the electric vehicle must also be taken into
account in the research carried out. There are few works that show comparatively the
results of applying various driving cycles knowing that there are dynamic differences
that can directly influence the way the power (charge) is distributed between the HESS
elements (battery and UC). Table 7 presents the HESS adaptations according to dynamic
characteristics of two different driving cycles (UDDS and WLTC).

Table 7. Comparative insights of HESS adaptation for different driven cycles [38,41,42,44-47,52].

P ¢ HESS Adaptation
arameter UDDS Cycle WLTC Cycle
I Lower peak current Higher peak current (allows
Bmax (favors battery protection) more battery load)
yPpP y
SOCUC 30% to 90% 10% to 70%
Range/Window (favors UC usage) (enables early UC dispatch)
UC Dispatch More conservative, full More aggressive, dispatch
Behavior dispatch only at high SOC starts at low SOC
. Urban traffic conditions, Mixed urban/highway traffic
Drive Cycle o .
. stop-and-go, moderate conditions, dynamic
Characteristics . :
acceleration acceleration
Battery Stress Lower Moderate to High
UC Buffering .
Effectiveness High Moderate
SOC Stability High Moderate
Thermal Load Low High

The main conclusion from Table 6 is that HESS adaptation for UDDS cycle prioritizes
battery longevity and UC buffering during frequent stops and starts, while HESS adaptation
for WLTC cycle supports higher power demands and faster UC response, suitable for
dynamic driving conditions.

Considering the cost of a HESS, the issue of the overall lifetime of the HESS must
also be addressed. This can be achieved through an intelligent degradation control system.
Advanced control algorithms (Al-based) can incorporate battery and UCs degradation
models to make decisions that not only optimize efficiency but also extend the overall
lifetime of the HESS (e.g., by dynamically adjusting power division based on estimated
degradation rates).

4, Future Trends and Research Directions

The integration of ultracapacitors into electric vehicle powertrains represents an inno-
vative solution for improving energy performance and component durability. Due to their
high-power density and exceptionally fast response to changing energy demands, ultra-
capacitors are perfect for controlling peak loads and for efficient energy recovery during
regenerative braking. Therefore, it is necessary to continue research and development of
control algorithms for electric vehicle powertrains with UC, especially in promising areas
connected to predictive control algorithms, adaptive hybrid control, artificial intelligence-
based methods, and integrated thermal and energy management (considering operational
conditions of electric vehicles and related KPIs—Table 8).
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Table 8. Application of control algorithms depending on the HESS's architecture.

HESS . Operational Control
Architecture Characteristics Conditions Algorithms KPls
Rule-based
) control-simple logic
Battery and ultracapaqtor Very limited direct control based on thresholds (if
are directly connected in over power split. Power is battery voltage (SOC) Low cost
parallel shared based on internal <X (%), reduce load). i
Passive Parallel No power electronics; No active Low efficiency

Active Parallel
(Semi-Active)

Full Active

Multi-Input
Converter

energy flow is dictated by
natural voltage/current
characteristics.

The ultracapacitor is
connected to the DC bus
via a bi-directional
DC/DC converter, while
the battery is directly
connected.

One storage device
(usually an ultracapacitor)
is actively controlled and
the other storage device is
passive.

Both the battery and
ultracapacitor are
connected to the DC bus
via separate bi-directional
DC/DC converters.

Both storage devices are
actively controlled via
power converters.

A single converter
integrates multiple energy
sources.

Independent bidirectional
control of each device; full
flexibility.

resistances and voltage
differences. Simplest, but
least effective.

The DC/DC converter
regulates the power flow
to/from the ultracapacitor.
Common and effective
architecture, offering good
control over UC
contribution.

Offers the highest degree
of control over both
energy sources, allowing
independent optimization.
Most complex and costly
but provides maximum
flexibility and efficiency.

Requires complex control
of the multi-input
converter to manage
power flow from both
sources simultaneously.

control-system relies
on passive balancing
and limited
algorithmic
intervention.

State-of-Charge (SOC)
management-controls
supercapacitor
charging /discharging
based on battery SOC.
Fuzzy logic
control-handles
uncertainty in load
demand and energy
flow between devices.

Model Predictive
Control
(MPC)-predicts future
states and optimizes
control actions over a
time horizon.
Dynamic
Programming
(DP)-optimizes energy
flow based on cost
functions (e.g.,
minimizing battery
degradation).

Neural Network-based
control (NN)-learns
optimal energy
management strategies
from data.

Real-time
optimization-
continuously adjusts
energy flow based on
system state and
external conditions.
Reinforcement
Learning (RL)-learns
optimal policies
through interaction
with the environment.
Multi-objective
control-balances
trade-offs between
efficiency, lifespan,
and performance (e.g.,
Pareto optimization).

Limited control

Moderate battery life
Good transient
handling

Moderate control

High efficiency
Extended battery life
Advanced control

Predictive control
Long battery life
Maximum
performance

First of all, robust and adaptive MPC algorithms that are less susceptible to computa-

tional burden and model errors need to be developed. These algorithms should also be

able to incorporate real-time parameter estimation. The development of reinforcement

learning algorithms for real-time control of energy management systems helps to over-

come current limitations related to training stability and computational intensity/load.

In addition, this approach can include transfer learning and combining RL models with
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classical control. Command and control algorithms can also be integrated into prognostic
and health management (PHM) systems. Predicting the remaining useful life of batteries
and single control units (UC) is a benefit of integrating PHM capabilities into the control
system. In addition, control strategies can be chosen or modified based on this information
to increase the overall system lifetime.

In the context of contemporary technological development directions, it is also neces-
sary to use cloud computing and big data analytics to collect vast amounts of data about
the vehicle and its operating mode (driving style), optimize offline control strategies, and
then implement updated /modified algorithms. An immediate illustration of this is the
proactive optimization of energy management by using predictive data from navigation
and ADAS (such as impending hills, traffic, weather, etc.).

With the development and widespread application of V2X (Vehicle to Everything)
technologies, challenges arise related to control strategies, strategies that will need to
incorporate the bidirectional power flow capabilities of the UC and batteries for network
services, requiring more sophisticated energy management.

Last but not least, one of the challenges and/or trends will be the increasing efforts to
standardize communication protocols and control interfaces for HESS components.

5. Conclusions

The main challenges to achieve increased efficiency, reliability, flexibility and prof-
itability of HESS are given by: the compatibility of different types of HESS with the desired
application and the compatibility of the components, the optimization of the storage ca-
pacity configuration, efficient control strategies, compatible integration into the network
architecture, the development of materials with high energy storage performance, the
differentiated assessment of the aging mechanisms of the components, the environmental
impact and recycling methods [57].

To ensure stable and effective operation, advanced control strategies are necessary
for managing the charge-discharge cycles of the various storage components in a hybrid
system, forecasting energy demands, and balancing loads. The accuracy and applicability of
current control methods are limited by a variety of factors, including model simplifications
and parameter tuning, implementation challenges brought on by intricate algorithms and
multi-agent coordination, limitations in real-time optimization and dynamic response, and
computational cost. A hybrid HESS’s control method selection must be in line with all of the
aforementioned specifications, weighing the method’s efficacy against both implementation
and operating expenses (Figure 17).

The integration of ultracapacitors into electric vehicle powertrains offers significant
promise for improving performance, improving efficiency, and extending the lifespan of
battery systems. However, realizing these benefits critically depends on the implementation
of sophisticated control algorithms. From fundamental rule-based systems to advanced
predictive and intelligent control strategies, the evolution of these algorithms is driven by
the need to efficiently manage energy flow, optimize energy utilization, and ensure the
long-term reliability of hybrid energy storage systems. As electric vehicles continue to
evolve, the development of more intelligent, adaptive, and robust control algorithms will
be essential to unlock the full potential of ultracapacitor technology in electric mobility.

It should be noted that the analysis of research conducted on the algorithmic control of
HESSs shows that misinterpretations of the results may occur, due to the characteristics of
the driving cycles used by the researchers (UDDS, NEDC, WLTC, Japan 1015, NYCC, etc.).
The reproducibility of the results for different operating conditions is distorted /influenced
by the fact that these driving cycles have different acceleration dynamics and the number of
start-stops (for example) with direct influence on the dynamics of power sharing between
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the battery and the UC. For this reason, in future, it is necessary that any research conducted
on the subject of this article be validated experimentally, in real traffic conditions and real
operating and environmental parameters.
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Figure 17. Suitability score for using different control techniques for HESS depending on computa-

tional resource (0-not suitable, 1-limited, 2-good, 3-optimal).
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternative Current

ADAS Advanced Driver Assistance Systems
ADFBEMS  Adaptive Digital Filter

Al Artificial Intelligence

ANN Artificial Neural Network

B Battery

CAPEX Capital Expenditure
China City ~ Chinese Urban Driving Cycle

CNN Convolutional Neural Network
DBN Deep Belief Network

DC Direct Current

Dpr Dynamic Programming

DNN Deep Neural Network

ECMS Equivalent Consumption Minimization Strategy
EMS Energy Management System
ESR Equivalent Series Resistance
EV Electric Vehicle

GA Genetic Algorithm

GCN Graph Convolutional Network
GPU Graphics Processing Unit
HESS Hybrid Energy Storage System

180



Batteries 2025, 11, 395

Japan1015  Japanese Driving Cycle

LPF Low-Pass Filter
LSTM Long-Short-Term Memory
MAF Moving Average Filter
MCU Microcontroller Unit
MPC Model Predictive Control
NEDC New European Driving Cycle
NN Neural Network
NYCC New York City Cycle
OPEX Operational Expenditure
PID Proportional-Integral-Derivative
PHM Prognostic and Health Management System
PMP Pontryagin Minimum Principle
PMSM Permanent Magnet Synchronous Motor
PSO Particle Swarm Optimization
RBC Rule-Based Control
RL Reinforcement Learning
SBC Single Board Computer
SDFFT Sliding Discrete Fast Fourier Transformation
SOA Seagull Optimization Algorithm
SOC State of Charge
SSA Squirrel Search Algorithm
SS-IFS Squirrel Search with Improved Food Storage Algorithm
ucC Ultracapacitor
UDDS Urban Dynamometer Driving Schedule
V2X Vehicle to Everything
WLTC Worldwide Harmonized Light Vehicle Test Cycle
WOA Whale Optimization Algorithm
WT Wavelet Transformation
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Abstract

This study explores the fabrication and electrochemical performance of flexible NiCoyOy4-
based pseudo-capacitor electrodes, inkjet-printed onto flexible Kapton substrates. To
circumvent the insulating nature of Kapton, a thin Au interlayer (20 nm) was introduced,
significantly enhancing electrical conductivity. The effect of NiCo,O4 mass loading, ranging
from 0.1 to 0.5 mg cm 2, was investigated. Optimal performance was achieved at a loading
of 0.3 mg cm~2 on Au/Kapton substrates, yielding a specific capacitance of 520 F g~!
at 3.3 A g~! and 90% capacitance retention after 1000 charge-discharge cycles. These
results confirm that inkjet-printed NiCo,Oy electrodes, when combined with a conductive
interlayer, exhibit excellent pseudo-capacitive behavior on flexible, non-conductive sub-
strates. This approach demonstrates the feasibility of scalable, low-temperature fabrication
techniques for high-performance flexible energy storage devices, suitable for emerging
wearable technologies.

Keywords: flexible supercapacitors; NiCop Oy electrodes; inkjet printing; Kapton substrate;
wearable energy storage devices

1. Introduction

The rapid advancement of portable and wearable electronics has created an urgent
demand for flexible energy storage systems capable of delivering high power density, fast
charge—discharge rates, and long cycle life. Among the various energy storage technologies,
supercapacitors have garnered significant attention due to their ability to meet these
requirements either through electrostatic charge storage mechanisms or fast redox reactions
in thin films, which entail faster kinetics compared to faradaic processes in batteries [1-3].
Despite their superior power density and cycling stability, supercapacitors typically suffer
from lower energy density, which restricts their applicability in scenarios requiring both
high energy and power output [4-6].

To address this limitation, recent research has focused on the development of advanced
electrode materials that can enhance the energy density of supercapacitors without com-
promising their inherent advantages. Transition metal oxides, particularly nickel cobaltite
(NiCo0704), have emerged as promising candidates due to their high theoretical capacitance,
excellent electrical conductivity, and robust electrochemical stability [7-10]. NiC0,0O4, a
mixed-valence oxide of nickel and cobalt, exhibits pseudo-capacitive behavior, enabling fast
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and reversible redox reactions that contribute to higher energy storage capacity compared
to conventional electric double-layer capacitors (EDLCs) [11-13].

The spinel structure of NiCo,O4 provides a large number of electrochemically ac-
tive sites, which enhances specific capacitance. Furthermore, the synergistic interaction
between nickel and cobalt ions improves electrical conductivity and structural integrity,
which are critical for maintaining performance over prolonged cycling [14-17]. However,
the electrochemical performance of NiCo,0y electrodes is highly dependent on factors
such as morphology, surface area, and the nature of the substrate. Optimizing these pa-
rameters is essential for realizing the full potential of NiCo,0y in flexible supercapacitor
applications [18-21].

Flexible substrates play a pivotal role in the integration of supercapacitors into wear-
able and portable electronics, where mechanical durability and conformability are essential.
Traditional substrates such as carbon cloth and nickel foam offer high conductivity and sur-
face area but often lack the mechanical flexibility required for dynamic applications [22-24].
Kapton, a polyimide film, has emerged as a promising alternative due to its exceptional
thermal stability, mechanical flexibility, and chemical resistance [25-27]. When coated with
a conductive layer such as gold (Au), Kapton provides a stable and conductive platform for
the deposition of active electrode materials like NiCo,O4, thereby enabling the fabrication
of flexible supercapacitors with enhanced performance and durability [28-30]. The selec-
tion of Au as an interlayer was based on its excellent chemical inertness, high electrical
conductivity, and strong adhesion to Kapton. Unlike Ag, which is prone to oxidation and
migration, or carbon paints, which may suffer from poor film uniformity, Au provides
a stable and conductive platform for inkjet printing. Although PET/ITO is a common
alternative, its brittleness and limited thermal tolerance make it less suitable for flexible
and thermally processed devices.

The fabrication of flexible supercapacitors necessitates precise and scalable deposition
techniques that are compatible with advanced materials and substrates. Inkjet printing
has gained prominence as a versatile and cost-effective method for fabricating superca-
pacitor electrodes, offering precise control over material deposition and patterning at
the microscale [31-34]. This technique allows for the modulation of electrode thickness
and morphology, which are critical parameters influencing electrochemical performance.
Moreover, inkjet printing operates at relatively low temperatures, preserving the integrity
of flexible substrates such as Kapton [35-37]. Compared to conventional methods like
electrodeposition, sputtering, and chemical vapor deposition, inkjet printing offers reduced
material waste, design flexibility, and scalability for industrial production [38—40].

One of the key factors influencing the performance of NiCo,Oy electrodes is the thick-
ness of the catalyst layer. Electrode thickness directly affects specific capacitance, energy
density, and mechanical flexibility. Recent studies have demonstrated that optimizing the
number of printed layers can significantly improve electrochemical performance [1,8,36].

The main aim of this work is to report the proof-of-concept for an inkjet printing
fabrication technique for flexible supercapacitor electrodes. Toward this end, NiCo,Oy4
was used as a typical electrocatalyst material and Kapton as a typical flexible support.
When compared to other flexible substrates such as carbon cloth and nickel foam, a Kap-
ton support offers a distinct advantage in terms of mechanical flexibility and structural
integrity. Although carbon cloth and nickel foam coated with NiCo,Oy4 typically yield
high capacitance values (750-1200 F g~1), their limited flexibility constrains their use in
wearable applications [41-44]. In this work, we investigate whether other supports that
can be used with inkjet printing techniques, such as the model Au/Kapton system, can
result in electrodes with a balanced electrochemical performance and superior mechanical
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resilience, opening up new avenues for the design of high-performance, flexible energy
storage devices tailored for portable and wearable electronics.

2. Materials and Methods
2.1. Materials

Nickel(Il) acetate tetrahydrate ((CH3COO),;Ni.4H;0), cobalt(Il) acetate tetrahydrate
((CH3C0O0),Co4H,0), oxalic acid (HO,CCO,H.H,0), propylene glycol (C3HgO,), and
Triton X-100 (C14H2»O(C,H40)n) were purchased from Merck (Darmstadt, Germany) and
used directly without purification. Distilled water was applied in all synthesis and ink
preparation steps. Printing was carried out on Kapton substrates coated with a conductive
gold layer (surface resistivity: 10 ()/sq).

2.2. Synthesis of NiCo,Oy4 Nanoparticles

NiCo,04 (NCO) nanoparticles were prepared via a hydrothermal process were used
as the active material for inkjet printing. A solution containing 5 mmol nickel acetate,
10 mmol cobalt acetate, and 10 mmol oxalic acid in 30 mL distilled water was magnetically
stirred for 30 min to form a uniform white suspension. The mixture was sealed in an
autoclave and heated at 90 °C for 12 h. The product was centrifuged at 4000 rpm for 20 min,
washed twice with ethanol, and dried at 80 °C for 4 h in a vacuum oven. Finally, the
obtained powder was annealed in air at 350 °C for 2 h with a heating rate of 5 °C min !,

yielding black NiCo,O4 nanoparticles.

2.3. Ink Formulation

The NCO powder was ground by ball milling. In detail, 3 g of NCO was dispersed
in 25 mL of distilled water and milled in a zirconia container containing 100 g of 0.5 mm
zirconia balls. The milling—centrifugation cycle (700 rpm, 30 min) was repeated four times
to obtain a stable black nanoparticle-rich dispersion. This dispersion was subsequently
mixed with propylene glycol at a 7:3 volume ratio and supplemented with Triton X-100
(0.5 mg mL 1) to improve nanoparticle stability. To avoid clogging of the inkjet nozzles, the
final ink was passed through a 0.45 pm nylon syringe filter to remove large agglomerates.

2.4. Conductive Substrate Preparation and Inkjet Printing Procedure

Kapton films (85 um thick) were cut into 2 x 1 cm? pieces and cleaned sequentially
with acetone, isopropanol, and deionized water, followed by drying under a nitrogen
stream. A 20 nm thick gold layer was deposited onto the Kapton surface using a metal
sputter coater ensuring optimal conductivity and adhesion. The Au layer was sputter-
deposited on the Kapton substrate at ambient temperature. Although no thermal analysis
was performed in this study, Kapton’s thermal stability is well documented in the literature,
with decomposition temperatures typically above 500 °C [45].

Inkjet printing was performed using a Dimatix DMP-2850 drop-on-demand printer
(Fujifilm Dimatix, Santa Clara, CA, USA), equipped with a 10 pL piezoelectric cartridge
(DMC-11610, Fujifilm Dimatix, Santa Clara, CA, USA) and a 3 mL ink reservoir. Printing
was conducted under ambient conditions, with the cartridge temperature maintained
between 25 and 35 °C and a drop spacing of 40 um. Following deposition, the printed
films were annealed in air at 350 °C for 2 h using a controlled heating rate of 5 °C min~! to
promote crystallinity and film cohesion.

2.5. Multilayer Electrode Assembly and Thermal Consolidation

To systematically evaluate the impact of film thickness on electrochemical performance,
a series of NiCo,Oy electrodes was fabricated via inkjet printing with 2, 6, and 10 sequential
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layers. These configurations corresponded to active material loadings of approximately 0.1,
0.3, and 0.5 mg cm 2, respectively. Following the initial high-temperature annealing step at
350 °C, all printed electrodes were subjected to a secondary thermal treatment at 150 °C for
30 min. This post-deposition annealing was implemented to enhance interparticle cohesion
and promote strong interfacial adhesion between the NiCo0,0y film and the underlying
Kapton substrate.

