Multifunctional energy storage polymer composites: The role of nanoparticles in the
performance of structural supercapacitors
Csvila P., Czigany T.

Accepted for publication in Express Polymer Letters
Published in 2024
DOI: 10.3144/expresspolymlett.2024.78



dx.doi.org/10.3144/expresspolymlett.2024.78
http://www.tcpdf.org

Express Polymer Letters Vol.18, No.10 (2024) 1023—-1038
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2024.78

express
pOlymer letters

Review article

Multifunctional energy storage polymer composites:
The role of nanoparticles in the performance of structural
supercapacitors

Péter Csvila'®, Tibor Czigany'*

"Budapest University of Technology and Economics, Faculty of Mechanical Engineering, Department of Polymer
Engineering, Miiegyetem rkp. 3., H-1111 Budapest, Hungary

HUN-REN-BME Research Group of Composite Science and Technology, Miiegyetem rkp. 3., H-1111 Budapest,
Hungary

Received 2 June 2024, accepted in revised form 15 July 2024

Abstract. The article gives an overview of energy storage composites, their materials, manufacturing processes, and appli-
cations. Carbon- and metal-based nanoparticles and their relevant properties are presented. We focus on multifunctional
structural supercapacitors and their components. Thus, we describe the main structural electrolytes and elements of the struc-
tural electrodes. We show that the nanoparticles significantly influence the electrochemical properties of the electrode. For
example, carbon-based nanoparticles can achieve low energy density but high power density, while the opposite is true for
metal-based nanoparticles. We show that when carbon- and metal-based nanoparticles are used together, a positive synergy
is created between them, promoting the development of favorable electrochemical properties in the electrodes. Furthermore,
we present structural supercapacitors and possible ways to introduce nanoparticles into the system. Finally, we present a
summary of the progress achieved so far and the advancements expected in the future, as well as potential areas where struc-
tural supercapacitors could be used.
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1. Introduction

Polymer matrix composite materials — thanks to their
excellent specific properties — play a significant role
in applications where the low weight and low vol-
ume of components are essential, such as the auto-
motive and energy industries. The anisotropic prop-
erties of composites can be exploited to produce
more specific, consciously designed components
with higher performance and lower weight. Polymer
composite materials also offer excellent specific me-
chanical properties and other advantageous function-
alities. These are so-called multifunctional compos-
ite materials. With them, we can produce machines

*Corresponding author, e-mail: czigany@eik.bme.hu
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with even better efficiency. These functionalities in-
clude, for example, targeted thermal conductivity,
load-carrying capacity, deformation, or even the con-
duction of electric current [1, 2].

Today’s technology (Industry 4.0 and Industry 5.0)
is based on electricity and its necessity. Thus, there
are great efforts to develop energy storage devices
with the best possible energy density and power den-
sity, which can quickly and efficiently serve electric
machines. For example, a vital issue in the current
rise of electric vehicles is the range and performance
that engineers will have to improve in the near future.
The solution to this problem may be supercapacitors,
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which emerged at the beginning of the 21% century,
combining the favorable energy density of batteries
with the excellent power density of capacitors. These
supercapacitors also have excellent charge-discharge
times and generally longer lives than batteries. A key
role in the development of supercapacitors is to dis-
cover various nanoparticles, understand their prop-
erties, and apply them in a targeted manner [3-5].
According to their operating characteristics, super-
capacitors are divided into three categories: electro-
chemical double-layer capacitors, pseudocapaci-
tors, and hybrid capacitors. In electrochemical
double-layer capacitors (EDLC), energy is stored
electrostatically at the electrode—electrolyte inter-
face (Figure 1a). This process is rapid, because there
are no chemical reactions in the capacitor, so there
is no morphological or volumetric change in the ma-
terial. In pseudocapacitors, redox reactions are used
to store energy. Charges flow between the electrodes
and the electrolyte (Figure 1b), resulting in a greater
energy density but with a significantly slower process.
Hybrid capacitors take advantage of the positive prop-
erties of EDLCs and pseudocapacitors (Figure 1c),
where energy can be stored both by electrostatically
and by redox reactions [5, 6].