The dual-phase thermal protocol—comprising crystallization-driven annealing and
low-temperature consolidation—was critical for achieving mechanically stable and elec-
trochemically responsive electrode architectures. Previous studies have demonstrated
that annealing temperatures significantly influence the crystallinity, morphology, and
electrochemical behavior of NiCo,Oy4-based electrodes [46,47]. Moreover, variations in
electrode thickness and mass loading have been shown to affect specific capacitance and
energy density, underscoring the importance of structural optimization in supercapacitor
design [48]. This approach ensured optimal film integrity, minimized interfacial resistance,
and facilitated efficient charge transport across the printed layers.

2.6. Characterization Techniques

The crystalline structure of the NCO nanoparticles was examined by X-ray diffraction
(XRD) using a Rigaku D/MAX-2000H (Rigaku Corporation, Tokyo, Japan) diffractometer
with CuK« radiation (A = 1.54 A) and a graphite monochromator. Phase identification
and structural analysis were performed with X-Pert Highscore Plus software, version 4.9,
PANalytical B.V., Almelo, The Netherlands. The surface morphology was investigated
by scanning electron microscopy (SEM) on a JEOL JSM-7000F (JEOL Ltd., Tokyo, Japan)
operated at 20 kV. Particle size distribution was determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). Atomic force
microscopy (AFM) was employed to study the surface topography and film thickness of
the electrodes, using a Solver Pro system (NT-MDT, Moscow, Russia).

2.7. Electrochemical Characterization

The electrochemical performance of the inkjet-printed NiCo,Oj thin film electrodes
was evaluated using Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge (GCD), and
Electrochemical Impedance Spectroscopy (EIS). All measurements were conducted using a
PGSTAT302N electrochemical workstation (Autolab, Metrohm, Herisau, Switzerland) with
freshly prepared aqueous 0.1 M KOH as the electrolyte.

CV measurements were performed at potential sweep rates ranging from 5 to
20 mV s~ . EIS analyses were conducted over a frequency range of 10° to 0.1 Hz with an
AC amplitude of 10 mV. GCD experiments were carried out via chronopotentiometry at
constant current densities between 1.0 and 6.0 mA cm 2, with voltage cut-off values defined
by the electrochemical window determined from CV profiles. Long-term cycling stability

2 over 1000 consecutive

was assessed at a current density of approximately 0.5 mA cm™
charge—discharge cycles.

All electrochemical tests employed a conventional three-electrode configuration, con-
sisting of a platinum wire as the counter electrode, a Saturated Calomel Electrode (SCE) as
the reference, and NiCo,O4/ Au/Kapton working electrodes fabricated with 2, 6, and 10
printed layers, corresponding to active material loadings of approximately 0.1, 0.3, and 0.5
mg cm 2, respectively. The active electrode area exposed to the electrolyte was 0.7 cm?.
To minimize iR drop effects, a Luggin capillary was positioned 1 mm from the surface
of the working electrode, in accordance with established protocols for reducing solution
resistance errors [49].

187



Batteries 2025, 11, 434

Finally, to assess the mechanical flexibility and electrochemical resilience of the printed
electrodes, CV measurements were performed after mechanically bending the electrode to
a 90° angle. Comparative voltammograms recorded before and after bending were used to
evaluate any degradation in capacitive behavior or redox activity. This test was designed
to simulate mechanical strain conditions relevant to flexible and wearable energy storage
devices [50,51].

3. Results
3.1. Structural and Morphological Characterization of Inkjet-Printed NiCoyOy4 Electrodes

The crystalline structure of the inkjet-printed NiCo,04 electrode was examined using
X-ray Diffraction (XRD), as shown in Figure 1. The diffraction pattern displays prominent
peaks indexed to the (111), (220), (311), (222), (400), (331), (420), (422), (511), and (440)
planes, consistent with the spinel phase of NiCo,O4 (JCPDS card No. 40-0276) [1,2].
The sharp and well-defined reflections indicate high crystallinity, with the (311) peak
being the most intense, suggesting preferential orientation and phase purity. The absence
of secondary phases confirms the successful synthesis of NiCo,O,4 with no detectable
impurities, validating the integrity of the inkjet printing process for crystalline oxide
deposition [3]. These structural characteristics are essential for achieving efficient pseudo-
capacitive behavior, as they provide a stable framework for fast and reversible redox
reactions [4]. TEM images of similarly prepared NCO nano-particles used in our previous
work in semi-transparent supercapacitor electrodes revealed 5-9 nm diameter nanoparticles,
aggregated in 100-300 nm clusters (see Figure 4 in [1]).
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Figure 1. XRD pattern of inkjet-printed NiCo,O4 showing characteristic spinel peaks.

Figure 2a below shows the top-view photographic image of a NiCo,O4/Au/Kapton
electrode prepared by inkjet printing while Figure 2b depicts bending of the flexible electrode.
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(a) t

2 cm

Figure 2. (a) Top view of inkjet-printed NiCo,O4/Au/Kapton electrode and (b) demonstration of its
mechanical flexibility.

Surface morphology of the electrodes was investigated using Scanning Electron Mi-
croscopy (SEM), presented in Figure 3. The micrographs (Figure 3a,b) reveal a rough,
granular texture composed of interconnected nanoscale particles, forming a porous net-
work across the Au/Kapton substrate. Figure 3b shows a high-magnification SEM image
of the NiCo,0y film, revealing its nanoparticulate structure which is beneficial for ion
transport and electrochemical activity. Figure 3c presents the associated particle size analy-
sis, confirming that the particle size in the film (average diameter 60 nm) remains almost
the same as in the ball-milled powder. The NCO particles exhibit irregular shapes and a
porous morphology, with average diameters ranging from 200 to 800 nm. In some regions,
agglomerates reach sizes of 1-2 um, indicating localized clustering. Following mechanical
grinding, the NCO nanoparticles achieve a more uniform size distribution, with diameters
reduced to below 200 nm. The average particle size decreases from approximately 450 nm
to 60 nm, representing a mean reduction of about 385 nm as shown in Figure 3b (high
resolution SEM) and 3c (histogram of particle size analysis), in excellent agreement with
similar films prepared on glass substrates and presented in [1]. The average particle size
decreases from approximately 450 nm to 65 nm, representing a mean reduction of about
385 nm. This refinement enhances surface homogeneity and increases the electrochemically
active area, which is beneficial for ion transport and redox activity [8,27,30]. The uniform
distribution of particles and absence of cracks or delamination indicate strong adhesion
and consistent film formation, both critical for mechanical stability in flexible devices [9,26].
The observed surface features are characteristic of pseudo-capacitive materials and support
efficient electrochemical performance [10,28].

Atomic Force Microscopy (AFM) was employed to assess the topography of the printed
NiCo,04 layer, as shown in Figure 4. The 2D surface profile reveals nanoscale roughness
with height variations ranging from 0 to approximately 300 nm. The presence of elevated
regions and valleys suggests a textured surface that enhances electrolyte contact and charge
storage capacity [30]. The AFM micrograph also reveals a homogeneous and compact
film with pronounced nanoroughness, indicating uniform deposition and strong surface
cohesion. This topographical complexity complements the SEM findings and confirms
the formation of a uniform, high-surface-area film. Together, the XRD, SEM, and AFM
analyses demonstrate that inkjet-printed NiCo,O4 on Au/Kapton exhibits the structural
and morphological characteristics necessary for high-performance flexible supercapacitor
electrodes [8].
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Figure 3. SEM images of NiCo,Oy films on Au/Kapton substrates, (a) Prepared from NCO particles as
synthesized (white scale bar of 2 um) and (b) after ball-milling (white scale bar of 200 nm); (c) Particle
size analysis of the NCO film depicted in (b).
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Figure 4. AFM topography of the printed NiCo, Oy layer showing nanoscale surface roughness.

3.2. Electrochemical Performance

Cyclic voltammetry (CV) was employed to evaluate the capacitive behavior of the
inkjet-printed NiCo,0Oj electrodes on Au/Kapton substrates as a function of the number of
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printed catalyst layers. Figure 5 presents the CV responses of the electrode composed of two,
six and ten printed layers (corresponding to 0.1, 0.3 and 0.5 mg cm 2 loadings), recorded
at scan rates of 5, 10, and 20 mV s~! within the potential window of 0-0.55 V vs. SCE.
The voltammograms exhibit quasi-rectangular shapes with distinguishable redox peaks,
indicating the coexistence of electric double-layer capacitive and pseudocapacitive behavior.
This hybrid charge storage arises from additional reversible faradaic reactions of Ni** /Ni%*
and Co?*/Co®** redox couples. Specifically, the nickel-based redox process follows:

NiO + OH™ = NiOOH + e~ 1)
For cobalt, the redox activity proceeds through a two-step mechanism:
C0,03 + H,O = 2CoOOH (2)

2CoOCH +20H™ = 2C00; + 2H,0 + 2e~ 3)

Alternatively, the overall cobalt reaction can be expressed as:
C0203 +20H™ = 2C00; + HO + 2e™ 4)

These reactions contribute to the broad and overlapping redox peaks observed in the
voltammograms, confirming the pseudo-capacitive nature of the inkjet-printed NiCo,O4
electrodes. As the scan rate increases, both anodic and cathodic peak currents increase
correspondingly, without significant deformation of the CV shape, suggesting fast surface
redox kinetics. The improved current response of 6- and 10-layer electrodes compared to
the 2-layer electrode (Figure 5¢) confirms the enhancement in electroactive surface area
with increasing film thickness. However, the similarity of the current density for the 6-
and 10-layer electrodes (Figure 5a,b), indicates that beyond a certain thickness there is a
decrease in porosity, limiting the use of the material in the interior of the thick film.

These results suggest that the electrode with six layers (Figure 5b) achieves a balance
between sufficient mass loading for effective charge storage and favorable ion diffusion
pathways, making it a promising candidate for flexible supercapacitor applications where
both performance and mechanical integrity are critical.

EIS measurements (Figure 6a) and subsequent analysis (Figure 6b) were carried out at
the open circuit potential of the optimum 6 L electrode (+0.50 V vs. SCE). The recorded
arc is associated with a charge transfer resistance (Rt) that may be attributed to Co and
Ni redox transformations (change in oxidation state) under kinetic control, followed by
a linear tail at low frequencies, indicative of a diffusion-controlled processes (Warburg
impedance), most likely corresponding to OH™ diffusing through the pores (reactions
corresponding to the chemical Equations (1), (3) and (4)).

Fitting an appropriate electrical circuit to the data [Ru(Rp,CPEp)([RctW]CPEg;)] ac-
counts for the above-mentioned faradaic and diffusion processes second RC circuit in
series; ([RetW]CPEy)), as well as for ionic migration inside a porous electrode (first RC
circuit in series; Ry (RpCPEp) in agreement with others appearing in the literature [41,42].
In this notation Rp is the ionic pore resistance, R.; the faradaic reaction charge transfer
resistance, CPE, and CPEgy; the corresponding constant phase elements associated with
inhomogeneities and double layer capacitance of the electrode pores and surface and Ry,
the uncompensated solution resistance up to the outer surface of the electrode.
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Figure 5. Cyclic voltammetry (CV) curves of NiCo,Oy electrodes recorded in 1 M KOH within the
potential window of 0-0.55 V vs. SCE. (a) for 10-layer electrode, (b) for 6-layer electrode and (c) for
2-layer electrode.
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Figure 6. (a) Nyquist plots of NiCo,Oy4 electrodes with 6 printed layers measured in 0.1 M KOH at
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+0.55 V and (b) corresponding fitted electrical circuit.

The values obtained (Table 1) are comparable to those reported for NiCo,O4 electrodes
inkjet printed on glass substrates [1], indicating that the Kapton/Au does not compro-
mise electrochemical performance. The values of Ry estimated for all electrodes studied
here have been used to correct the potential drop during the discharge part of the GCD

presented below.

Table 1. Component values of the electrical circuit corresponding to the equivalent model illustrated

50

in Figure 6.
6L
Ry/Q cm? 15
Qp/Q s em™2 0.0019
nl 0.53
RP/Q cm? 33
Qq/Q~1s™ em—2 0.094
n2 0.95
Ret/Q cm? 5.6
W/Q 52 em? 0.00060
X2 0.004

193



Batteries 2025, 11, 434

Figure 7a presents the galvanostatic charge—discharge (GCD) profiles of inkjet-printed
NiCo,04 electrodes comprising 2, 6, and 10 printed layers, recorded at a current den-
sity of 1.5 mA cm 2 in 0.1 M KOH aqueous electrolyte. The voltage-time curves exhibit
quasi-linear and symmetric characteristics, with slight deviations from a triangular shape
attributed to pseudo-capacitive contributions arising from the reversible faradaic redox
reactions involving Ni?*/Ni3* and Co?*/Co%" couples. The hybrid charge storage be-
havior of NiCo,Oy4 electrodes arises from reversible faradaic reactions involving both
nickel and cobalt redox couples. During charging/positive-going potential sweep, Ni?*
ions are oxidized to Ni** and Co?* ions to Co®*, while the reverse reaction occurs during
discharging /negative-going potential sweep. These transitions are accompanied by hy-
droxide ion participation and transport from the alkaline electrolyte into the mixed oxide
film, accompanied by fast surface electron transfer. The co-existence of Ni and Co red/ox
couples provides multiple oxidation states for charge storage, which contributes to the
broad and overlapping redox peaks observed in the cyclic voltammograms. This is the
origin of the pseudocapacitive nature of the inkjet-printed NiCo,O; electrodes and explains
their enhanced capacitance and rate capability compared to purely double layer capacitors.

The shape of the discharge curves suggests that the voltage drop during discharge
can be reasonably approximated by a straight line connecting the potential limits. This
simplification is justified by the fact that the area under the linear approximation deviates
by less than 10% from the actual experimental curve. Therefore, for estimating the specific
or areal capacitance (C), one can apply the simplified relation commonly used for electric
double-layer (EDL) supercapacitors with potential-independent capacitance:

-
c=-JD
AVv:orrectecl

©)

where j is the discharge current density, fp is the discharge time and AV yrecteq 1S the
voltage drop corrected for ohmic losses.

However, for hybrid supercapacitors—where capacitance varies with potential—a
more rigorous approach is required. The average areal capacitance (Cave) should be calcu-
lated using the general expression [5,28,37]:

2j
Cove — / vt ©)
e A Vcorrected

This formulation accounts for the non-linear voltage profile during discharge and
provides a more accurate representation of the hybrid system'’s capacitive behavior.

The electrode with 10 printed layers exhibits the longest discharge duration, yielding
the highest areal capacitance of 172 mF cm 2, followed by the 6-layer and 2-layer electrodes
with values of 156 mF cm~2 and 56 mF cm ™2, respectively. The increase in areal capacitance
with layer number is ascribed to the greater amount of electroactive material available for
charge storage. However, normalization with respect to the active material mass yields a
partially reversed trend in mass-specific capacitance, with values of 344 F g1, 521 Fg~!,
and 503 F g~! for the 10-, 6-, and 2-layer electrodes, respectively. The superior gravimetric
performance of the 6- and 2-layer electrodes suggests more efficient utilization of the active
material, likely due to enhanced ion accessibility and reduced diffusion limitations within
thinner films. Figure 7b presents the charge—discharge curves of the optimum 6L electrode
at various charge—discharge current densities and the same type of behavior is observed at
current densities as high as 6 mA cm 2.

On the other hand, the initial potential drop (IR-drop) observed at the onset of dis-
charge more pronounced as the number of layers decreases, indicating an increase in
internal resistance due to a decrease in inter-particle contacts in very thin films. These
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observations are consistent with the cyclic voltammetry results and highlight the trade-off
between areal and mass-specific performance. Optimal electrochemical behavior is thus
achieved by balancing active material loading with ionic/electronic transport pathways,
which is critical for the development of high-performance flexible supercapacitor devices
based on inkjet-printed NiCo,Oy4 electrodes.
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Figure 7. Galvanostatic charge—discharge curves for (a) NiCo,Oy4 electrodes with 2, 6, and 10 printed
layers at 1.5 mA em~2in 0.1 M KOH and (b) the 6 L NiCo, 0y electrode at various current densities.

Table 2 presents the specific capacitance values of the NiCo,O4-based electrodes stud-
ied in this work. The printed electrodes exhibit specific capacitance values (per substrate
geometric area and catalyst mass) in the 50~175 mF cm 2 and 345-520 F g~ ! range, depend-
ing on electrode configuration and testing conditions. These values are within the range of
those reported for flexible NiCo,Oy systems in the literature [17,52,53], underscoring the
potential of the inkjet printing approach for the development of high-performance, flexible
supercapacitor electrodes.
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Table 2. Capacitance performance of NiCo,Oy electrodes with varying layer thickness.

Electrode Loading/ Areal Capacitance/  Mass-Specific Capacitance/
Material mg cm—2 mF cm—2 Fg1
NiCo0,04-2 L 0.1 50 504
NiCo0,04-6 L 0.3 157 520
NiCo0,04-10 L 0.5 172 345

The long-term electrochemical stability of the NiCop Oy electrode with 6 printed layers
(NCO-Au-Kapton 6 L) was evaluated over 1000 continuous charge-discharge cycles
at a fixed current density (1.0 mA cm~2). As shown in Figure 8, the electrode retains
approximately 90% of its initial capacitance after 1000 cycles, indicating moderate cycling
stability. While the initial performance is satisfactory, the observed fading highlights the
need for further optimization of mechanical adhesion, structural durability, or protective
coatings to enhance cycling lifespan in flexible supercapacitor applications.
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Figure 8. Capacitance retention of NiCop,Oy (6-layer) electrode on Au/Kapton substrate over
1000 charge—discharge cycles.

3.3. Electrochemical Performance Under Mechanical Stress

To assess the mechanical flexibility and electrochemical stability of the inkjet-printed
NiCo,04 electrodes deposited on Kapton substrates with a gold (Au) interlayer, cyclic
voltammetry (CV) measurements were conducted under three mechanical conditions: prior
to bending, during bending, and following bending. The CV profiles, recorded at a scan
rate of 5 mV s~ ! with a mass loading of 0.3 mg cm 2
the inset shows a photograph of the 90°-bent electrode). All three curves—green (before

bending), orange (during bending), and blue (after bending)—exhibit quasi-rectangular

, are presented in Figure 9 (while

shapes with discernible redox features, indicative of pseudo-capacitive behavior governed
by fast and reversible faradaic reactions [8,10].

The small deviation between the CV curves obtained before and after bending demon-
strates that the electrode retains its electrochemical integrity following mechanical defor-
mation. A modest reduction in current density observed during bending is attributed to
transient strain effects, which do not result in permanent degradation. The recovery of
current response post-bending confirms the structural robustness and functional resilience
of the NiC0,04/Au/Kapton architecture [4,9].
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The bending strain, ¢, of the bent 6. NCO/Au/Kapton electrode was estimated using
two approaches. The first was an approximate one, simply considering the total electrode
thickness, d, of 85 um Kapton + 20 nm Au + 1.5 um NCO = 148.52 um and the radius, r, of
the bent structure which is measured as 2.23 cm and the following simple equation [54]:

d

825, ()

The bending strain thus estimated was 0.39%.

The second approach, took into consideration an NCO/Kapton bilayer (assuming
that the 20 nm Au interlayer was sufficiently thinner than the other two layers, NCO is
1.5 and Kapton 85 pm, to be ignored as an approximation). Taking the Young’s moduli,
E, values of NCO and Kapton as 84 and 4 GPa, respectively [54,55], and applying the

_d 142+ xi7
8_2r<(1+11)(1+x11)> ®)

(where 1 = dnco/dkapton and X = Enco/Ekapton), the bending strain thus estimated
was 0.29%.
These findings validate the mechanical durability of the inkjet-printed NiCo,Oj4 elec-

following equation:

trodes and their ability to maintain stable capacitive performance under dynamic mechan-
ical stress. The integration of a conductive Au interlayer on Kapton not only facilitates
efficient charge transport but also supports mechanical compliance, rendering this con-
figuration highly suitable for flexible energy storage systems, particularly in wearable
and portable electronic applications where repeated mechanical deformation is antici-
pated [1,27,28].
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Figure 9. CV curves of inkjet-printed NiCo,Oy electrodes on Kapton Au (0.3 mg cm~2) in 0.1 M
MOH at 5 mV s~!, showing performance before bending (green), during bending (orange), and after
bending (blue).

4. Discussion

The comprehensive structural and electrochemical characterization of inkjet-printed
NiCo,04 electrodes on Kapton/Au substrates highlights their potential for flexible en-
ergy storage applications. Each technique—XRD, SEM, AFM, CV, GCD, EIS, and charge—
discharge cycling—offers distinct insights into the material’s behavior, collectively validat-
ing its performance and manufacturability.
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X-ray diffraction (XRD) confirmed the formation of a crystalline spinel NiCo,Oy4 phase,
with sharp reflections corresponding to the (111), (200), (220), (311), and other characteristic
planes (Figure 1). The dominance of the (311) peak and absence of secondary phases
indicate high phase purity and preferential orientation. This crystallinity, achieved via
low-temperature inkjet printing, rivals that of NiCo,Oy4 synthesized through hydrothermal
or sol-gel methods [5,8], while remaining compatible with flexible substrates.

Scanning Electron Microscopy (SEM) revealed a porous, granular morphology com-
posed of irregularly shaped NiCo,0O4 particles (Figure 3). Particle sizes ranged from 200 to
800 nm, with agglomerates reaching up to 2 um. After mechanical grinding, the particles
exhibited a more uniform distribution below 200 nm, with average diameters reduced
from ~450 nm to ~60 nm. This refinement enhances surface homogeneity and increases the
electrochemically active area, facilitating ion transport and redox reactions. The porous ar-
chitecture supports electrolyte penetration and is consistent with pseudo-capacitive behavior.

Atomic Force Microscopy (AFM) provided nanoscale insight into the surface topogra-
phy of the printed films (Figure 4). The 2D profile revealed a compact, homogeneous film
with nanoroughness and height variations up to 300 nm. The presence of elevated regions
and valleys enhances electrolyte contact and charge storage capacity. This morphology
complements the SEM findings and confirms the formation of a high-surface-area electrode
layer, critical for both electrochemical performance and mechanical durability.

Cyclic Voltammetry (CV) was used to probe the charge storage mechanism. The CV
profiles (Figure 5) display distinct redox peaks corresponding to Ni?*/Ni** and Co?*/Co®*
transitions, confirming pseudo-capacitive behavior. The increase in peak current with
scan rate and layer number reflects enhanced electrochemical activity due to greater active
surface area and improved electron transport. These trends align with prior studies on
NiCo,0; electrodes [5,8], but are here achieved through a scalable inkjet printing process.

Galvanostatic Charge-Discharge (GCD) measurements (Figure 7) quantified the spe-
cific capacity. The 10-layer electrode exhibited the highest areal capacitance (345 F g~ 1),
while the 6-layer electrode achieved the highest mass-specific capacitance (520 F g~ 1),
indicating efficient material utilization. This trade-off highlights the challenge of balancing
film thickness with ion accessibility, as excessive thickness can lead to underutilization of
inner layers due to diffusion limitations.

Electrochemical Impedance Spectroscopy (EIS) (Figure 6) evaluated charge transfer
kinetics and internal resistance. Increasing the number of printed layers reduced charge
transfer resistance up to an optimal thickness, beyond which transport limitations may
arise. This confirms that inkjet-printed NiCo,Oj films can achieve efficient electron and
ion conduction when properly optimized.

Charge-discharge cycling behavior, assessed through repeated GCD cycles (Figure 8),
revealed good retention over time. The 6-layer electrode maintained approximately 90% of
its initial capacitance after 1000 cycles. This decline may result from mechanical fatigue,
structural degradation, or loss of active sites during repeated charge—discharge processes.
Enhancements such as surface passivation, flexible binders, or hybrid composites may be
necessary to improve long-term reliability.

Mechanical flexibility was evaluated via CV measurements before, during, and after
bending (Figure 9). The consistent shape and redox features across all conditions confirm
that the NiCo,O4/Au/Kapton electrodes maintain electrochemical integrity under mechan-
ical stress. A slight reduction in current during bending was reversible, indicating transient
strain effects rather than permanent damage. This resilience supports their application in
wearable electronics.

In summary, each characterization technique contributes to a holistic understanding
of the material: XRD confirms crystallinity, SEM and AFM reveal surface architecture,
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CV and GCD quantify charge storage, EIS diagnoses transport efficiency, and charge-
discharge cycling tests assess durability. Together, they demonstrate that inkjet-printed
NiCo,04 on Au/Kapton is a viable platform for flexible supercapacitor electrodes. Future
research should focus on improving cycling performance, exploring hybrid or solid-state
configurations, and refining ink formulation and substrate engineering to further enhance
performance and manufacturability.

5. Conclusions

This study demonstrates the successful fabrication and characterization of inkjet-
printed NiCo,0O;, electrodes on Kapton substrates modified with a thin gold interlayer,
offering a scalable and substrate-compatible approach for flexible energy storage devices.
Structural analyses confirmed the formation of a crystalline spinel phase with a porous,
nanostructured morphology and uniform surface topography—features that directly sup-
port efficient charge storage.

Electrochemical characterization revealed pseudo-capacitive behavior driven by re-
versible NiZ* /Ni* and Co?*/Co3* redox reactions. The six-layer configuration achieved
optimal performance, balancing areal and mass-specific capacitance (157 mF cm ™2
and 520 Fg~! catalyst), charge-discharge cycling stability, and mechanical flexibility.
Impedance analysis and bending tests further validated the robustness of the electrode
architecture under dynamic conditions.

Overall, inkjet printing of NiCo,O4 onto Au/Kapton substrates presents a viable
pathway toward high-performance, flexible supercapacitor electrodes. Future work should
focus on enhancing charge-discharge cycling retention, exploring hybrid material systems,
and integrating these electrodes into full-cell configurations for wearable and portable
energy storage applications.
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Abstract

The demand for effective, economical, and sustainable anode materials for metal-ion
batteries (MIBs) has increased significantly due to the rapid growth of energy storage
technologies. Among various candidates, carbon-based materials have emerged as highly
promising due to their abundance, structural versatility, and favorable electrochemical
properties. This review highlights the current status and future directions of carbon-based
anode materials in MIBs, with a particular focus on graphite, hard carbon, carbon nan-
otubes, heteroatom-doped carbons, carbon-based composites, and other related structures.
Various synthesis strategies for these materials are presented, along with discussions on
their physicochemical characteristics, including structural features that influence electro-
chemical performance. Furthermore, we provided an overview on the performance of
newly developed carbon-based anode materials in lithium-, sodium-, potassium-, and other
emerging metal-ion battery systems to assess the impact of different synthesis approaches.
Special attention is given to surface engineering, heteroatom doping, and composite design
that can address intrinsic challenges such as limited ion diffusion, low reversible capacity,
and poor cycling stability in MIBs. This review does not cover any carbon materials which
have been used as an additive. In addition, the review explores emerging opportunities
enabled by advanced characterization techniques, computational modeling, and artificial
intelligence for optimizing the design of next-generation carbon anode. Finally, this article
provides future perspectives and insights into the design principles of novel carbon-based
anode materials that can accelerate the development of high-performance, durable, and
sustainable MIB technologies.

Keywords: carbon-based anode; metal-ion batteries (MIBs); electrochemical performance

1. Introduction

Today, energy production and energy storage strategies are widely discussed world-
wide as the global population is projected to reach 9.8 billion by 2050 [1]. This un-
precedented growth is expected to significantly increase energy consumption, placing
immense pressure on global resources. To meet this rising demand, non-renewable fos-
sil fuels, including coal, natural gas, and oil, continue to be exploited at unsustainable
rates. However, these energy reserves are finite and are expected to be exhausted in the
near future [2]. In addition to resource depletion, fossil fuels are a major source of envi-
ronmental pollution, responsible for nearly 65% of global CO, emissions since 2010 [3].
The transport sector alone has experienced a 2% annual increase in emissions, while ur-
ban contributions rose from 62% to 70% of the global share between 2010 and 2020 [4].
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These alarming figures highlight the urgent need for a transformation of the current en-
ergy model in order to mitigate climate change, ensure environmental sustainability, and
support future societal development. To achieve this, the promotion of clean fuels and
renewable energy technologies must be accompanied by the development of advanced
energy storage systems capable of stabilizing power supplies and meeting diverse energy
demands [5].

2. Batteries

Among renewable energy technologies, electrochemical energy storage systems such
as batteries, fuel cells, and supercapacitors are among the most promising technologies
because of their high efficiency, scalability, and environmental compatibility [6]. Unlike
conventional energy storage solutions such as pumped hydro or compressed air storage,
electrochemical devices can be easily miniaturized or scaled up, making them adaptable
for both portable electronics and large-scale grid applications. Among these technologies,
metal-ion batteries (MIBs), including lithium-ion (LIBs), sodium-ion (SIBs), potassium-
ion (KIBs), etc., have attracted particular attention because of their high energy density,
relatively low cost, and increasingly mature industrial infrastructure [7]. LIBs already
dominate the commercial market, powering consumer electronics and electric vehicles,
while alternative batteries such as SIBs and KIBs are being investigated for large-scale
storage due to the abundance and low cost of sodium and potassium resources.

A typical MIB consists of three main components: anode, cathode, and electrolyte.
During charge and discharge processes, metal ions shuttle reversibly between the electrodes
through the electrolyte, while electrons are transported through the external circuit, thereby
delivering usable electrical energy. MIBs exhibit several advantageous features, including
fast charging capability, negligible self-discharge, wireless charging compatibility, high
round-trip efficiency, and long operational life. These attributes enable their use across a
wide range of applications, from portable consumer electronics (mobile phones, laptops,
cameras) and renewable energy integration (solar and wind storage) to electric vehicles
as well as advanced technologies such as robotics, aerospace satellites, submarines, and
military systems [8-10]. Nevertheless, the performance of MIBs depends strongly on the
nature of their electrode materials, especially the anode, which directly affects the energy
density, power delivery, cycling stability, and safety of the system.

3. Anode in MIBS

Over the years, various classes of anode materials have been explored, including
transition-metal oxides, alloy-type anode, silicon-based materials, and carbonaceous an-
ode. Each material class offers distinct advantages but also faces inherent challenges. For
instance, silicon (Si) has garnered considerable attention due to its exceptionally high
theoretical specific capacity (~4200 mAh/g for Li* storage), nearly 11 times higher than
that of graphite. However, its practical deployment is severely limited by drastic volume
expansion (>300%) during lithiation/delithiation, which leads to mechanical pulveriza-
tion, unstable solid-electrolyte interphase (SEI) formation, and rapid capacity fading [11].
Similarly, alloy-type anode such as tin (Sn), antimony (Sb), and bismuth (Bi) undergo large
volumetric changes during ion insertion/extraction, causing poor cycling stability and
limited lifespan [12]. Transition-metal oxides offer relatively high capacity and stability
but suffer from intrinsically low conductivity, sluggish ion diffusion kinetics, and poor
coulombic efficiency [13].
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4. Carbon-Based Anode Materials

Carbon-based anode have emerged as highly attractive alternatives owing to their
unique combination of favorable properties. Carbon is one of the most abundant and cost-
effective elements on earth, making it economically sustainable for large-scale production.
Carbon materials can be fabricated into various dimensionalities, including 0D nanodots,
1D nanotubes and nanofibers, 2D graphene nanosheets, and 3D porous frameworks, since
each form offers distinct advantages for ion storage and transport [14]. For instance, low-
dimensional carbons such as graphene and carbon nanotubes (CNT) provide high surface
areas and fast electronic conductivity, while 3D porous carbons can facilitate rapid ion
diffusion and accommodate structural strain during cycling [15,16]. Typically, carbon-based
anode materials deliver specific capacities in the range of 200-600 mAh/g, depending on
their morphology, crystallinity, and chemical modification strategies [17]. More importantly,
they exhibit high structural reversibility, long cycle life, and relatively stable SEI formation,
ensuring reliable performance across extended charge—discharge cycles. Their outstanding
electrical conductivity supports rapid electron transport, while their mechanical resilience
helps withstand repeated ion intercalation/extraction processes. Moreover, carbon surfaces
can be engineered via heteroatom doping (e.g., N, B, P, S) to enhance electronic conductivity,
create additional active sites, and improve electrolyte wettability. Hybridization with
metals, oxides, or polymers further expands their potential by combining the strengths of
multiple components [18,19].

Another key advantage of carbon-based anode lies in their broad compatibility with
different types of MIBs. While graphite remains the commercial anode for LIBs, expanded
or modified carbons have shown promise for hosting larger ions such as Na*™ and K*, which
face difficulties intercalating into the small interlayer spacing of graphite. A schematic
illustrating the different types of carbon-based anode employed across various MIBs is
presented in Figure 1. Thus, carbon materials are not only vital to current LIB technol-
ogy, but central to the development of next-generation sodium and potassium-based
batteries [20-22].

Considering the effective tactics used by carbonaceous anode in batteries, several
researchers have tried to identify carbons with elevated storage capacities by reducing
particle size. The small particle sizes or porous structures invariably result in an increased
specific surface area of the carbons, which leads to low Initial Coulombic Efficiency (ICE),
thereby significantly decreasing the energy density of the battery and causing suboptimal
cycling performance in full cell configurations [23]. Consequently, converting materials to
nanoscale dimensions is not a comprehensive answer to attain high-performance carbona-
ceous anode in batteries. Conversely, the metal ion storage process using carbonaceous
hosts, referred to as the “house of cards” paradigm by Dahn and colleagues [24], resem-
bles that of Li* ion storage [25]. To enable the insertion and extraction of massive metal
ions in comparison to Li* ions, a substantial interlayer gap is required. Qie et al. [26]
concluded from experimental data and theoretical calculations that carbon materials with
interlayer distances above 0.37 nm might function as anode for Na* ion insertion. An
extended graphite with an increased interlayer lattice distance of 4.3 A was synthesized
by Wen et al. [27] using a two-step oxidation-reduction method, demonstrating excep-
tional cycle stability, thereby qualifying it as an effective anode material for SIBs. Con-
sequently, the interlayer lattice spacing for other MIBs must be considerably larger as
discussed earlier.

Taken together, carbon-based anode offer an unparalleled balance of cost-effectiveness,
conductivity, structural adaptability, and electrochemical stability, making them ideal can-
didates for high-performance MIBs. Their versatility, coupled with the vast library of
modification strategies, positions them at the forefront of research in sustainable energy
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Na-ion Battery

storage. Therefore, this review aims to provide a comprehensive overview of the design,
synthesis, and application of carbon-based anode across different MIB chemistries, em-
phasizing recent progress, structure-performance relationships, and future challenges for
large-scale commercialization.

Carbon based Anode for MIBs

Carbon
Nano-Tube

Hard
Carbon

o
Heteroatom Composite

-Doped 0 Carbon

Figure 1. Illustration of carbon-based anode materials for MIB application.

5. Graphite-Based Materials as Anode for MIBS

Graphite became the first commercially viable anode material for LIBs, thanks to the
pioneering work of Akira Yoshino and Sony in 1991 [28]. Although graphite’s ability to
intercalate lithium was known since 1970s, its practical use was limited by instability issues
with organic electrolytes. This problem was solved in the late 1980s with the development
of a stable carbon material and a compatible electrolyte system, establishing graphite as
the standard anode material. A breakthrough occurred in 1993 with the introduction of
a mixed electrolyte of ethyl carbonate and dimethyl carbonate for graphite anode, which
enabled the stable and reliable use of graphite in LIBs. Since then, graphite has remained
the primary choice for commercial anode, with ongoing improvements after 2000 focused
on increasing capacity, enabling fast charging, and enhancing overall safety [29,30].

The success of graphite is attributed to its unique structural and electrochemical prop-
erties. Its well-ordered layered structure of sp?-hybridized carbon atoms enables efficient
intercalation and deintercalation of Li* ions between adjacent graphene layers [31,32]. This
interlayer-insertion mechanism is highly favorable compared to pore-filling storage, which
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is effective only at low potentials, and conversion-type storage, which is often accompa-
nied by large volume expansion during cycling. As a result, graphite delivers stable and
reversible lithium storage and ensures long cycle life. Moreover, its natural abundance,
low operating potential, high electrical conductivity, and environmental friendliness fur-
ther enhance its suitability as an electrode material for electrochemical energy storage
devices [33,34].

The relatively small interlayer spacing of graphite (~3.35 A) limits its ability to host
larger ions like Na*™ and K*, leading to slow charge/discharge kinetics and low storage
capacity [35]. To overcome this issue, extensive research has focused on structural engineer-
ing strategies to develop graphite-based advanced materials, including expanded graphite
(EG), graphite intercalation compounds (GICs), and porous graphite, all aiming to improve
energy storage performance in MIBs [35-37].

5.1. Synthesis of Graphitic Materials

Graphite-based material can be prepared using several synthesis methods, including
(i) microwave-assisted, (ii) ultrasonication, (iii) furnace-based, (iv) Hummer’s method, and
(v) wet chemical oxidation, as illustrated in the schematic below (Figure 2).

AN

Graphite-

- , Based
I\I;Ir:tr}lllg(ris Materia!s
Synthesis
Methods

\e”’

Figure 2. Schematic representation of the primary synthesis approaches used for graphite-
based materials.

5.1.1. Microwave-Assisted Method

Microwave-assisted methods for the synthesis of graphite-based materials such as
expanded graphite (EG), graphite intercalation compound (GIC) using microwave irradi-
ation with frequencies ranging from 0.3 to 300 GHz to rapidly heat the reaction mixture,
enabling uniform energy distribution and fast reaction rates [38]. This technique promotes
efficient exfoliation or reduction of graphite oxide into graphene or other graphite-based
materials. Compared to conventional heating, it offers shorter synthesis time, lower energy
consumption, and better control over material morphology and structure [39].
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Thanks to the layered structure property of graphite, various guest species can be
inserted between its layers through a process called intercalation forming GICs [40]. The
physiochemical properties of GICs depend on both the quality of the graphite and the type
of the intercalant used (e.g., alkali metals, metal chlorides, oxides). GIC containing easily
vaporized intercalants show excellent expandability and are often used as precursors for
EG, while metal chloride-based GICs offer high electrical conductivity, making them useful
for energy storage devices [41].

The microwave-assisted method offers several advantages for synthesizing graphite-
based materials. It enables rapid and energy-efficient reactions due to uniform volumetric
heating, which significantly shortens synthesis time compared to conventional thermal or
chemical methods. The process also promotes enhanced intercalation and exfoliation, as
microwave-induced plasma or localized heating accelerates ion diffusion between graphite
layers. Moreover, it typically requires fewer oxidizing agents and acids, making it a more
environmentally friendly and cost-effective approach. The resulting materials often exhibit
high purity, uniform morphology, and controlled structural features, which are desirable
for energy storage and catalytic applications [42,43].