In addition to the excellent energy storage and energy
delivery properties of supercapacitors, they also have
great potential for future development. They can be
made from solid or near-solid materials, which
makes them able to resist static and dynamic loads.
Therefore, they can be used as both load-bearing and
energy-storing elements. For example, they could be
used as body panels for electric cars, where they
could be used to store extra energy thanks to their
multifunctionality. For multifunctional solutions,

EDLCs would be particularly suitable, where energy
storage does not involve any chemical process, so as
a structural element, its material properties are not
affected by energy storage. The specific energy of
EDLC:s is far lower than that of batteries, but they
are not designed to replace them. Batteries are char-
acterized by high energy density at low power den-
sity, whereas capacitors have the opposite properties.
However, several supercapacitors can already ap-
proach the energy density of some batteries. Figure 2
shows that while the energy density of EDLCs is
lower than that of most batteries, they can approach
the energy density of some batteries. Furthermore, a
combination of EDLCs with batteries could yield
both high power and high energy density. EDLCs
make use of double-layer capacitance. When an elec-
trode and an electrolyte come into contact, two lay-
ers of electric charges form. One layer in the elec-
trode, and one layer in the electrolyte. Only a single
layer of solvent (electrolyte) molecules separates the
two layers. This single layer behaves like a dielectric
in a conventional capacitor [3]. The energy of a ca-
pacitor is the Equation (1):

E=75CU (1)

where E is energy [J], C is capacitance [F], and U is
voltage [V]. In supercapacitors, capacitance is in-
creased, the voltage is relatively low. The capacitance
of a conventional plate capacitor is Equation (2):

C= eoer% (2)

where g is the permittivity of vacuum, &, is relative
permittivity, characteristic of the dielectric material
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Figure 1. Electrostatic charging of EDLC (a) the charging method of a pseudocapacitor through redox reactions (b) and the
charging method of a hybrid capacitor (c) (based on [5]).
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Figure 2. Ragone plot: various energy storage devices
(EDLC and a few battery types) compared in terms
of specific power and specific energy [5].

between the plates, A4 is the area of the plates and d
is their distance. The formula also applies to EDLCs,
where d is extremely small, far smaller than in a con-
ventional capacitor. The use of nanomaterials can
considerably increase A (see Table 1). Capacity can
increase further if the solvent’s relative permittivity
is also high and facilitates a faster ion transfer. As a
result of these factors, the capacity of EDLCs is far
higher than that of conventional capacitors, therefore
they deserve the name ‘supercapacitor’ [5].

Our goal is to present multifunctional structural com-
posites for energy storage. In particular, their com-
ponents (electrode, electrolyte) are described along
with the applied nanoparticles. The article also pres-
ents the advancements in structural supercapacitors
that have been published in the last five years, with
special emphasis on the role of nanoparticles, which
will help readers choose materials for designing su-
percapacitors. Supercapacitors are attracting increas-
ing attention (the number of articles in this field has
increased significantly in the last ten years), due to
their ability to better manage electrical energy, com-
plementing batteries. They are also very important
from the point of view of energy storage, as they
make it possible to store temporarily available ener-
gy from renewable resources, which is essential for
more sustainable energy management.

2. Nanoparticle-based composites for
structural supercapacitors

The development of supercapacitors has been strong-

ly helped by the conscious use of nanoparticles. Nano-

particles can be used to upgrade ordinary capacitors

(with a few microfarads) into supercapacitors (with
multifarad capacitance). Nanoparticles are essential
components of supercapacitors as they improve en-
ergy storage capability, conduction and reliability.
They have a high specific surface area, which allows
for greater charge accumulation at the electrode—
electrolyte interface. Furthermore, their ability to
conduct electric current promotes faster electron
transport. It reduces internal resistance, enabling su-
percapacitors to operate with shorter charging and
discharging times at high power densities. Another
essential property is their good chemical and cyclic
stability, which allows the production of reliable en-
ergy storage devices over the long term. In many
cases, their porosity, capacitance and in some cases,
their ability to undergo redox processes (especially
for pseudocapacitors) are also important. In addi-
tion, if we want to achieve good mechanical proper-
ties, their strength and Young’s modulus are also im-
portant, as well as their compatibility with the matrix.
Based on these, mainly carbon-based and metal
oxide—based nanoparticles are used in the fabrication
of structural supercapacitors [1, 3, 4].