However, the method also presents certain limitations. Scaling up remains a chal-
lenge because uniform microwave penetration is difficult to achieve in larger batches,
leading to non-uniform heating or hot spots that can cause localized overheating and
incomplete reactions. Additionally, specialized microwave reactors are relatively expensive
and may involve complex operation and maintenance. Controlling reaction parameters
such as temperature, plasma formation, and exposure time can also be difficult, which
affects reproducibility. Furthermore, excessive microwave irradiation may introduce struc-
tural defects or partial decomposition of graphite layers. Despite these drawbacks, the
microwave-assisted method remains a promising and efficient route for the rapid synthesis
and modification of graphite-based materials [44].

Overall, the microwave-assisted method represents a highly promising approach for
the efficient and sustainable synthesis of graphite-based materials, particularly GICs and
EG. This technique combines the advantages of rapid reaction rates, reduced chemical
consumption, and improved energy efficiency while maintaining excellent structural and
chemical control. The microwave-induced plasma effect significantly enhances the interca-
lation and exfoliation kinetics, leading to the formation of high-quality GICs and EG with
superior electrochemical and physical properties. Moreover, when utilizing spent graphite,
this method not only minimizes environmental impact but also supports the recycling and
valorization of graphite waste, making it both economically and ecologically beneficial.
Despite challenges in scaling up and ensuring uniform heating, continuous advancements
in microwave reactor design and process optimization are expected to overcome these limi-
tations. Overall, the microwave-assisted synthesis route provides an efficient, eco-friendly,
and scalable strategy for developing advanced graphite-based materials for energy storage,
catalysis, and other functional applications.

5.1.2. Ultrasonication Method

The ultrasonication (mechanical agitation) method for synthesizing graphite-based
materials involves dispersing graphite in a suitable liquid medium and applying high-
frequency ultrasonic waves to induce acoustic cavitation [45]. The collapse of cavitation
bubbles generates intense micro-jets and shock waves, which provide sufficient mechanical
energy to exfoliate graphite layers into graphene or graphene oxide (GO)sheets. The choice
of liquid medium such as an organic solvent, surfactant solution, or aqueous system plays
a crucial role in stabilizing the exfoliated layers and controlling the structural and chemical
characteristics of the final product [46]. Viculis and co-workers [47] developed graphite
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nanoplatelets (GNPs) using mechanical agitation applied to EG, which effectively broke
down the material into thinner platelets. GNPs are more cost-effective than CNTs but re-
main more expensive than carbon black. Xu et al. [48] proposed a novel ultrasonic-assisted
wheat straw pulping method was demonstrated at room temperature and atmospheric pres-
sure. Interestingly, graphite material was unexpectedly detected in the ultrasonic-assisted
pulp (UP). The ash from the UP contained both inorganic and organic components, with a
total inorganic content of 81.9%, primarily composed of SiO; (71.9%). The graphitization
mechanism is attributed to the ultrasonic cavitation effect, where collapsing cavitation
bubbles create localized extreme conditions temperatures around 4000 K and pressures
near 100 MPa. The process primarily involves three stages: lignin degradation, graphene
formation, and subsequent graphitization.

The ultrasonication-assisted method offers several advantages for synthesizing
graphite-based materials. It is a simple, efficient, and environmentally friendly tech-
nique that operates under ambient temperature and pressure, eliminating the need for
harsh chemicals or high-temperature treatments. The localized high-energy cavitation
provides strong mechanical forces capable of exfoliating graphite into thin layers, resulting
in high-quality graphene or GO sheets with minimal structural damage. Moreover, the
method allows for scalable and controllable exfoliation, as parameters such as ultrasonic
power, duration, and solvent type can be tuned to tailor the morphology and thickness of
the products. Additionally, this technique is compatible with a wide range of liquid media,
making it adaptable for various precursor materials including natural graphite, EG, and
even biomass-derived carbon sources [49,50].

Despite its advantages, the ultrasonication-assisted method also has some limitations.
The low exfoliation yield and long processing times can restrict its large-scale industrial
application. Continuous exposure to strong ultrasonic energy may lead to structural defects
or partial oxidation of the exfoliated graphene sheets, which can affect their electrical
and mechanical properties. Furthermore, energy consumption associated with prolonged
ultrasonication is relatively high. Another limitation is the difficulty in achieving uniform
dispersion, as re-aggregation of exfoliated layers may occur after the cessation of sonication,
especially in the absence of stabilizing agents or surfactants [51].

In summary, the ultrasonication-assisted method is a promising and green approach
for producing graphite-based materials such as GNPs, GICs, and EG. It combines simplicity
and versatility, enabling the conversion of graphite or waste carbon sources into high-value
materials with desirable structural and functional properties. Although improvements
are still needed in terms of yield, scalability, and energy efficiency, ongoing advancements
in ultrasonic system design and process optimization continue to enhance its potential
for sustainable and large-scale production of graphite-based materials for applications in
energy storage, catalysis, and composite development.

5.1.3. Furnace-Based Method

Furnace-based methods for graphite synthesis rely on heating carbon-based pre-
cursors at elevated temperatures using induction or resistance heating under controlled
atmospheric conditions [52]. These techniques enable the transformation of disordered
carbon materials into highly crystalline graphite or carbon nanostructures. Among them,
induction graphitization is a widely used process in which carbon parts are heated to tem-
peratures between 1000 °C and 2800 °C through induction heating. This method enhances
the crystallinity and purity of the resulting graphite, making it suitable for applications
such as brake components, clutch facings, and mechanical seals [53]. In contrast, high-
frequency furnaces employ inductive heating of a graphite body, or susceptor, to synthesize
advanced carbon nanomaterials, including fullerenes, CNTs, and single-walled carbon
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nanotubes (SWCNTSs) [54-56]. These furnaces typically consist of a graphite susceptor, a
carbon shield, and a high-frequency power supply, enabling localized high-temperature
zones for nanostructure formation. Another notable technique is resistance heating (Joule
heating), in which a graphite crucible is directly heated by passing a large electric current
through it. This method allows for extremely rapid heating and cooling cycles, achieving
temperatures up to 3200 °C, and is particularly effective for producing graphite films
and other materials requiring precise thermal control [57]. Collectively, furnace-based
synthesis methods offer high-temperature capability, process flexibility, and tunable struc-
tural outcomes, making them integral to the production of both bulk and nanostructured
graphite materials.

Liu et al. [58] investigated the effect of heat treatment temperature on the degree of
graphitization using biomass-derived activated carbon (AC) as a carbon precursor. The
AC was first acid-washed with HCl, dried, and subsequently impregnated overnight
with a 1 M acetone solution of Ni(NOj3); to introduce a catalytic effect. After vacuum
filtration, the treated samples were heat-treated in a tube furnace under nitrogen flow at
temperatures up to 1000 °C. XRD analysis revealed that no distinct graphite peak appeared
at lower temperatures, while a noticeable (002) diffraction peak near 26 = 26° emerged at
950 °C. At 1000 °C, this peak became significantly sharper, indicating a higher degree of
graphitization. The results demonstrated that the combination of chemical pretreatment
and elevated thermal processing effectively converted the activated carbon into a highly
porous, ultrathin graphitic carbon material.

Furnace-based synthesis methods offer several advantages that make them highly
effective for producing graphite and related carbon materials. One of the key benefits is
their ability to achieve extremely high operating temperatures, often reaching up to 3000 °C,
which is essential for promoting graphitization and attaining the desired crystalline struc-
ture. These furnaces also provide precise temperature control, enabling researchers and
manufacturers to tailor material properties and ensure consistent, reproducible results. Fur-
thermore, induction-heating graphitization furnaces are specifically designed to produce
high-purity graphite, minimizing contamination during synthesis. The use of graphite-
based hot zones creates near-ideal blackbody conditions, resulting in highly uniform heat-
ing throughout the chamber. In addition, furnace systems are highly versatile, supporting
a wide range of processes such as sintering, graphitization, and pyrolysis [59].

Despite these advantages, furnace-based methods also present several limitations.
They are often energy-intensive, particularly in large-scale setups such as Acheson furnaces,
leading to high operational costs. Long cycle times are another drawback, as the cooling
stages for some furnaces can extend over several days, reducing throughput. Moreover,
graphite is susceptible to oxidation at elevated temperatures in the presence of oxygen,
necessitating the use of inert or vacuum atmospheres to preserve material integrity. In
certain high-temperature environments, especially those involving metal alloys such as
nickel and chromium, there is a risk of carbon pickup, where carbon diffuses from the
graphite into the metallic components. Additionally, maintenance challenges arise due
to the brittleness and limited durability of graphite parts, which may require frequent
replacement or careful handling to maintain furnace performance [60].

5.1.4. Hummer’s Method

Hummer’s method is a well-established chemical process for synthesizing GO/ graphite
oxide from graphite, which can subsequently be reduced to form reduced graphene oxide
(rGO) [61]. This method involves the oxidation of graphite using strong acids typically
concentrated sulfuric acid and oxidizing agents such as potassium permanganate and
sodium nitrate [62]. In the oxidation step, graphite is dispersed in concentrated sulfuric
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acid with sodium nitrate, followed by the slow addition of potassium permanganate under
controlled low-temperature conditions to prevent overheating. The mixture forms a thick
paste that is later heated and diluted with water, initiating vigorous effervescence as the
oxidation reaction completes. To remove residual oxidants, hydrogen peroxide (H,O,) is
added, reducing any remaining permanganate and manganese dioxide, typically producing
a brown-colored suspension. The purification process then involves repeated washing and
filtration, often using hydrochloric acid and deionized water, to eliminate metal ions and
excess acid. Subsequently, exfoliation is achieved through ultrasonication in a polar solvent
such as water, yielding single or few-layer GO sheets. The final step, reduction, restores
electrical conductivity by removing oxygen-containing functional groups through thermal,
chemical, or electrochemical reduction, producing rGO. Hummer’s method and its modi-
fied variants are widely employed due to their reliability, scalability, and cost-effectiveness,
making them one of the most common “top-down” approaches for producing high-quality
GO and rGO from bulk graphite [63].

For example, Bannov et al. [64]. investigated the sequential stages of GO formation
during the modified Hummers’ method by employing a stepwise sampling approach. The
modification involved adding the reaction mixture into ice and using excess HyO,, which
enhanced the hydrolysis of GICs and increased oxygen release. High-purity nipple graphite
was used as the precursor to ensure accurate observation of the oxidation process. As
reported by Inagaki et al. [65], oxidation of graphite in concentrated sulfuric acid with potas-
sium permanganate and nitric acid first forms unstable GICs, which convert to graphite
oxide upon contact with water. In this study, samples were collected after the hydrolysis
stage following water washing, allowing precise examination of the transformation from
GICs to graphite oxide under the modified synthesis conditions.

Hummers’ method is a widely used and efficient technique for synthesizing graphite
oxide, valued for its speed, safety, and high yield, making it suitable for large-scale produc-
tion [66]. The process avoids hazardous reagents such as fuming nitric acid and chlorates,
significantly reducing explosion risks, while achieving a high degree of oxidation that
enhances the functional properties of the product. The required materials are inexpensive
and readily available, further contributing to the method’s practicality and scalability [67].

However, the method also presents notable limitations. It produces toxic gases such
as NO; and N,Oy, necessitating strict safety and environmental controls. The purification
process to remove residual metal and nitrate ions is laborious, and the oxidation step can
introduce structural defects that degrade the electrical and mechanical performance of
GO. In some cases, incomplete oxidation leads to mixtures of graphite and graphite oxide.
Despite these drawbacks, Hummers” method remains a cornerstone for graphite oxide
synthesis due to its balance of efficiency and reliability [68].

5.2. Graphite-Based Anode for LIBs

Although graphite has already been widely employed in commercial LIBs, efforts are
ongoing to enhance its lithium storage capability. One effective strategy involves preparing
EG with enlarged, long-range-ordered interlayer spacing. For example, Bai et al. [69]
synthesized EG with an interlayer distance of 0.359 nm by rapidly heating graphite oxide
in a preheated muffle furnace at 1050 °C under air. The resulting EG exhibited a capacity
of 413 mAh/g at a current density of 0.2 mA cm~?2 and retained 99% of its capacity after
30 cycles, significantly higher than the 322 mAh/g obtained for natural graphite under the
same conditions of 1 M LiPF4/EC-DMC electrolyte in LIBs.
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Wang et al. [70] explored FeCls-graphite intercalation compounds (FeCls-GICs) pre-
pared by a melt-salt method at 600 °C for 3 h. As shown in Figure 3a, FeCl; was pre-
intercalated within the graphite layers, forming a mixed-stage structure dominated by
stage 7 along with stages 3 and 5 (Figure 3b). Upon discharge, Li* intercalated into the
graphite interlayers to form LiyC, while FeCl; reacted with Li* to generate LiCl and Fe
according to Equation (1):

FeCl; + 3Li* + 3e~ — Fe + 3LiCl 1)

FeCl3-GICs delivered a high reversible capacity of 506 mAh/g at 0.1 C, well above the
theoretical capacity of pristine graphite (372 mAh/g) in LIBs. Remarkable rate performance
was also demonstrated, with discharge capacities of 300 and 220 mAh/gat 5 C and 20 C,
respectively (Figure 3c). The total capacity could be deconvoluted into three contributions:
~200 mAh/g from conventional Li* intercalation into graphite, ~91 mAh/g from reactions
involving FeCls, and the remainder from Li* adsorption/desorption on graphene sheet
surfaces flanking the FeCl; intercalation layer. Moreover, the material showed excellent
cycling stability, retaining 480 mAh/g after 400 cycles at 100 mA /g (Figure 3d).
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Figure 3. (a) Schematic representation of the structure and lithium storage mechanism of FeCl3-GICs.
(b) Powder XRD pattern of FeCl3-GICs. (c) Discharge capacity as a function of cycle number and
(d) long-term cycling stability of FeCl3-GICs [70].

In addition to interlayer engineering, pore creation in graphite-based electrodes has
been proposed as another effective strategy to enhance electrochemical performance.
Porous structures can shorten Li* diffusion paths, provide abundant active sites, and
mitigate volume changes during the cycling process [71]. First-principles calculations by
Yang et al. [72] predicted that porous graphene with a hole density of 35% could achieve a
theoretical Li* storage capacity of 1516 mAh/g about four times higher than that of pristine
graphite. The Li* diffusion barrier through the extraplanar channels created by the pores
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was estimated to be only one-fifth that of conventional graphite, suggesting the potential
for much faster charge/discharge kinetics.

Recently, porous graphite has attracted considerable attention as an electrode material
for multivalent-ion batteries. Various synthetic strategies have been employed, including
siliconization, MoOy-catalyzed gasification, KOH etching and air treatment [73-75]. For
instance, Shim et al. [76] demonstrated that KOH-etched porous graphite, treated for 24 h
at 80 °C, delivered significantly improved rate capability as an anode for LIBs. This anode
material exhibited ~160 mAh/g at 2.5 C with 96.7% capacity retention after 100 cycles
in 1.15 M LiPFs/EC-DMC-EMC, compared to ~75 mAh/g for natural graphite in LIBs.
Although the BET surface area increased modestly (6.7 — 7.6 m?/g), but SEM analysis
revealed numerous nanoscale pores formed during etching, which facilitated Li* access
into graphite layers and accounted for the enhanced kinetics.

5.3. Graphite-Based Anode for SIBs

Na-based batteries have served as a cornerstone of “beyond-lithium” energy stor-
age technology since 1985, following the successful development of high-temperature
Na/NiCl, and Na/S batteries utilizing a Na*--alumina ceramic electrolyte [77,78]. Analo-
gous to LIBs, SIBs comprise a cathode made of sodium intercalation materials and an anode,
separated by an electrolyte that facilitates sodium-ion transport between the electrodes
during charge—discharge cycles.

Anode materials play a crucial role in determining the overall performance of SIBs,
with carbon-based materials being widely employed due to their excellent electrical con-
ductivity, structural stability, and tunable electrochemical properties [79]. Among them,
graphite stands out as an abundant and low-cost resource, making it a highly promis-
ing candidate for large-scale applications in SIB technology. In this regard, Wen and
co-workers [27] synthesized EG that has emerged as a highly promising anode material for
SIBs. Derived from graphite through a two-step oxidation-reduction process, EG retains
the long-range layered structure of graphite while exhibiting an enlarged and tunable
interlayer spacing (~0.43 nm), which facilitates efficient Na* intercalation and deinterca-
lation. In situ high resolution transmission electron microscopy (HRTEM) has confirmed
the reversible sodiation and desodiation behavior of EG, accompanied by stable structural
evolution during cycling. Electrochemical measurements demonstrated a high reversible
capacity of 284 mAh/g at20 mA /g, 184 mAh/g at 100 mA /g, and excellent cycling stability
with 73.9% capacity retention after 2000 cycles. Owing to its low-cost synthesis, structural
tunability, and superior electrochemical performance, EG represents a strong candidate for
next-generation, large-scale SIB anode applications.

5.4. Graphite-Based Anode for KIBs

SIBs have gained attention for their chemical similarity to LIBs. However, their rel-
atively high standard reduction potential (Na/Na* = —2.71 V vs. SHE) limits energy
density [80]. To overcome this, KIBs have been proposed, offering a lower reduction poten-
tial (K/K* = —2.93 V vs. SHE), closer to that of Li/Li* (—3.04 V vs. SHE) [81]. Additionally,
the smaller Stokes radius of K* (3.6 A) compared to Na* (4.6 A)and Li* (4.8 A) in propy-
lene carbonate leads to higher ion mobility and conductivity, making KIBs a promising
alternative for high-energy-density storage systems. However, the larger ionic radius of
K* (1.38 A) compared to Li* (0.76 A) and Na* (0.97 A) often causes significant structural
strain and damage to anode materials during the potassiation-depotassiation process, lead-
ing to rapid capacity fading over repeated cycles [82]. Consequently, developing robust,
high-performance anode materials is crucial for advancing KIB technology.
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A wide range of anode materials, including metals, oxides, sulfides, and phos-
phides, have been explored for KIBs, demonstrating promising potassium storage ca-
pabilities [83-86]. However, challenges such as limited cycling stability and relatively
high voltage plateaus continue to constrain the overall energy density of KIB full cells.
Considering factors such as cost, stability, and operating voltage, carbon-based mate-
rials have emerged as preferred anode for KIBs [87]. Among them, graphite, a clas-
sical carbon material extensively used in LIBs, stands out due to its abundance, con-
ductivity, and structural reversibility [88]. Interestingly, while graphite exhibits poor
Na*-ion storage capability in SIBs because of its low reactivity toward Na* intercala-
tion [89], it shows a distinct K*-ion intercalation behavior in KIBs, highlighting its potential
as an efficient and stable anode material for next-generation potassium-based energy
storage systems.