2.1. Carbon-based nanoparticles

Carbon-based nanoparticles, which are also very pop-
ular in polymer technology, are used in significant
quantities in supercapacitors due to their excellent
mechanical, conductive, and chemical properties.
One of the most commonly used particles is graphene
(Gr). Graphene is practically two-dimensional nano-
particle with a single atomic plane containing only
carbon atoms. It has a theoretical specific surface
area of 2630 m?/g, but in practice an average specific
surface area of 800—1000 m?/g can be achieved due
to various defects and manufacturing imprecision
[7]. It has a theoretical tensile strength of 130 GPa
and a Young’s modulus above 1 TPa. Graphene is
difficult to produce, so graphene oxide (GO), is often
used, which is easier to produce. However, the prop-
erties of GO are inferior to those of Gr. Also worthy
of mention is the increasing use of reduced graphene
oxide (rGO), where the properties of GO are en-
hanced by various chemical processes [8, 9].

The other widely used carbon-based nanoparticle is
the carbon nanotube (CNT). Among the two main
types (single-walled carbon nanotube (SWCNT) and
multi-walled carbon nanotube (MWCNT)), the sin-
gle-walled carbon nanotube has the best electrical
properties [10]. Its electrical conductivity is in the
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order of 10°-107 S/m [11]. Its tensile strength is
100-200 GPa [12], and its theoretical elastic modu-
lusis 1 TPa[12, 13].

Another commonly used carbon-based nanomaterial
is activated carbon (AC). It can be produced with a
variety of processes, therefore its electrical and me-
chanical properties are highly variable depending on
the manufacturing parameters [14, 15]. AC may
have an extremely high specific surface area of up
to 1000 m?/g [16], due to its surface pores, which are
excellent for electron attachment [17, 18].

2.2. Metal-based nanoparticles

In addition to/instead of carbon-based nanomaterials,
various metal-based nanoparticles are often used in
structural supercapacitors. These materials can also
improve the supercapacitor’s energy and power den-
sity. As they are chemically stable materials, they in-
crease the lifetime and reliability of capacitors, in
addition to their high specific surface area and elec-
trical properties to provide the necessary electrostatic
charge.

Metal oxide—based nanoparticles include ruthenium
dioxide (RuO,), manganese dioxide (MnQO,), and ti-
tanium dioxide (TiO;). Such nanoparticles generally
have a high specific surface area but lower than the
40-400 m?/g of carbon-based nanoparticles. Their
main positive feature is that they have a very high
specific capacitance (150700 F/g), which allows
the production of high—capacitance capacitors. The
electrical properties of purely metal-based nanopar-
ticles are excellent, but the electrical properties of
the more commonly used metal oxides are poor in
practice. Their mechanical properties cannot match
those of carbon-based materials, but they still have

a tensile strength of 224-300 MPa and an elastic
modulus of 200-250 GPa [19-24].

Furthermore, in the field of metal-based nanomate-
rials, the transition metal dichalcogenides (TMDs),
and various disulfides, such as molybdenum disulfide
(MoS;) and tungsten disulfide (WS,), deserve men-
tion. They can be generally fabricated as 2D nano-
pellets and have received much attention in the last
few years due to their good mechanical and electrical
properties. Also worth mentioning are MXenes,
which have received much attention in recent years.
They can also be produced as two-dimensional pel-
lets by layering metals and chalcogenides. In gener-
al, they have excellent electrical properties, excellent
mechanical strength, and good chemical stability,
which are essential for producing high-performance
supercapacitor electrodes [25-27].

2.3. Properties of nanomaterials for
supercapacitors

We have seen that both carbon-based and metal-
based nanoparticles can meet the requirements of su-
percapacitors. They have a high specific surface area
for good capacitance, in many cases significant elec-
tron mobility, good conductivity, and in many cases,
excellent mechanical properties. The most relevant
characteristics of nanoparticles are summarised in
Table 1.

3. The components of supercapacitors

Supercapacitors have two main components, which
largely determine their electrochemical properties:
the electrodes and the electrolyte between them.
They are different from conventional capacitors,
which do not have an electrolyte; although electrolytic

Table 1. Nanoparticles and their properties used in structural supercapacitors.