5.5. Graphite-Based Anode for Calcium-Ion Batteries (CIBs)

CIBs have emerged as a promising divalent-ion system due to their relatively high
standard reduction potential (—2.87 V for Ca/Ca?*) and faster charge-transfer kinetics
associated with the high charge density of Ca®* (0.49 e A~3) [90]. Despite these advantages,
CIB development is hindered by the irreversible plating /stripping of calcium metal at room
temperature. Although partial dissolution of Ca?* from metallic calcium is possible [91],
calcium deposition whether on Ca metal or noble-metal substrates is severely restricted
by the rapid formation of a passivating surface layer [92]. Increasing the operating tem-
perature to approximately 100 °C and reducing ion-pairing in the electrolyte can partially
facilitate Ca2* migration through this surface film [93]; however, substantial overpotentials
(0.5-0.9 V) persist, indicating limited practicality for CIBs. Recent studies suggest that the
in situ formation of CaH, in Ca(BH4),/ THF electrolytes can mitigate surface passivation,
but its slow formation kinetics and the limited anodic stability of the electrolyte (=3 V)
remain significant barriers [94]. These challenges collectively underscore the difficulty of
realizing efficient reversible calcium storage in graphite-based anode systems and highlight
the need for alternative carbon structures or electrolyte innovations to enable practical
CIB performance. Recent progress has demonstrated that graphite can serve as a viable
anode material for CIBs through solvent-assisted co-intercalation mechanisms. Richard
Prabakar et al. [95] reported the reversible co-intercalation of Ca®* with tetraglyme (Gy) into
graphite, a behavior distinctly different from the irreversible reactions typically observed in
conventional carbonate- or ether-based electrolytes. In the presence of G4, graphite exhibits
highly stable cycling, maintaining excellent reversibility for up to 2000 charge—discharge
cycles at a rate of 1 A/g without noticeable degradation. Using a combination of ana-
lytical characterization and computational modeling, the study elucidates the stepwise
intercalation process of Ca?*~G, complexes within graphite layers. Furthermore, the feasi-
bility of graphite as an anode in a Ca?*-shuttling full-cell configuration was demonstrated,
underscoring the potential of solvent-cointercalation strategies to overcome the intrinsic
challenges of calcium storage in layered carbon materials.

6. CN'T-Based Materials as an Anode for MIBs

The increasing global demand for sustainable and high-performance energy storage
systems has stimulated extensive research into advanced electrode materials for recharge-
able MIBs. Among various candidates, CNTs have emerged as a promising class of nanos-
tructured carbon materials. CNT was first reported by the Japanese scientist Sumio lijima in
1991 [96,97]. As novel members of the carbonaceous material family, CNTs exhibit remark-
able physicochemical properties, including a large aspect ratio, high electrical conductivity,
extensive specific surface area, and low density. Reported electrical conductivity of up
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to 10 S m~! for single-walled CNTs (SWCNTs) and 10° S m~! for multi-walled CNTs
(MWCNTs). Furthermore, CNTs possess exceptional mechanical strength, with tensile
strength values as high as 60 GPa [98,99]. In the context of anode development, CNTs
offer significant advantages, including efficient electron transport pathways, large specific
surface area for ion adsorption, and the ability to buffer mechanical stress induced by
ion insertion/extraction processes. These properties make CNTs highly attractive for a
broad range of MIB chemistries, including lithium-ion, sodium-ion, and potassium-ion
systems [100-103].

6.1. Synthesis of CNT-Based Materials

CNTs can be synthesized through a variety of techniques; the most commonly em-
ployed approaches are shown in Figure 4.

[ CNT Synthesis Methods

Arc Discharge Laser Ablation

CVvD Hydrothermal

A 4

Electrolysis

Figure 4. Schematic representation of the major synthesis techniques for carbon nanotubes (CNTs),
including arc discharge, laser ablation, CVD, hydrothermal synthesis, and electrolysis.

6.1.1. Arc Discharge Method

The arc discharge method, first employed by lijima in 1991 for the synthesis of highly
crystalline MWCNTs, remains one of the earliest and most established techniques for CNT
production [96]. This high-temperature process, also widely used for fullerene synthesis,
involves striking an arc between graphite electrodes in an inert gas atmosphere (typically
He or Ar), generating plasma temperatures exceeding 3000 °C, sufficient to vaporize
carbon. Carbon subsequently deposits on the cathode, leading to nanotube formation. The
parameters, such as arc stability, current density, inert gas pressure, and electrode cooling,
strongly influence CNT yield, crystallinity, and morphology.

MWCNTs are generally synthesized without catalysts, while transition metals (e.g.,
Fe, Co, Ni, Mo, Y) are essential for SWCNT growth. Early studies demonstrated successful
large-scale synthesis of MWCNTs in helium due to its high ionization potential, while
variations such as pulsed arc discharge and liquid-phase arc discharge (e.g., in water, liquid
Ny, or salt solutions) expanded synthesis possibilities. Notably, boron- and nitrogen-doped
MWCNTs have been produced by arc discharge, and the method has also been adapted to
fabricate double-walled CNTs (DWCNTs) [104].
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For SWCNTs, catalyst-embedded graphite electrodes have been widely explored,
with mixtures such as Ni-Y-graphite and Fe-Co-Ni-graphite proving particularly effective
in producing uniform tubes with diameters around 1-2 nm. Process optimization, such
as hydrogen-assisted DC arc discharge or pulsed arc discharge, has been shown to im-
prove yield and purity. Key parameters affecting synthesis include chamber temperature,
pressure, catalyst type and its composition, carbon precursor, and electrode design.

The primary advantage of arc discharge lies in its ability to produce CNTs with high
crystallinity and structural quality. However, the method offers limited control over chiral-
ity, requires expensive high-purity graphite and catalysts, and often necessitates additional
purification steps, especially for SWCNTs. Despite these limitations, arc discharge remains
a benchmark for CNT synthesis due to its ability to produce high-quality nanotubes in
substantial quantities [105].

6.1.2. Laser Ablation Method

The laser ablation technique emerged as an alternative to overcome the limitations
of the arc discharge method, particularly in achieving uniform and high-purity SWCNTs.
First introduced by Guo et al. [106], laser ablation demonstrated remarkable efficiency,
producing nearly 500 mg of SWCNTs within five minutes with up to 90% purity [107].
Unlike arc discharge, laser ablation employs a high-energy pulsed light source, typically a
Nd: YAG (neodymium-doped yttrium aluminum garnet) laser, to ablate a graphite target.

The process is relatively simple: a quartz tube reactor (25 mm diameter, 1-1.5 m length)
placed in a tube furnace at ~1200 °C houses the graphite target, which can be either pure
graphite (for MWCNTs) or graphite doped with transition metals such as Fe, Co, or Ni
(for SWCNTs). Carrier gases such as Ar, He, or their mixtures are introduced at controlled
pressures and flow rates. The Nd: YAG laser beam, operating at 1064 or 532 nm wavelength,
~300 m] pulse energy, 10 Hz repetition rate, and pulse width <10 ns, is focused on the target
surface with a beam diameter of 3-8 mm. The intense irradiation vaporizes the target,
forming a plume of carbon species that are swept by the gas stream and condensed on a
downstream water-cooled collector [106].

This method not only enables the synthesis of high-purity CNTs but also provides
improved structural control compared to arc discharge. However, optimization of experi-
mental parameters such as laser energy, target composition, and gas environment remains
essential for maximizing yield and ensuring consistent CNT quality.

6.1.3. CVD Method

CVD is another promising alternative to arc discharge, suitable for controlled nanotube
growth, offering scalability and tunability in nanotube structure [108]. The method is based
on the catalytic decomposition of hydrocarbon or carbon monoxide gases over transition
metal catalysts, a concept long known for filament formation, but first demonstrated for
CNT synthesis by Yacaman et al. [109] Today, catalytic CVD (CCVD) is considered the most
economically viable route for large-scale CNT production and for their integration into
functional devices [110].

In a typical setup, the process is performed in a flow furnace under atmospheric pres-
sure, with horizontal and vertical configurations. The horizontal design, most widely used,
employs a quartz or ceramic boat containing the catalyst, exposed to a hydrocarbon/inert
gas mixture at 500-1100 °C. In contrast, vertical furnaces are better suited for continuous
CNT or carbon fiber production, where catalysts and feed gases are injected from the top,
and CNTs are collected at the bottom. A modified version, the fluidized bed reactor, extends
catalyst residence time by using an upward gas flow, enhancing growth efficiency [110].
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The general CNT growth mechanism involves hydrocarbon dissociation on the catalyst
surface, carbon atom dissolution into the metal nanoparticle, and subsequent precipita-
tion to form sp?-bonded tubular structures. The resulting CNT characteristics, including
diameter, length, crystallinity, and yield, depend strongly on parameters such as reaction
temperature, pressure, gas composition, catalyst type, size, support material, and pretreat-
ment. The diameter of CNT can be controlled by tuning the catalyst particle size, while
tube length is primarily governed by reaction time [111].

6.1.4. Hydrothermal Method

Hydrothermal techniques have proven effective for preparing a wide variety of carbon-
based nanostructures, including nano-onions, nanorods, nanowires, nanobelts, and MWC-
NTs [112,113]. These approaches offer several advantages over conventional synthesis
routes: (i) they rely on easily accessible and stable precursors under ambient conditions,
(ii) they operate at relatively low temperatures (150-180 °C), and (iii) they eliminate the
need for hydrocarbons or carrier gases. “Hydrothermal” does not always mean very
low absolute temperatures. A study reports synthesis at 700-800 °C under high pressure
(60-100 MPa) in water + polyethylene mixtures [114]. This resulted in products having
both open- and closed-end nanotubes, with wall thicknesses spanning several to over 100
carbon layers, and inner core diameters ranging from 20 to 800 nm [114,115]. Compared
to other high-energy processes (arc discharge, some CVD methods), the hydrothermal
approach can potentially reduce the total energy costs because of the use of a liquid-phase
environment and lower relative thermal gradients [116,117].

Similarly, graphitic CNTs were obtained by employing ethylene glycol as the carbon
source under comparable temperature and pressure conditions, also in the presence of Ni
catalysts. Transmission Electron Microscopy (TEM) analysis confirmed that these CNTs
possessed wide internal channels and Ni inclusions at the tube tips. Typically, hydrothermal
nanotubes exhibit wall thicknesses of 7-25 nm and outer diameters of 50—150 nm, while
thin-walled tubes with internal diameters from 10 to 1000 nm have also been reported [115].
The growth process often involves infiltration of a supercritical fluid mixture (CO, CO,,
H,0, Hy, and CHy) into the developing nanotube cavity.

Using a combined sonochemical/hydrothermal route, Manafi et al. [118] successfully
produced CNTs at 150-160 °C for 24 h, starting from a 5 mol/L NaOH aqueous solution
containing dichloromethane, metallic lithium, and cobalt chloride. The resulting nan-
otubes had diameters of ~60 nm and lengths of 2-5 um. Scanning Electron Microscopy
(SEM) revealed uniformly dispersed catalyst nanoparticles, attributed to the ultrasonic
pre-treatment of the precursor solution.

Interestingly, MWCNTs and nanocells have also been synthesized in hydrothermal
fluids from amorphous carbon without metal catalysts, at temperatures below 800 °C. In
these conditions, carbon nanocells formed through the interconnection of multi-walled
graphitic layers at ~600 °C, appearing macroscopically as disordered bulk carbon. These
nanocells typically exhibit diameters below 100 nm, with internal cavities of 10-80 nm.
Additionally, nanotubes produced in such systems usually display diameters of several
tens of nanometers and lengths extending to hundreds of nanometers [119].

Notably, the spontaneous growth of short nanotubes and nano-onions has been ob-
served from nanoporous carbon in the presence of elemental cesium at temperatures as
low as 50 °C. Microscopic studies demonstrated that the degree of structural ordering and
abundance of carbon nanoparticles increased significantly upon heating to 350-500 °C.
Remarkably, even at 50 °C, the formation of carbon nanopolyhedra, nanotubes, and onions
was observed [120].
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6.1.5. Electrolysis Method

Electrolysis is a relatively uncommon approach for synthesizing CNTs, first reported
by Hsu et al. [121] in 1995. This process is based on the electrowinning of alkali metals
(Li, Na, K) or alkaline-earth metals (Mg, Ca) from their molten chloride salts at a graphite
cathode. The deposited metals react with the cathode to form CNTs. Each electrolyte
composition requires an optimal operating temperature for CNT formation, with product
purity decreasing sharply when deviating from this temperature. For example, in NaCl
and LiCl electrolytes, the best results were obtained at temperatures slightly above the
melting point of the salts. Following electrolysis, the carbonaceous products are isolated
by dissolving the salts in distilled water and filtering the suspension. During this process,
the graphite cathode undergoes erosion, producing a mixture that typically contains CNTs,
amorphous carbon, carbon-encapsulated metal nanoparticles, spherical carbon particles,
and filaments. MWCNTs are the dominant product, though Bai et al. [122] successfully
synthesized SWCNTs via electrolytic conversion of graphite in molten NaCl at 810 °C
under argon, yielding tubes with diameters of 1.3-1.6 nm comparable to SWCNTs obtained
by other methods. Small additions (<1 wt%) of metals or low-melting-point salts such as
SnCly, PbCly, Bi, or Pb promote the formation of metal nanowires and filled CNTs. They
produced MWCNTs typically have diameters of 10-20 nm, lengths exceeding 500 nm, and
consist of 10-15 graphitic walls, often aggregated into entangled bundles with amorphous
carbon and encapsulated particles.

A distinct advantage of electrolysis is its operation in the condensed phase that
directly utilizes graphite as a carbon source at relatively low temperatures. This ap-
proach offers several benefits, namely: (i) simple apparatus design; (ii) controllable syn-
thesis through electrolysis parameters; (iii) use of inexpensive raw materials; (iv) rela-
tively low energy requirements; and (v) tunability of CNT morphology, structural fea-
tures, and heteroatom doping through optimization of both composition and electrolysis
conditions [123,124].

Recent progress has expanded the electrochemical route. Novoselova et al. [125]
developed a new electrolytic synthesis based on cathodic reduction of CO; dissolved in
molten salts, leading to in situ carbon deposition on metallic electrodes. Predominantly
curved and bundled MWCNTs were obtained by using a ternary chloride melt (NaCl-KCl-
CsCl) as an electrolyte, with outer diameters ranging from 5 to 250 nm and inner diameters
from 2 to 140 nm, sometimes partially filled with salts. A higher current density favored
smaller-diameter CNTs, improved carbon yield, and increased CNT fraction in the product.
In another study, nanotube growth was achieved at temperatures as low as —40 °C in liquid
ammonia using acetylene as the carbon source, notably without a metal catalyst. Acetylene,
generated by CaC;, hydrolysis and purified through sequential treatments, was dissolved
in liquid NH3 for electrolysis. The resulting deposits formed a porous layer (1-2 um thick)
on the cathode surface, primarily consisting of amorphous, graphitic, and turbostratic
carbon, along with MWCNTs. These nanotubes, with an average diameter of ~15 nm,
exhibited irregular curvature, bundled morphologies, and exceptionally high aspect ratios
(length-to-diameter ratio > 1000).

6.2. CNT-Based Anode for LIBs

LIBs have attracted much attention over the years due to their high theoretical gravi-
metric capacity, light weight, and long lifespan. Lithium has a high theoretical specific
capacity of 3862 mAh/g and a highly negative standard electrode potential (—3.040 V vs.
SHE), making it an ideal anode material for LIBs, with an effective ionic radius of 0.76 A,
which promotes fast ion transfer kinetics. While graphite remains the most commonly used
anode material for commercial LIBs due to its low cost, its application potential is limited
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by low energy density (less than 250 Wh kg ') and a low theoretical specific capacity of
372 mAh/g [97]. Other concerns are the slow diffusion rate of Li* ions in graphite, dendrite
formation at low voltages, and safety concerns from the non-aqueous electrolyte system
(Figure 5) [98].

Recent studies have focused on the use of nanomaterials to overcome these issues,
since these materials have large surface areas, which ensure an improved Li-ion diffusion
coefficient. These materials include fullerenes (0D), CNT (1D), graphene (2D), and their
composites (3D) [1]. Among the various nanocarbon materials, CNTs have become one
of the most promising candidates for next-generation LIB anode. Their 1D tubular shape
provides continuous electron transport pathways, high electrical conductivity, and many
active sites for Li* intercalation and adsorption [99]. Additionally, their high mechani-
cal strength and flexibility help accommodate the significant volume changes that often
happen during lithiation and delithiation, reducing pulverization and improving cycling
stability [126]. Recent research indicates that pristine CNTs can deliver higher reversible
capacities than graphite, with improved rate performance resulting from faster Li* dif-
fusion along the nanotube channels [127-129]. However, pristine CNTs alone still show
relatively low specific capacities (~300-400 mAh/g), which limits their competitiveness
with high-capacity alloying materials like Silicon.
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Figure 5. Schematic diagram for LIBs.

To address these challenges, various modification strategies, such as heteroatom
doping, have been employed to enhance the electrochemical performance of the anode [97].
Heteroatom doping, where nitrogen, boron, or phosphorus atoms are introduced into
the CNT lattice, can create defects and additional Li* adsorption sites. This method has
been shown to improve conductivity and storage capacity [126]. Another widely studied
direction is the development of CNT-silicon composites. In these systems, CNT networks
serve as highly conductive scaffolds that buffer the extreme volume expansion of Silicon
during lithiation. CNT-Silicon anode have reported superior performance with a high
specific capacity of 3250 mAh/g at 0.2 C, a capacity retention of 99.8%, and a coulombic
efficiency of 100% after more than 700 cycles [129].

Furthermore, CNT-graphene hybrids are being designed to exploit the complemen-
tary advantages of both materials. The combination produces 3D conductive frameworks
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with high surface areas and rapid electron/ion transport, while also suppressing agglom-
eration of the carbon nanostructures. Such hybrids have been reported to achieve both
high capacity and excellent rate performance [130,131]. Beyond compositing, surface func-
tionalization and defect engineering are also employed to enhance performance. Mild
oxidation or plasma treatments can introduce oxygen-containing functional groups that
improve electrolyte wettability and facilitate stable solid—electrolyte interphase (SEI) for-
mation. In parallel, controlled defect engineering has been shown to increase Li* storage
capacity without severely compromising conductivity [132]. Another promising trend is
the fabrication of binder-free CNT anode. Direct growth of CNTs onto current collectors,
such as copper foils, eliminates the need for polymer binders and conductive additives.
This process reduces inactive mass and increases the gravimetric energy density of the elec-
trode. Moreover, this architecture improves structural robustness during cycling, enabling
long-term stability at high current densities [133-135].

In summary, CNT-based anode are positioned at the forefront of advanced LIB research.
Although their intrinsic capacity is lower than that of Silicon, their superior conductivity,
structural flexibility, and chemical tunability make them attractive, either as standalone
high-rate anode or as conductive scaffolds in composite systems. Future directions will
likely focus on scalable synthesis methods, optimized doping strategies, and hybridization
with high-capacity active materials to bridge the gap between laboratory-scale demonstra-
tions and industrial-scale applications [136,137].

6.3. CNT-Based Anode for SIBs

SIBs are considered promising battery systems and viable alternatives to LIBs due to
their low costs and the wide distribution of sodium in the Earth’s crust, as well as their
similar electrochemical mechanisms to LIBs. However, SIBs still face some challenges
that have hampered their commercial applications. One challenge is the low operating
voltage (~0.3 V lower than Li) of SIBs. When comparing the metal ions in Group I, the
larger effective ionic radii of Na* ions (1.02 A) compared to Li* ions can lead to sluggish
ion diffusion and reaction kinetics and structural stress in electrodes in SIBs. However,
the lower Lewis acidity of Na* ions results in their solvated ions being smaller compared
to those of Li* ions [97]. Therefore, finding appropriate electrode materials with internal
spaces large enough to host Na* ions should be thoroughly considered.

Recent research efforts have focused on developing better anode materials to enhance
the overall performance of SIBs. CNTs have emerged as promising anode materials for
SIBs due to their excellent electrical conductivity, mechanical strength, and ability to
accommodate volume changes during cycling. CNTs have been integrated into various
SIB anode architectures to mitigate the intrinsic challenges of sluggish Na* diffusion
and substantial volume expansion during cycling. Pristine CNTs have been explored as
standalone anode materials for SIBs. However, their limited Na* storage capacity, typically
below 100 mAh/g, is attributed to weak van der Waals interactions and the absence of
active sites for Na* intercalation. Therefore, recent studies have focused on modifying
pristine CNTs to enhance their electrochemical performance. It has been reported that
pristine carbon materials, including CNTs, suffer from low Na* intercalation unless doped
or hybridized [138]. While pristine CNTs may be structurally robust, the need for surface
engineering or doping to achieve practical capacities for SIBs has been emphasized [139].
The foregoing highlights the role of defect engineering and heteroatom doping in improving
Na* intercalation and affinity. When comparing pristine CNTs with biochar-based hard
carbons, it is noted that CNTs offer superior conductivity but lag in Na* storage unless
functionalized [140]. The limitations of pristine carbon materials were also identified, and
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advanced nanomaterial tailoring, such as creating oxygen-rich or nitrogen-doped CNTs,
was proposed to overcome the low capacity and poor cycling stability [141].

CNTs are increasingly exploited to construct 3D conductive frameworks that simul-
taneously support efficient electron transport and mechanical stability in SIB electrodes.
This process seeks to address the sluggish Na* diffusion kinetics and large ionic radius
of sodium, which impose significant structural stress on conventional anode. In the
3D CNT frameworks, interconnected conductive networks provide continuous electron
pathways, while also accommodating volumetric changes during cycling. The electro-
chemical advantages of 3D CNT-based anode are increasingly evident in recent studies.
Liu et al. [142] demonstrated that CNT/Fe,O3 hollow nanostructures anchored on a 3D
CNT framework achieved a reversible capacity of 410 mAh/g after 500 cycles, benefitting
from both conversion reaction activity and mechanical buffering of CNTs [143]. Similarly,
nitrogen-doped CNT aerogels exhibited superior rate capability and mechanical flexibility,
maintaining stable sodium storage at high current densities [144]. Other approaches exploit
CNT/graphene hybrid aerogels with hierarchical porosity, which delivered improved
ion transport and long cycle life compared to single-component carbons [144]. Moreover,
CNT-5nS; composites achieved high-rate performance due to conductive scaffolding that
suppressed pulverization of the active material [145]. Together, these studies highlight the
critical role of CNT-based architecture in enabling robust, high-performance electrodes for
next-generation MIBs.

Despite promising progress, challenges remain in translating 3D CNT frameworks into
practical SIB anode. Large-scale, cost-effective synthesis of CNT networks with controlled
porosity and heteroatom doping remains non-trivial. Binder-free electrode designs, while
advantageous to attain high energy density, may face limitations in mechanical integrity
under industrial processing. Moreover, the intrinsic low-redox activity of pure CNT frame-
works necessitates hybridization with other materials to achieve competitive capacities.
Future directions include rational defect engineering, hierarchical structure control, and
the integration of CNT scaffolds with high-capacity alloying materials such as Sn, Sb, or
P to balance kinetics and storage capacity. Given the rapid advances in CNT chemistry
and scalable aerogel synthesis, 3D CNT frameworks are poised to play a significant role in
advancing SIBs toward commercial applications [144].

6.4. CNT-Based Anode for KIBs

Compared to LIBs and SIBs, the low standard electrode potential of the K/K redox
couple results in lower cutoff potential for the most available negative electrode materials,
which helps avoid metallic potassium deposition during cycling. Thus, KIBs have the
potential for higher-voltage operation and can function over a wider electrochemical
window compared to LIBs and SIBs. Moreover, KIBs have high-power densities based on
the fast diffusion rate of K* ions, due to the weak coulombic interactions of K* ions with
surrounding anions. These unique advantages of K ions make KIBs a possible alternative
to LIBs. However, the large ionic radius of K* (1.38 A) compared to that of Na* ions
creates even more serious issues with transport kinetics and cycling stability for KIBs [146].
Whereas, the high chemical activity of potassium hindered the KIB use in commercial
applications [147].

Comparative analyses across Li-, Na-, and K-ion systems further highlight the unique
challenges of KIBs. Hard carbon, while widely used in lithium and sodium storage, shows
lower ICE and capacity in potassium systems, underscoring the need for new structural
designs for high-performance electrodes that deliver high specific capacity and excellent
cycle performance [103,148]. Recent reviews have emphasized that the design of carbon
frameworks, including CNTs, plays a crucial role in mitigating volume expansion and
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enabling stable cycling [149,150]. The effect of the conductivity of a graphene-based anode
material on the diffusion kinetics of K* ions has also been reported [139]. Several other
optimization strategies for CNT anode have also been identified. For instance, heteroatom
doping (e.g., N, P, S) can modulate electronic states and create active sites for enhanced K*
adsorption, while hierarchical CNT architectures facilitate rapid ion transport and shorten
diffusion pathways [151]. In addition, coupling CNTs with amorphous or graphitic hard
carbon domains can synergistically improve both reversible capacity and cycling life [152].
Binder-free CNT films and sponges have also been explored as flexible anode, offering
lightweight electrodes with reduced inactive mass, though mechanical robustness under
industrial processing remains a challenge [153]. Future directions include rational defect
engineering, scalable aerogel synthesis, and integration of CNT scaffolds with high-capacity
alloying materials such as Sn, Sb, or P to balance kinetics and storage capacity [149].

7. Hard Carbon Material as an Anode for MIBs

Hard carbon, also called nongraphitizable carbon, is a type of disordered carbon that
cannot be transformed into perfect graphite even at high temperatures [154]. By pyrolyzing
organic precursors at temperatures below 2000 °C, hard carbon can be produced while
maintaining its turbostratic graphitic domains and amorphous areas. Hard carbon is
one of the most appealing anode materials for rechargeable batteries because of these
characteristics as well as intrinsic nanopores and flaws. It is useful not only for LIBs but
also for sodium-ion systems, potassium-ion systems, calcium-ion systems, magnesium-ion
systems, and zinc-ion systems due to its capacity to store a large number of ions reversibly,
function at low potentials, and accept ions of different sizes.

Hard carbon’s porous structure and increased interlayer spacing facilitate the effective
insertion and extraction of bigger ions like Na* and K*, increasing capacity and rate
capability [154,155]. Additionally, hard carbon has received more interest recently for large-
scale energy storage applications due to its adaptability, cost-effectiveness, and abundance
of precursors.

7.1. Synthesis of Hard Carbon Materials

A schematic is presented in Figure 6, showing different methods that have been used
to prepare hard carbon.

Hard Carbon Synthesis
Method

Structural / Pore
Engineering and
Precursor Design

Pyrolysis/Carbonization Heteroatom Doping and

of Organic Precursors

Surface Modification:

Figure 6. Hard carbon synthesis methods.

7.1.1. Pyrolysis/Carbonization of Organic Precursors

Thermal carbonization of organic precursors in inert or oxygen-deficient environments
is the most frequent method of producing hard carbon, which cannot be graphitized even
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at high temperatures. For instance, heating biomass, polymers, or tiny organic molecules to
high temperatures (such as 900-1500 °C) produces hard carbon with a disordered carbon
framework that has flaws and closed pores that improve ion-storage capacity. Hard carbon
is one of the most attractive anode materials for SIB because of its plentiful supplies and
advantageous low-voltage performance, as Tan et al. noted [156]. Hard carbon materials
are superior to other anode electrode materials for SIB due to their high capacity, low cost,
and low operating voltage [156,157].

Hard carbon is a carbon-based substance that can be made from a variety of precur-
sors, including asphalt, biomass, and resin. At temperatures between 250 and 500 °C, the
precursor’s carbon atoms are catalyzed, cracked, and reorganized, first establishing the
carbon layer structure and then progressively ordered in the heat treatment process that
follows, ultimately forming hard carbon [158,159]. Hard carbon’s structure and charac-
teristics are directly impacted by the carbonization process’s parameters. Two significant
factors that influence the structure and characteristics of hard carbon are the temperature
and heating rate of the carbonization process. In order to produce bioderived hard carbon,
Dahbi et al. [160] carbonized argan shells at various temperatures (800, 1000, 1200, and
1300 °C).

The findings demonstrated that the carbon layer spacing inside hard carbon decreased
as the carbonization temperature increased (from 0.4 nm at 800 °C to 0.388 nm at 1300 °C).
Both the material’s specific surface area (from 99 m? /g at 800 °C to 2.6 m? /g at 1300 °C) and
the integrated intensity ratio (ID/IG) of the D band to the G band in the Raman spectrum
(from 2.66 at 1300 °C to 2.06 at 800 °C) continue to decline, indicating a decrease in defect
content. According to the electrochemical test, hard carbon produced by carbonization
at 1300 °C performs the best, with an ICE of 83.9% at 25 mA /g and a specific capacity of
300 mAh/g. In order to create sucrose-based hard carbon microspheres, Xiao et al. [161]
used a hydrothermally treated sucrose precursor and heated it to 1300 °C at various speeds
(0.5,1, 2, and 5 °C/min). It was discovered that the ICE of hard carbon could be improved
by lowering the heating rate, which also had a slight increase in capacity.

The conventional carbonization process uses a lot of energy and takes a long time.
Zhen et al. [162] used a novel and effective approach. The pre-carbonized carbon matrix was
carbonized at a high temperature using a multifield controlled spark plasma sintering (SPS)
technique. SPS uses an extremely quick heating rate (100-500 °C/min) to finish plasma
sintering in less than a minute. Compared to conventional carbonization techniques, SPS-
prepared hard carbon contains fewer flaws, less porosity, and less oxygen. In another study
Guo et al. [163] prepared a bio mass hard carbon anode using the carbonization method
with relatively lower heating rate. The synthesized anode displays a high ICE of 82.8%
and exhibited decreased initial irreversible capacity loss. The initial charge capacity of
324.6 mAh/g and promising cycle stability with 90.0% capacity retention after 200 cycles
at 50 mA /g was achieved.

This technique makes it possible to fine-tune pore structure, defect density, and in-
terlayer spacing all of which are crucial for affecting Na* or K* insertion behavior. In
reality, customized micropore/mesopore volumes, closed-pore architecture, and graphitic
domain size can result from controlling the heating rate, final temperature, precursor type,
and environment. For instance, Qin et al. report that after 200 cycles at 0.05 A/g, N, P
co-doped hard carbons made from maize stover delivered discharge capacities close to
~300 mAh/g [164,165]. These findings highlight the need for ideal pyrolysis and carboniza-
tion conditions in order to produce hard carbon with a high reversible capacity.
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7.1.2. Structural /Pore Engineering and Precursor Design

To maximize hard carbon performance, structural engineering and meticulous precur-
sor design are frequently used in addition to straightforward carbonization. Hierarchical
structures with better storage properties can be created by selecting a precursor (biomass
vs. synthetic polymer), using templates or activation, and controlling the distribution of
pore sizes and interlayer spacing. Tan et al., for example, point out that essential strategies
to improve hard carbon performance include enhancing pore shape, heteroatom doping,
and electrolyte design [156].

The precursor is carbonized to create hard carbon, which further reflects performance
while retaining some of the precursor’s structural features. As a result, the performance can
be managed through the design or screening of appropriate antecedents. Biomass-based
precursors, polymer-based precursors, asphalt-based precursors, and coal-based precursors
are the four primary groups of hard carbon precursors. Phenolic resin is a typical and
highly pure precursor for polymers. By controlling the precursor’s functional group and
degree of crosslinking, it can control the structure and dope with elements [166,167].

Maleic anhydride was used to cure epoxy phenolic resin, which was used as a pre-
cursor by Fan et al. [168]. The epoxy rings completely reacted with maleic anhydride,
producing a large number of hydroxyl and ester functional groups, according to analysis
using Fourier transform infrared (FTIR) spectroscopy.

Although polymer precursors have some advantages, their expensive cost limits their
widespread application. Asphalt-based precursors, on the other hand, come from plentiful
and reliable sources. Additionally, they yield more carbon than precursors made of biomass
or resin. However, the hard carbon created by direct carbonization frequently performs less
than ideal since asphalt tends to graphitize at high temperatures. Therefore, pretreatment
procedures are frequently used prior to carbonization. Lu et al. [169], for instance, employed
asphalt as the precursor and added a pre-oxidation step before carbonization. During this
low-temperature pre-oxidation, adding functional groups containing oxygen improves the
precursor’s crosslinking and prevents the asphalt from melting or undergoing ordered
structural rearrangement during high-temperature carbonization.

It has been demonstrated that the capacity of the plateau region is significantly influ-
enced by the pore structure of hard carbon [170]. When assessing ICE and total capacity
of hard carbon materials, increasing the number of micropores in the material improves
the plateau capacity [171]. Zhang et al. [172] found molecular sieve carbon as an anode
material with superior sodium-storage performance for the first time by comparing the
microporous architectures and sodium-storage behaviors of commercial activated carbon,
molecular sieve carbon, and graphite.

They found that activated carbon with extremely high porosity behaved poorly when
storing sodium. Its low ICE (22.1%) was caused by its wide pore apertures, which produced
an unduly high specific surface area [172].

By thermally heating a freeze-dried combination of magnesium gluconate and glucose,
Kamiyama et al. [173] improved the MgO templating technique to create porous hard
carbon. Nanoscale MgO particles were consistently produced within the carbon matrix
by a preliminary heat treatment at 600 °C. Reversible capacity was maximized by further
acid leaching and high-temperature carbonization at 1500 °C, which further enhanced
structural ordering while maintaining a high density of nanoscale micropores. In the first
cycle at 25 mA /g, the resultant material showed an ICE of 88% and a reversible capacity of
478 mAh/g.

Yin et al. [174] used phenolic resin as the precursor and added nanoscale ZnO dur-
ing the precursor synthesis stage, resulting in a one-step carbonization method that
produced porous hard carbon. ZnO and carbon combine at high temperatures to pro-
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duce gaseous zinc and carbon monoxide. Using glucose as the carbon precursor and
bis(cyclopentadienyl)nickel as the coating carbon source, Cheng et al. [175] combined
surface-coating and templating techniques. They also incorporated a silica template by
hydrothermal pretreatment and liquid-phase processes. Following carbonization, the
resultant porous carbon spheres coated with an ultrathin carbon layer exhibited high ICE.

Increasing the volume of closed pores and maximizing the mesopore-to-micropore
ratio can improve sodium-ion storage’s low-voltage plateau capacity. To further improve
electrochemical performance, pore engineering is often combined with heteroatom doping
and surface functionalization. Ion migration can be accelerated by microstructural changes,
as demonstrated by Yin et al. [176], and these effects can be efficiently adjusted by adding
dopants to the carbon framework. When taken as a whole, these design approaches provide
a thorough road map for creating hard carbons of the future.

7.1.3. Heteroatom Doping and Surface Modification

Hard carbon’s electrical structure, conductivity, and interlayer spacing can all be
altered by heteroatom doping, which includes N, S, B, P, and other elements. These
heteroatoms can typically be added during the carbonization process with the aid of
precursors that contain specific elements, and occasionally even through post-synthetic
processes including chemical vapor deposition, gas-phase doping, and solution immersion.
For instance, Yin et al. showed that doping carbon materials with heteroatoms like N, S,
and B effectively modifies microstructures and increases ionic migration rates [176].

According to Wang et al., P-doping hard carbon with phosphoric acid as a precur-
sor boosted reversible capacity from 240.3 mAh/g to 359.9 mAh/g, increased interlayer
gap, and promoted Na* transport. In comparison to hard carbon without doping, the
charge—discharge rate was discovered to be 0.05 C [177]. These findings suggest that the
electrochemical performance and structural stability of hard carbon anode are directly
impacted by careful dopant selection and doping concentration management. In order to
improve rate performance in LIBs, SIBs, and KIBs, sulfur and boron dopants have also been
investigated. Sulfur increases surface polarity, while boron increases electronic conductiv-

ity.
7.2. Hard Carbon-Based Anode for LIBs

Carbon-based materials are still among the most popular and dependable anode for
LIBs, because they provide a good mix between stability, affordability, and electrochemical
performance. This material has demonstrated exceptional cycling stability, improved low-
temperature performance, and fast-charging capabilities [178,179]. Hard carbon is one of
the most attractive candidates for high-energy LIB applications. Both intercalation and
adsorption-based storage methods are supported by its unique microcrystalline structure,
which has disordered graphene layers, nanopores, and a large number of defect sites. These
structural benefits directly result in increased high-energy performance and better lithium
storage capacity.

Hard carbon nevertheless confronts significant obstacles in its practical application,
despite these advantages. Its commercial potential is still constrained by its high voltage
hysteresis, significant irreversible capacity loss during the first cycle, and low ICE. Struc-
tural engineering, surface changes, improved precursors, and novel synthesis techniques
have all been the focus of substantial research efforts over the last ten years to address
these problems.

Hard carbon as an anode material for LIBs is thoroughly and currently examined.
Xie et al. explained all the principles of lithium storage, classified various hard carbon
kinds according to their microstructure and synthesis pathways, and identified the main
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obstacles that still need to be overcome. In order to provide insight into how hard carbons
might develop to satisfy the requirements of next-generation, high-energy battery systems,
possible solutions and new research avenues are also examined [178].

7.3. Hard Carbon-Based Anode for SIBs

According to Liu et al. [180], hard carbon stands out among the several anode pos-
sibilities for SIBs due to its great compatibility with current industrial manufacturing
and economic advantages. Hard carbon’s unique microstructure is essential for improv-
ing its electrochemical behavior during Na* storage [154,181]. Subsequent research has
demonstrated that this intricate structural configuration enables hard carbon to attain
a sodium-storage capacity considerably greater than that of graphite [182]. As a result,
hard carbon has gained more attention as a potential anode material for SIBs [183]. A
significant advancement in SIB creation was made when Dahn and his team showed that
glucose-derived hard carbon could provide a reversible Na* storage capacity of about
300 mAh/g [24]. Hard carbon has emerged as a top contender for upcoming commercial
SIB anode in recent years [184].

When cycling at moderate current densities, the hard carbon anode in SIBs typically
exhibit reversible capacities in the range of around 250-350 mAh/g. For example, He et al.
claimed a capacity gain from 232 mAh/g to 307 mAh/g [185], although one performance
benchmark reports ~305 mAh/g. Despite these successes, there are still issues, primarily re-
lated to the huge interior surface area and irreversible ion loss during SEI formation, which
lead to low ICE and poor rate capability. However, the performance gap for commercial SIB
deployment for hard carbon anode has gradually decreased with appropriate pore design,
interface tuning, and structural control [186]. Current industrial-scale demonstrations are
increasingly validating these improvements, highlighting the commercial readiness of hard
carbon for SIBs.

7.4. Hard Carbon-Based Anode for KIBs

Hard carbon’s disordered structure and larger interlayer spacing make it suitable for
accommodating larger ions such as K* (~1.38 A). Qiu et al., in their recent work, outline
that hard carbon materials exhibit excellent rate performance and cycling stability in KIBs
when appropriately modified [187].

Larger ions like K* (~1.38°) can be accommodated by hard carbon due to its disordered
structure and wider interlayer gap. When properly adapted, hard carbon materials show
outstanding rate performance and cycling stability in KIBs, according to a recent study by
Qiu et al. [187].

Since K* shares similar physical and chemical characteristics with Li* and Na*, hard
carbon has also emerged as a promising candidate for potassium-ion storage. Early research
on carbon-based anode for K* was limited, largely due to concerns that the larger ionic
radius of K* would hinder effective accommodation within carbon structures [184]. This
view shifted after a pivotal 2016 study by Jian et al., which demonstrated successful
electrochemical intercalation of K* in hard carbon, achieving a reversible capacity of
262 mAh/g along with impressive rate performance [184].

The structural engineering of hard carbon and the underlying mechanisms of K*
storage have been extensively studied as a result of this significant finding [188-190].
Current research continues to concentrate on creating better hard carbon materials for KIBs,
as the complex microstructure of hard carbon offers new opportunities for accommodating
K* ions.