Specific surface Specn'ﬁc capz?cnance Electron Electrical Tensile Young’s
. achieved with the e .
Material area following nanoparticles mobility conductivity strength modulus| References
[m%g] g[F ol P [em/(V-s)] [S/m] [MPa] [GPa]

Gr 1005 130-250 200000 1.46-10°-10% 130000 ~1000 [7-10, 28]

Theoretical: 2630 ' '

600 6 107 100000—

CNT Theoretical: 1315 2-64 80000 10°-10 200000 1000 |[10-12,29,30]
AC 700-1031 56-400 48 5.33-10719-1.22-10! 70-500 4-80 |[14-18,31,32]
RuO, 42 700 0.01-10 10-800 224 232 |[19, 20, 33, 34]
MnO, 118-337 163477 ~10713 105-10°° - 225 |[21,22,35-37]
TiO, 280 385 0.1 2.41-10°-6.54-10° 367 230 | [23,24,38-41]

The table shows that carbon-based particles have a relatively high specific surface area, while metal-based nanoparticles have a rather high

specific capacitance (Figure 3).
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Figure 3. The specific surface area and specific capacitance
of carbon- and metal-based nanoparticles [based
on 7-24, 28-41].

capacitors have an electrolyte, it is the cathode itself.
In supercapacitors, the electrolyte is not an electrode.
In addition to these elements, supercapacitors have
a separator between the electrodes and two current
collectors, one on each electrode (Figure 4). The sep-
arator prevents the electrodes from being physically
connected and the system from being short-circuited.
In many cases, glass fiber fabrics are used as sepa-
rators for structural supercapacitors due to their good
mechanical and electrical properties [42, 43].

The current collectors also play an essential role in
supercapacitors, enabling them to mobilize and re-
lease their charges and transfer them into the de-
vices. Carbon-based materials such as carbon foils
[44], ribbons, carbon fibers, and other carbon-based
sheets can be used as current collectors. Another so-
lution is metal-based current collectors made of
nickel, copper, aluminum [45], gold, or silver [46].
These are mainly incorporated in the form of a foam,
foil, or mesh. The performance of supercapacitors is
also largely determined by the materials used for the
current collector elements [47]. However, the elec-
trochemical properties of a supercapacitor depend to

Structural

Structural electrolyte

electrodes

Current
collectors

Struct

separator

Figure 4. Schematic architecture of a structural supercapac-
itor with electrodes, electrolyte, separator, and cur-
rent collectors [43].

the greatest extent on the electrolyte, the electrodes,
and the connection between them.

3.1. Solid electrolytes

Although gel-phase polymer electrolytes are also
available for structural supercapacitors with signifi-
cant mechanical load-bearing capacity, it is preferable
to use solid-state electrolytes. This ensures that the
reinforcing material is protected from external effects
and provides sufficient strength. In general, the elec-
trolyte material must perform two functions: mechan-
ical and electrochemical. In addition to these func-
tions, the lifetime of the supercapacitor, its discharge
and charging times, resistance, and thermal stability
depend mainly on the electrolyte material [48].
Materials used in polymer technology, such as vinyl
ester resin, epoxy resin, polyvinyl alcohol (PVA), and
polyethylene oxide (PEO), which have good me-
chanical properties, are often used as a base material
for solid electrolytes. In addition, various ion-con-
ducting materials (e.g., lithium salts, potassium hy-
droxide (KOH), polyethylene glycol (PEG)) are in-
troduced into the matrix to improve the efficiency of
supercapacitors. This solution improves the electro-
chemical efficiency of the capacitor/electrolyte but
degrades its mechanical properties [4, 49].

A theoretical dichotomy was described by Asp [50]
for solid polymer electrolytes (SPE). The author de-
scribed that in the case of bifunctional polymers, im-
provement of one function can only occur due to sig-
nificant deterioration of the other. Zhang et al. [51]
investigated this property—feature relationship in a
biphasic solid electrolyte context. They dispersed
different concentrations of lithium salts (bis(trifluo-
romethane)sulfonamide lithium (LiTFSI)+1-ethyl-
3-methylimidazolium-bis(trifluoromethanesulfonyl)
imide (EMIm-TFSI)) in epoxy resin. They found
that as the concentration of lithium salts increased,
the toughness of the epoxy resin increased while its
tensile and flexural strength decreased significantly.
Furthermore, they observed that lithium salts in-
creased ionic conductivity in contrast to strength, but
at concentrations lower than 45%, no coherent ionic
conducting phase formed, so ionic mobility between
molecular chains was not significant (Figure 5).