Although direct application of hard carbon in zinc-ion, magnesium-ion, or CIB systems
is less developed, hard carbon’s architectural advantages make it an obvious choice for
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these new multivalent systems. When all of these factors are taken into account, hard
carbon’s adaptability stems from its broad precursor selection, tunable microstructure, and
tunability across various ion chemistries. As a result, it becomes one of the primary anode
platforms for batteries of the future.

8. Heteroatom-Doped Carbon Materials as an Anode

As mentioned earlier, a variety of carbonaceous materials have been investigated
for use as anode, including hard carbon, soft carbon, graphene, EG, etc. Among the
various anode materials, hard carbon has garnered significant attention owing to its plen-
tiful availability, stability, and non-toxic nature. Nevertheless, there is an agreement that
hard carbon exhibits relatively subpar performance regarding its rate capability, reversible
capacity, and ICE. To address these deficiencies, numerous investigations have concen-
trated on the development of distinctive architectures, such as micro-spherules, nanowires,
nanofibers, and porous structures, or the incorporation of heteroatoms to enhance their
electrochemical characteristics [191]. The concept of surface functional modification in-
volves the introduction of functional groups through heteroatom doping, which enhances
the electronic structure, micro-chemical environment, and surface characteristics of carbon
materials [192,193]. Recent reports have focused on doped heteroatoms in carbon, primarily
highlighting nitrogen, phosphorus, sulfur and boron as shown in Figure 7 [193].

Q Carbon
) Boren
Q Nitrogen
Sulphor
QD Phosphorus

N-doped carbon S-doped carbon

5%

P-doped carbon

)

Dual-clement doped carbons Triple-clement doped carbons

B-doped carbon

Figure 7. Schematic representation illustrating the architecture of different heteroatom-doped carbon
materials [193].

8.1. Synthesis of Heteroatom-Doped Carbon-Based Materials
8.1.1. Pyrolysis Method

The heat-treatment (pyrolysis) process is a prevalent method utilized for the prepa-
ration of various N-containing carbon materials. It involves introducing nitrogen into
carbonaceous structures such as graphite and graphene. One of the procedures for prepar-
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ing nitrogen-doped carbon (NC) anode involves the pyrolysis of precursors containing both
nitrogen and carbon. For instance, C19H14N»NayOg-2H,0 (ethylenediaminetetraacetic acid
disodium salt dihydrate) [194] or C9H;7NOs (Vitamin B5) [10,195] is pyrolyzed under an
argon atmosphere, with the final temperature ranging from 500 to 1000 °C for a duration
of two hours. After pyrolysis, the resulting products are washed with 37% HCI to elimi-
nate inorganic impurities and dried in a vacuum oven at 80 °C. Though the procedure is
straightforward, it yields highly efficient NC materials suitable for use as anode.

Similarly, boron-containing precursors, such as B,O3 or H3BOj3, can be directly incor-
porated into carbon precursors, followed by pyrolysis, to yield boron-doped carbonaceous
materials [193]. Pitch coke and boron oxide powders are combined in the most straight-
forward method, which is then baked and heated in an argon environment before being
ground up and sieved to produce boron-doped graphite [196].

The pyrolysis method also applies to the direct carbonization of sulfur-containing
precursors, such as dodecylbenzene sulfonic acid or poly(3,4-ethylene dioxythiophene)
(PEDOT), at high temperatures (700-850 °C), producing sulfur-doped carbon with varying
sulfur contents (2-15 wt%) [26].

For phosphorus doping, a related pyrolysis approach can be applied using red phos-
phorus (RP) or phosphorus-organic compounds as precursors. P-doped GO can be pre-
pared by mixing with triphenyl phosphate (TPP) in alcoholic solvent, drying in the vacuum
condition and afterwards annealing in pure argon environment [197].

8.1.2. Carbonization of Mixed Precursors

This method involves combining carbon and heteroatom precursors prior to thermal
treatment. For nitrogen-doped porous carbon (NPC), a mixture of sodium citrate and urea
is calcined to form a porous structure with uniformly distributed nitrogen atoms.

For sulfur-doped carbon (SC), this approach is widely used due to its ability to achieve
high sulfur contents (exceeding 20%). Jiang et al. [16] synthesized sulfur-doped disordered
carbon (DC-S) by combining the small molecule 1,4,5,8-naphthalene tetramethylene anhy-
dride (NTCDA) with sulfur powder at 500 °C, resulting in 26.91 wt% sulfur. Solid sulfur
sources such as sodium dodecyl sulfate, thiourea, and phenyl disulfide have also been
employed [198], although in solid-state mixing, if the interfacial contact is not enough it
can cause non-uniform doping.

The choice of carbon precursor significantly affects the resulting structure and mor-
phology. Precursors can include small organic molecules, polymers, and biomass sources
such as scallion peel, garlic peel, elm samara, lotus leaf, and bagasse. Uniform doping
depends upon more multiple factors such as, the interplay between precursor type, het-
eroatom source, mixture ratio, and carbonization conditions.

8.1.3. CVD Method

CVD is one of the most used methods for synthesizing heteroatom-doped carbon
anode. It is extensively employed for the incorporation of nitrogen and boron into carbon
materials. Its significance lies in the fact that it provides highly controlled incorporation
of dopants in the carbon lattice and results in homogeneously distributed active sites and
tunable electronic properties. CVD with optimized porosity enhance charge transport,
cycling stability, and overall electrochemical performance.

N-doped graphene sheets and high-concentration nitrogen-doped carbon nanotubes
(HN-CNTs) have been synthesized via ammonia-assisted or CVD-based methods [199,200].
Boron doping in atomic form is also commonly achieved via CVD using boron-containing
alkanes or diborane (ByHg) diluted in Ar gas. The plasma arc torch variant employs acety-
lene and diborane (1% ByHg in Ar) as precursors, allowing in situ doping during growth.
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8.1.4. Electrospinning Method

Electrospinning represents one of the effective methods to prepare heteroatom-doped
carbon materials as it enables precise fabrication of flexible nanofibers with homogenous
distribution of dopants. This method leads to controlled diameter, composition, and
morphology. After stabilization and carbonization, these dopants are integrated into the
carbon framework, generating highly conductive and structurally stable carbon nanofibers.
Electrospinning in polymer matrix is particularly used for phosphorus incorporation into
carbon nanostructures. H3POy serves as a phosphorus source and is mixed into a polymer
solution (e.g., polyacrylonitrile in N,N-dimethylformamide) to form a spinning solution.
Electrospinning produces P-doped 1D macroporous nanofibers, which are subsequently
stabilized through thermal treatment in an Ar atmosphere [191].

The high P-C binding energy, POy species generation, and oxygen sensitivity of
phosphorus can restrict the doping efficiency in this approach by reducing the number of
active sites accessible for ion storage [201,202].

8.1.5. Post-Doping Method

Post-doping techniques are used for heteroatom modification of pre-formed carbon
structures, particularly for sulfur. This method generally modifies the surface or near-
surface regions, causing small changes to the pore structure or morphology [198,203]. In
practice, the process often starts with polymerization of thiophene or PEDOT, followed by
incorporation of oxidants, dopants, or catalysts, and subsequent heat treatment to achieve
stable heteroatom incorporation.

For phosphorus, a novel oxygen-free post-doping approach uses phosphorus trichlo-
ride (PCl3) and cyclohexane (C¢Hjz) as phosphorus and carbon sources, respectively. By
introducing these liquids as mixed gases through N, bubbling, carbonization and in situ
phosphorus doping are made possible at high temperatures, reaching ultrahigh phosphorus
doping values of up to 30 wt% [201].

8.2. NC as Anode

A highly promising approach to enhance the utilization of non-graphitic carbonaceous
materials as anode involves the incorporation of N heteroatoms within their structure.
N is the most extensively studied heteroatom dopants [204] because N possesses cer-
tain advantages compared to other dopants [205]. The introduction of N into carbon
materials is straightforward and manageable. Consequently, N can modify the char-
acteristics of the carbon host material while preserving its fundamental structure [206].
Furthermore, N atoms modify the electron count within the structure. Simultaneously,
the comparable size of C and N atoms means that the introduction of N does not cause
a significant lattice mismatch in the host carbon material. Numerous studies have indi-
cated that N incorporation into the structure of carbonaceous anode active materials im-
proves the electrochemical performance of these anode, especially in terms of their specific
capacity [207,208].

The synthesized NC materials were evaluated for their electrochemical behavior
in LIBs and KIBs. For LIBs, the C-700 anode synthesized from C;9H14N>Na,;Og-2H,O
at 700 °C demonstrated an initial discharge capacity of 936.9 mAh/g (at 0.5 C, within
0.02-2.5 V range) over 600 cycles. After 500 cycles, the C-700 electrode maintained a
capacity of 246.4 mAh/g, corresponding to a retention of 26.3% [194].

In a similar test, the CN-700 electrode synthesized from Vitamin B5 (CoH;7NOs)
exhibited a reversible capacity of 1528 mAh/g after 50 cycles in a Li* half-cell at a current
density of 100 mA/g. Its rate performance showed 1300 mAh/g at 0.2 A/g and still
retained 200 mAh/g at 30 A/g, indicating superior high-rate capability [195].
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For KIBs, the NPC electrode derived from sodium citrate and urea achieved a capacity
retention of 342.8 mAh/g after 500 cycles, corresponding to 90.9% of the capacity observed
at the 21st cycle. It also delivered 419.7 mAh/g at 0.05 A/g and 185.0 mAh/g at 10.0 A/g,
demonstrating excellent rate performance [209].

Moreover, N-doped graphene sheets used as LIB anode exhibited a specific lithium
storage capacity of 608 mAh/g at 0.5 A/g, surpassing the 445 mAh/g capacity of pristine
graphene [210]. In a separate investigation, HN-CNTs demonstrated a reversible specific
capacity of 494 mAh/g, nearly double that of non-doped CNTs [199,200].

These studies show that nitrogen doping significantly increases the electrochemical
performance of carbon-based anode in MIBs.

8.3. SC as Anode

Heteroatom doping is a prevalent method for modifying the physicochemical char-
acteristics of carbon materials. Nitrogen doping is acknowledged as an excellent method
to enhance the ion storage capabilities of carbon. In comparison to NC, SC seems to be
more appropriate as an anode for SIBs due to greater covalent radius of sulfur (102 pm)
relative to carbon (77 pm) and nitrogen (75 pm). The incorporation of sulfur atoms may
substantially increase the interlayer spacing in carbon, hence enhancing the insertion and
extraction of Na* ions and other larger metal ions [26].

To evaluate the electrochemical properties of the synthesized SC, the working electrode
was prepared by coating a slurry composed of the SC mixture, polyvinylidene fluoride
(PVDF) as a binder, and super P or conductive carbon. The cast electrode was dried in a
vacuum oven at 70-80 °C [211].

SC anode have been investigated mainly in SIBs and KIBs as alternatives to LIBs to
mitigate the challenges associated with lithium scarcity. Since Na* and K* ions are larger
than Li* ions, SC anode are particularly advantageous because the larger sulfur atoms help
expand the interlayer distance, facilitating ion transport.

The long-term cycling performance of SC was evaluated at a current density of 0.5 A/g
in SIBs. The reversible capacity reached 384.5 mAh/g in the initial cycle and stabilized
at 322.0 mAh/g by the 10th cycle. Even after 700 cycles, a capacity of 303.2 mAh/g was
maintained, corresponding to a capacity retention of 94.2%. These results confirm that
the increased interlayer spacing in SC ensures structural stability during repeated Na*
adsorption/desorption processes [26]. Table 1 shows the performance of SIBs with different
precursors when utilized for the fabrication of SC as anode.

Table 1. Results obtained from using different precursors for SC.

Cyclic Columbic

Precursor D1scha}' i Charge Efficiency  Efficiency References
for SC Capacity Capacity (%) (%)
655.0 mAh/g 482.1mAh/g 100.0 after
PEDOT at0.1A/g at0.1A/g 73.6 700 cycles [26]
. 7140 mAh/g 491.0 mAh/g 100.0 after
Polythiophene *_ 5 05 A7g  at0.05A/g 090 So0cycles 2%

8.4. Boron-Doped Carbon (BC) as an Anode
The incorporation of Boron into carbonaceous materials is garnering interest for
various MIBs such as K, Na, and Ca, including Li as well. Boron doping has been explored

to mitigate the restricted specific capacity of 372 mAh/g and subpar rate performance of
graphite [212,213].
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In addition to graphite, reduced GO and amorphous carbon exhibit inadequate cy-
cling stability and constrained specific capacity, primarily due to the significant volume
change induced by substantial metal-ion intercalation. To address this issue, loosely packed
nanosheets with increased interlayer spacing are designed to effectively manage significant
volume changes and mitigate the structural instability faced by bulk materials [214] as
discussed earlier. Furthermore, the introduction of point defects, edges, grain boundaries,
and doping is essential for improving the electrochemical performance of graphene. Con-
trollable doping of graphene has been accomplished with atomic precision, demonstrating
favorable thermodynamic properties [215]. Owing to the comparable atomic sizes of boron
and carbon along with the electron-deficiency characteristics of boron doping, both 3D
BC structures [216-218] and B-doped graphene [215,219,220] have been extensively in-
vestigated as anode materials for LIBs and SIBs, demonstrating significant capacity and
excellent cycling stability. The utilization of the potential of B-doped graphene as an anode
material for KIBs is currently under investigation [212].

For LIBs, the galvanostatic charge and discharge profiles of the plasma carbon and BC
electrodes during the first and second cycles, within a voltage range of 0.0-2.0 V (vs. Li/Li")
at a current density of 100 mA /g, were studied to evaluate the effect of boron doping.

In the initial discharge process of the plasma carbon electrode, two distinct voltage
plateaus were observed at approximately 0.8 V and 0.2 V. The initial plateau signifies
the breakdown of the electrolyte at the anode surface, resulting in the formation of a
SEI layer [221,222]. The second plateau, noted at approximately 0.2 V, is ascribed to the
intercalation of lithium within the plasma carbon.

Whereas the BC electrodes exhibit an additional plateau near ~1.6 V, likely resulting
from the formation of boron-carbon bonds induced by the boron doping process. Further-
more, the increase in charge capacity was observed using BC electrodes, which is attributed
to the improved Li-ion intercalation within the graphitic layer due to the presence of
boron [212].

8.5. PC as an Anode

As stated before, N doping and S doping are the most extensively studied heteroatoms
to develop doped carbon as anode, since they facilitate the adsorption of metal ion and
provide many active sites for salt storage, resulting in improved capacity [201,223]. How-
ever, the elevated discharge voltage associated with the high average oxidation voltage of
nitrogen-related functional groups or reactive sulfur dopants is concerning [224,225]. To
address this limitation of N and S doping, P doping has been investigated. P doping en-
hanced adsorption capacity, and it aids to achieve low discharge voltage (<1.0 V) [226-228].
The stated average potential of P in LIBs is quite high (~0.8 V against Li/Li"), and its
substantial specific capacity (2590 mA h/g) may offset this deficiency. In SIBs, phosphorus
has the greatest theoretical specific capacity (2590 mA h/g) for all anode materials and a
very low working potential (=0.3 V against Na/Na*), highlighting its superiority [229,230].
Moreover, P has abundant reserves, which makes it economical, with minor pollution
potential [231,232]. Consequently, P-based anode materials have significant promise in
AlIBs and have garnered considerable interest from researchers [229].

Phosphorus doping has been employed to enhance interlayer spacing and active site
density. The electrochemical performance of graphene-based phosphorus-doped carbon
(GPC) was evaluated as an anode for SIBs as presented in Figure 8 [197].
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Figure 8. (a) CV of GPC electrode between 0.01 and 3.0 V at a scan rate of 0.2 mVs ! for first five
cycles. (b) The 1st, 2nd, 25th and 50th discharge—charge curves of GPC electrode at a current density
of 50 mAg~!. (c) Cycle performance of GPC electrode at a current density of 50 mAg~!. (d) The rate
capability of the GPC electrode. (e) Cycle performance of GPC electrodes at a high current density of
500 mAg~! [197].

In contrast, the ultrahigh phosphorus-doped carbon (UPC) anode, tested for SIBs,

demonstrated superior electrochemical characteristics as presented in Figure 9 [201]. The

introduction of high phosphorus content and the formation of P-(C3) bonds significantly

increased the interlayer spacing of the carbon lattice. This structural modification enhanced

Na* and K* adsorption energy, created more active sites for ion storage, and improved

both capacity and rate capability. Consequently, the UPC anode provided an exceptionally

high reversible capacity, excellent long-cycle performance, and remarkable rate potential,
outperforming GPC and P-doped CNF electrodes [197,201]. These findings make UPC one
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of the most promising phosphorus-based anode materials for multivalent ion batteries since
they demonstrate the critical role that substantial phosphorus doping plays in enhancing
ion intercalation kinetics and electrode stability.
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Figure 9. Electrochemical performance of UPCs electrodes (active material mass loading of
1.1-14 mg cm~2) in ether electrolyte. (a) CV curves of UPC-6 at a scan rate of 0.1 mVs~1, (b) charge-
discharge curves of UPC-6 at 100 mAg*1 for the first five cycles, (c) rate capability and (d) the
corresponding voltage curves of UPC-6, and (e) long cycle performance of UPCs at 500 mAg*1 [201].

9. Carbon-Based Composite Materials as an Anode for MIBs

Carbon-based composite materials have gained significant attention as anode candi-
dates for MIBs owing to their ability to integrate the structural advantages of carbon with
the functional properties of secondary components such as metals, metal oxides, sulfides,
and, phosphides [233-236]. By combining carbon’s high electrical conductivity, mechanical
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resilience, and flexible architectures with the high theoretical capacities of active guest ma-
terials, these composites effectively address limitations such as sluggish ion diffusion, poor
cycling stability, and large volume expansion commonly observed in MIB anode [237,238].
Moreover, carbon matrices including graphene, CNTs, amorphous carbon, and porous
carbon frameworks serve as conductive networks that enhance charge transport and buffer
structural strain during repeated cycling. Tailoring the composition, morphology, and
interfacial chemistry of these composites enables improved ion accessibility, faster charge-
transfer kinetics, and enhanced electrode integrity across various MIB (e.g., Li, Na, and
Ca-ion batteries). As a result, carbon-based composites represent a versatile and highly
tunable class of anode materials with strong potential for advancing high-performance
next-generation MIB technologies.

9.1. Synthesis of Carbon-Based Composite Materials

Carbon-based composite materials can be synthesized through a range of established
methods, including (i) CVD, (ii) hydrothermal techniques, (iii) ball milling, and (iv) arc-
discharge approaches, as shown in the schematic below (Figure 10). These diverse methods
enable precise control over composition, morphology, and interfacial structures, allowing
the resulting composites to be tailored for high-performance MIB applications.

CVD

Hydrothermal

Ball Milling

Arc-discharge

Figure 10. Schematic illustration of the major synthesis methods employed for carbon-based
composite materials.

9.1.1. CVD Method

Researchers have extensively explored CVD synthesis for carbon-based composite
materials such as silicon-carbon. In CVD process, gaseous precursors are introduced into a
tube furnace, where they thermally decompose to generate reactive atomic or molecular
species that subsequently deposit onto a substrate surface. This technique is widely used
to synthesize graphite-like carbon coatings, carbon-coated silicon, and carbon nanotubes,
owing to its precise control over film thickness, uniformity, and composition. CVD can
also be employed to deposit silicon using precursors such as SiHy or SiHCl3, enabling
the fabrication of composite structures tailored for high-performance MIB anode [239].
Jin et al. [240] prepared core-shell structure of Si/C composite via CVD, and showed
outstanding electrochemical performance; the composition delivers a high initial capacity
(1971 mAh/g), good coulombic efficiency (67.1%), and retains 1441 mAh/g after 100 cycles.
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The Si/C composite provides a flexible, conductive network that buffers silicon’s volume
changes and reduces side reactions, resulting in improved cycling stability and rate capa-
bility. Ko and co-workers [241] produced silicon-graphite—carbon (SGC) hybrid anode are
engineered with ultrathin Si nanolayers uniformly deposited within the carbon matrix us-
ing CVD process, enabling controlled lithiation despite the large volume expansion of Si. In
situ TEM studies reveal that these nanolayers lithiate with linear kinetics both in open voids
and between graphite sheets, where the lower compressive strength of graphite allows Si
to expand with minimal mechanical constraint. This structural synergy maintains electrical
integrity, suppresses cracking, and ensures efficient Li transport. As a result, CVD-derived
SGC hybrids achieve high volumetric energy density (~1043 Wh/L), rapid stabilization of
Coulombic efficiency, and excellent cycling stability highlighting their strong potential for
next-generation high-energy LIBs.

9.1.2. Hydrothermal Method

Hydrothermal synthesis has been widely employed to fabricate diverse carbon-based
composite materials, including carbon—-metal oxide, carbon-metalloid, silicon—carbon, etc.
This method has emerged as a highly effective route for producing carbon-based composite
materials due to its simplicity, scalability, and ability to precisely tailor structural and
chemical features by controlling temperature, pressure, and reaction duration. Using
water as a high-temperature, high-pressure solvent, this technique enables the formation
of diverse composites for applications in energy storage. It has been successfully applied
to fabricate nanostructures such as carbon nanotube/iron oxide hybrids, highlighting its
versatility in engineering advanced carbon-based composites [242].

Huyan et al. [243] synthesized carboxyl modification tubular carbon nanofibers and
MnO, composites (CMTCFs@MNS) through acidification and hydrothermal methods,
showed excellent LIB anode performance. Vertically grown 6-MnO, nanosheets enhanced
ion transport and accommodated volume changes, while CMTCFs ensured electron conduc-
tivity and structural stability. Irregular A-MnO, nanoparticles further improved electron
transport and lithium storage, making CMTCFs@MNS a promising high-performance
electrode material. Similarly, Cao et al. [244] reported dually coated C@SnO,@C hollow
nanospheres, featuring a double carbon shell that effectively buffers SnO, volume expan-
sion and enhances conductivity. As an LIB anode, they exhibit excellent cycling stability
(78.7% retention over 300 cycles) and high-rate performance, with >400 mAh g~! after
10,000 cycles, highlighting this design as a promising strategy for electrodes prone to large
volume changes.

9.1.3. Ball Milling Method

Ball milling is a versatile top-down technique for producing nanomaterials, including
metallic, alloyed, multi-metallic, and ceramic composites. It provides a simple, cost-
effective, and high-throughput approach, making it efficient for large-scale nanocomposite
fabrication. Various types of ball mills exist, including those classified by mechanical energy,
operating mode, or wettability, as well as advanced techniques such as plasma-assisted
milling (P-milling), microwave-assisted ball milling, electrical discharge milling, magnetic
field-induced ball milling, and ultrasonic milling [245-251]. Zhang et al. [252] developed
SnSe/C nanocomposites using a simple, low-cost high-energy ball milling method using
Sn powder, Se powder, and carbon black as precursors. The process successfully produced
SnSe uniformly mixed with carbon black at the nanoscale (50-80 nm), with amorphous
carbon serving as a buffering matrix. When employed as anode materials for LIBs and
SIBs, the SnSe/C nanocomposite exhibited enhanced electrochemical performance, includ-
ing high capacity, long-term cycling stability, and good rate capability. In SIBs, an initial
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capacity of 748.5 mAh/g was obtained, with 324.9 mAh/g maintained at a high current
density of 500 mA /g after 200 cycles, corresponding to 72.5% retention of the second-cycle
capacity (447.7 mAh/g). In LIBs, the nanocomposite delivered a high initial capacity of
~1097.6 mAh/g, which decreased to 633.1 mAh/g after 100 cycles at 500 mA /g. The im-
proved performance is attributed to the uniform dispersion of active SnSe nanoparticles
within the carbon matrix, which buffers volume changes and enhances electron/ion trans-
port, highlighting the potential of SnSe/C composites as high-performance anode for both
sodium and lithium storage.

9.1.4. Arc-Discharge Method

The arc discharge method enables the synthesis of carbon-based nanocomposites by
generating a high-temperature electric arc between graphite electrodes in an inert or vac-
uum environment. This vaporizes the electrodes, forming nanostructures such as carbon
nanotubes with embedded metal nanoparticles. While the method produces high-quality
composites, it often generates mixed carbon forms that require post-synthesis purifica-
tion. Charinpanitkul et al. [253] reported a single-step arc discharge synthesis of copper—
carbon nanocomposites in liquid nitrogen, producing multi-shelled carbon nanocapsules
(70-150 nm) with uniformly embedded copper nanoparticles. TEM and spectroscopic
analyses confirmed the nanostructure, and partial oxidation resulted in cuprite formation.
BET measurements indicated high specific surface areas, highlighting the effectiveness of
this approach for metal-carbon nanocomposite fabrication. Similarly, Rivani et al. [254]
synthesized Fe;0,/C and TiO, /Fe30,4/C nanocomposites via arc discharge in 50% ethanol.
Vibrating Sample Magnetometer (VSM) analysis showed that TiO, /Fe304/C exhibited
higher saturation magnetization than Fe3O,/C, likely due to stronger interactions of carbon
with the TiO, lattice, while both composites retained superparamagnetic behavior.

9.2. Carbon-Based Composite Anode for LIBs

Graphite, despite its widespread use and stable cycling performance, offers a limited
theoretical capacity of 372 mAh/g, which is insufficient to meet the growing demand for
high-energy-density LIBs. In contrast, high-capacity anode materials such as metal oxides,
metals/metalloids, and metal phosphides/sulfides/nitrides (P, S, N) provide significantly
greater lithium storage, which are 2-5 times larger than the graphite anode but suffer from
severe volume expansion during cycling, leading to rapid capacity fading and structural
degradation [234]. To overcome these limitations, extensive research has focused on inte-
grating these high-capacity materials with carbon. Carbon-based composites effectively
buffer volume changes, enhance electrical conductivity, and improve structural stability.
As a result, these hybrid anode exhibit improved cycling stability, higher reversible ca-
pacity, and better rate capability, making them strong candidates for next-generation LIB
anode [255-257]. Among different composite designs, embedding Si within conductive
and mechanically robust matrices has proven particularly effective. Carbon materials are
especially attractive in this regard, owing to their excellent electrical conductivity, mechani-
cal strength, and minimal volume change during cycling [256]. A wide range of carbon
forms, including graphite [258], expanded graphite [259], graphene [260], CNTs [261], and
amorphous carbon [262], have been employed to create Si/carbon (Si/C) composites with
diverse architectures such as core-shell, yolk—shell, honeycomb, sandwich structures, as
well as morphologies like spheres, fibers, films, and 3D frameworks [263-266]. Notably,
natural graphite is frequently utilized as a matrix in graphite/Si composites due to its
superior conductivity, high ICE, and limited volume expansion. These elements improve
the electrochemical and mechanical performance of Si anode. To date, common fabrica-
tion methods for graphite/Si composites include high-energy mechanical milling, liquid
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solidification, spray drying, and CVD [267,268]. Li et al. [269] developed a mesoporous
Si@amorphous carbon/graphite (5i@C/G) composite through a combination of chemical
etching, ball milling, and subsequent annealing process. The mesoporous Si obtained from
acid-etched Al-Si alloy buffered volume expansion and promoted Li* transport, while the
combination with graphite and amorphous carbon improved electronic conductivity. The
resulting anode delivered 907.9 mAh/g capacity with a coulombic efficiency of 78.4% and
stable cycling over 150 cycles. Although mechanical milling is scalable and low-cost, it often
damages particle surfaces, leading to side reactions. Furthermore, carbon-encapsulated
structures have emerged as highly effective anode materials because the carbon shell pro-
vides a robust barrier against particle aggregation, while the inner nanostructure often
created through acid etching accommodates volume changes during cycling. For exam-
ple, SnO,/C composites demonstrate excellent lithium-storage capability, delivering a
discharge capacity of 745.7 mAh/g at 0.1 A/g after 150 cycles, along with strong cycling
stability. These results highlight the suitability of carbon-coated metal oxides and sulfides
as high-performance LIB anode [270].

Similarly, encapsulating Fe3O, within tubular mesoporous carbon produces a com-
posite with enhanced conductivity and cycling durability. The carbon matrix not only
buffers volume expansion elastically but also provides continuous, short pathways for
rapid electron and ion transport while maintaining intimate contact with Fe304 nanoparti-
cles. This optimized structure leads to outstanding electrochemical performance, including
a reversible capacity of about 800 mAh/g at 2 A/g after 1000 cycles. Together, these exam-
ples underscore the effectiveness of nanostructured, carbon-coated metal oxide composites
for next-generation LIB anode [271].

9.3. Carbon-Based Composite Anode for SIBs

Efforts to advance carbon-based anode for SIBs have increasingly centered on develop-
ing carbon-based composites, where carbon is combined with other functional materials to
overcome the inherent limits of single-component electrodes [272,273]. This approach capi-
talizes on carbon’s excellent electrical conductivity, mechanical durability, thermal stability,
and low cost, while addressing challenges such as limited theoretical capacity and sluggish
ion transport [274]. By integrating materials with higher sodium-storage capability, these
composites improve ion diffusion, enhance electronic pathways, and maintain structural
integrity during cycling, resulting in higher capacity and better long-term stability [275].

Because of their low cost, ease of fabrication, and strong electrochemical performance,
carbon-based composites have emerged as a key direction for developing practical SIB
anode, especially for large-scale energy storage. Tailoring their composition, porosity,
and nanoscale architecture can significantly boost energy density, extend cycle life, and
improve safety [276,277]. As a result, the most effective SIB anode today are typically
built on composite systems such as carbon—carbon, carbon-alloy, and carbon conversion
types (including carbon-metal oxides and carbon—-metal sulfides) which collectively offer
promising routes toward high-performance SIBs [278]. Among them carbon-alloying is
one of the important class of carbon-based composite which integrate with group IV or V
elements with carbon matrices [279]. While alloy-type anode generally suffer from severe
volume expansion upon Na* insertion in SIBs, leading to electrode pulverization and poor
cycling stability, coupling them with carbon significantly mitigates this issue [280]. For
example, Zhu et al. [281] fabricated a carbon-alloy composites by electrodepositing a tin
(Sn) thin film on a conductive wood fiber (Sn@WF), where the Sn@WF electrode maintained
structural integrity after cycling. The soft wood fibers accommodate volume expansion
during sodiation, while their mesoporous network acts as an electrolyte reservoir, enabling
efficient ion transport along both inner and outer surfaces. These advantages are supported
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by experimental and computational results. The SnN@WF anode delivers stable cycling
for 400 cycles with an initial capacity of 339 mAh/g, outperforming many reported Sn
nanostructures. This demonstrates that low-cost wood fibers provide a promising platform
for advanced SIB anode. Similarly, Nithya and Gopukumar [282] developed Sb-rGO
nanosheet composites using GO (prepared via a modified Hummers method) and SbCl;
precursors, with NaBHjy as the reducing agent. Compared to pure Sb and rGO electrodes,
the Sb-rGO composite exhibited enhanced electrochemical performance, achieving an ICE
of 88% and a reversible capacity of 598 mAh/g at 131 mA /g after 50 cycles. The improved
stability was attributed to the rGO matrix, which effectively buffered the volume changes
of Sb nanoparticles during cycling. These results highlight the potential of carbon matrices
as robust hosts to alleviate volume expansion in metal-carbon alloy composites, thereby
improving their electrochemical performance.

9.4. Carbon-Based Composite Anode for KIBs

While carbon remains the most widely used anode material, theoretical studies indi-
cate that several Group IVA and VA elements and their compounds could store significantly
larger amounts of K*-ion storage. Their elevated specific capacities highlight their potential
as next-generation anode materials for KIBs [283-288]. Although elements such as P and
Si offer very high theoretical storage capacities, their inherently low electrical conductiv-
ity severely restricts their practical performance in KIBs [289,290]. As a result, bringing
alloy-type anode into real-world KIBs remains challenging. One of the most persistent
issues is their rapid loss of capacity during cycling. This degradation is largely driven
by slow reaction kinetics caused by the disappearance of short diffusion pathways and
by structural pulverization of the active material due to dramatic volume changes [291].
Because K*- is considerably larger than Li* or Na*, the mechanical strain generated during
repeated potassiation and depotassiation is much more intense. This makes it difficult
for the electrode to maintain structural integrity and electrical continuity, leading to accel-
erated capacity decay and poor long-term stability. During cycling, fresh alloy surfaces
continuously emerge and react with the electrolyte, leading to repeated SEI formation. This
ongoing SEI regeneration restricts charge transfer and consumes active ions, ultimately
accelerating performance degradation. As a result, the inherently low ICE caused by the
instability and constant reconstruction of the SEI remains a major challenge for KIB alloy
anode. To overcome these fundamental limitations, substantial research efforts have fo-
cused on redesigning alloy-based electrodes, and notable improvements have been realized.
A widely adopted approach involves integrating alloy materials into highly conductive
carbon scaffolds such as graphite, porous carbons, or hard carbon. These carbon hosts
provide mechanical cushioning for large volume changes, shorten ion-diffusion paths, and
improve electronic conductivity, collectively mitigating rapid capacity loss. By coupling
high-capacity alloy materials with resilient carbon matrices, researchers have developed
carbon-alloy composite anode that show significantly enhanced structural stability and
electrochemical performance in KIBs. For example, Sultana and colleagues [291] were the
first to develop a Sn—C composite anode via ball milling 70 wt% Sn powder with 30 wt%
graphite. The resulting material features Sn nanoparticles uniformly dispersed within
an amorphous carbon matrix. Electrochemical evaluation demonstrated that the Sn—-C
composite functions efficiently as a negative electrode for KIBs, operating within a voltage
range of 2.00-0.01 V vs. K/K* and achieving a reversible capacity of around 150 mAh/g.
XRD measurements showed that crystalline phases form during potassiation and partially
disappear during depotassiation, indicating that alloying and dealloying reactions occur
within the Sn component. These results broaden the scope of materials suitable for KIB
anode and suggest that further investigation of potassium-alloying electrode materials is
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warranted. Similar to Sn, antimony (Sb) is well known for its alloying behavior with Li and
Na, and it can form K3Sb when alloyed with potassium in KIBs. However, Sb undergoes a
large volume expansion of approximately 407%, leading to rapid capacity decay. To address
these issues, Han et al. [292] developed Sb nanoparticles confined within a honeycomb-
like 3D carbon framework (3D SbNPs@C) using a straightforward freeze-drying method
followed by carbothermic reduction, representing its first use as a KIB anode. The robust
confinement of Sb nanoparticles within the carbon network stabilizes the electrode during
repeated potassiation and depotassiation cycles. Moreover, the conductive carbon ma-
trix improves electron transport and accommodates volume expansion, maintaining the
structural integrity of the electrode. In comparison to commercial Sb, the 3D SbNPs@C
anode delivers a high reversible capacity of approximately 478 mAh/g at 200 mA /g and
excellent rate performance of ~288 mAh/g at 1000 mA /g. Mechanistic investigations show
a two-step alloying process, forming an intermediate K Sb phase before converting to
the final K3Sb phase during cycling. This strategy demonstrates an effective approach for
designing alloy-carbon composite anode, offering potential for high-performance KIBs.

10. Summary and Future Prospects

Carbon-based materials have emerged as versatile and high-performance anode for
MIBs, offering an exceptional balance of electrical conductivity, structural tunability, cost-
effectiveness, and electrochemical stability. Their diverse allotropes, ranging from graphite
and graphene to nanotubes, nanofibers, and porous frameworks, allow tailored ion storage
and transport properties that address the limitations of other anode materials, such as Si,
alloy-type, and transition-metal oxide electrodes.

Furthermore, chemical modifications, including heteroatom doping and hybridiza-
tion, expand the functionality of carbon materials, enabling enhanced capacity, faster ion
diffusion, and broader compatibility with various metal-ion chemistries, including Li,
Na, K, and Ca. Despite these advantages, challenges remain in achieving higher specific
capacities, optimizing ion transport in complex carbon structures, and developing scalable,
cost-effective synthesis routes. Looking forward, the integration of artificial intelligence
(AI), machine learning (ML), and advanced computational simulations with experimental
strategies promises to accelerate the rational design of carbon anode (Figure 11).

These approaches can predict optimal structures, guide targeted doping, and improve
understanding of ion—carbon interactions at multiple scales. Combined with sustainable
synthesis techniques, such as biomass-derived carbons and 3D printing, these strategies
will enable the production of environmentally friendly, high-performance anode tailored
for next-generation energy storage applications.

In summary, carbon-based anode are poised to remain at the forefront of MIB research
and development. Their inherent versatility, coupled with advances in computational
design and green fabrication, offers a promising path toward high-capacity, long-lasting,
and commercially viable batteries, paving the way for sustainable energy storage solutions
that can meet the growing global demand.

Despite substantial progress in developing carbon-based anode for MIBs, several chal-
lenges remain, such as limited specific capacities compared to alloy or conversion-type ma-
terials, sluggish ion diffusion in certain carbon structures, and issues with large-scale, cost-
effective synthesis. To overcome these limitations, future research should focus on rational
design strategies, advanced fabrication techniques, and predictive modeling approaches.

One of the most promising directions lies in the integration of Al and ML with compu-
tational simulations. Traditional trial-and-error experimental methods are time-consuming
and resource-intensive. By contrast, Al-driven algorithms can screen vast chemical and
structural spaces to identify optimal carbon architectures (e.g., biomass-derived, hard
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carbon, or heteroatom-doped frameworks) with desirable electrochemical properties. For
instance, ML models trained on large datasets can rapidly predict parameters such as ion
adsorption energies, diffusion barriers, and electronic conductivity, enabling accelerated
material discovery.

Computational
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Figure 11. Roadmap for advancing carbon-based anode in MIBs through Al-driven design, computa-
tional modeling and green synthesis strategies.

Additionally, first-principles simulations (e.g., density functional theory) and molecu-
lar dynamics (MD) studies provide atomistic insights into ion—carbon interactions, charge
transfer processes, and structural stability during cycling. Coupling these simulations with
Al-based optimization can help design carbon matrices that minimize volume expansion,
enhance ion mobility, and improve long-term durability. Emerging methods like high-
throughput computational screening and automated materials informatics will likely guide
the synthesis of novel doped or hybridized carbon systems tailored for specific metal ions
(Li*, Na*, K*, and Ca®").

Moreover, multi-scale modeling approaches bridging atomic, mesoscopic, and device
levels will play a critical role in linking fundamental material properties with practical
battery performance metrics such as energy density, rate capability, and cycle life. Inte-
gration of such computational insights with experimental validation will accelerate the
development of carbon-based anode optimized for diverse applications, from portable
electronics to large-scale grid storage.

In parallel, scalable and sustainable synthesis routes, such as biomass-derived carbons,
3D printing, and plasma-assisted methods, are expected to gain momentum. Combining
these eco-friendly fabrication methods with computationally guided design will pave the
way toward low-cost, high-performance, and environmentally benign anode.

In conclusion, the future of carbon-based anode for MIBs lies in a synergistic approach:
leveraging advances in Al, computational modeling, and green synthesis to design next-
generation anode with superior capacity, stability, and scalability. Such efforts will be
pivotal in addressing the growing global energy demand and advancing the commercial-
ization of sustainable energy storage technologies.
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