A solution to this problem can be found in dual-func-
tion single-phase polymers, which can perform me-
chanical and ion-conducting functions without de-
grading properties. Joyal et al. [52], tried to eliminate
the problem of degrading mechanical properties
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Figure 5. Schematic diagram of ionic conductivity versus mechanical properties in solid polymer electrolytes (a) ion transport

paths in solid polymer electrolyte (b) [5].

associated with improving ionic conductivity. In-
stead of a biphasic polymer electrolyte, they created
a solid electrolyte that can perform both mechanical
and electrochemical functions. They prepared a new
structural electrolyte consisting of poly(ethylene
terephthalate) (PET) and lithium perchlorate trihy-
drate (LiCl04—3H,0) with different weight ratios.
The best-performing solid electrolyte had a modulus
of 2.1 GPa, an ionic conductivity of 1.05 puS/cm, and
a capacitance of 199 pF/cm?. Their results indicate
that single-phase polymer electrolytes can have bet-
ter multifunctional properties and thus produce bet-
ter structural supercapacitors.

3.2. Nanoparticles in supercapacitor
electrodes

In the case of structural supercapacitors, carbon fibers
or other carbon-based materials are most commonly
used as electrode materials. Still, other reinforcing
materials, such as aramid fibers, can also be used. For
example, such solutions have been investigated by
Yang et al. [53], who fabricated structural electrodes
by combining Tiz;C,Ty metal-based nanoparticles
with aramid nanofibers. Using the electrodes, they
produced a supercapacitor with an energy density of
11.8 W-h/kg and a power density of 105 W/kg (cal-
culated with the mass of the fully assembled device),
which had a tensile strength of 153 MPa.

The advantage of carbon-based structural electrodes
is that carbon is a very versatile material. In addition
to its excellent mechanical properties, it has good elec-
trical conductivity, and manufacturing processes can
significantly vary its properties. Nanoparticle-free
structural capacitors based only on carbon fiber elec-
trodes can be fabricated. Shirshova et al. [42] used un-
treated and activated woven carbon fiber fabric as the
electrode, glass cloth as the separator, and then im-
pregnated this layered arrangement with matrix mate-
rials of various lithium salts, such as polyacrylonitrile

(PAN) and polyethylene glycol diglycidyl ether
(PEDGE). They achieved power densities ranging
from 0.05 to 90.4 W/kg and energy densities ranging
from 3.2 uW-h/kg to 10.54 mW-h/kg. The structural
capacitor with the best energy and power density
was obtained with activated carbon fabric and a PAN
matrix doped with propylene carbonate/ethylene car-
bonate (PC/EC)+ 0.1 M LiTFSI. It had a power
density of 71.63 W/kg and an energy density of
10.54 mW-h/kg. The study also showed that electro-
chemical properties could vary greatly depending on
the matrix material (Figure 6).

Supercapacitor electrodes can be produced from
other carbon-based materials and nanomaterials with
or without carbon fiber. Examples include carbon
nanotubes, graphene, graphite, carbon nanofibers, and
various porous carbon foams. They can be used to
increase the electrode—electrolyte interface of super-
capacitors, allowing improved electrochemical prop-
erties to be achieved without a significant deteriora-
tion in mechanical properties. Carbon-based struc-
tural supercapacitors are characterized by excellent
mechanical properties combined with better power
and energy density than structural supercapacitors
containing only carbon fiber [54-58]. Melkiyur et
al. [54], presented several EDLCs produced with
carbon-based materials. Of the carbon-based mate-
rials used, they analyzed porous carbon foam, re-
duced graphene oxide, nanotubes, and nanofibers.
The supercapacitors they reviewed varied in power
density from 228 to 48 000 W/kg and energy density
from 2.8 to 21.9 W-h/kg. Several researchers have
developed carbon fiber—based and carbon nanotube—
based electrodes for supercapacitors [55, 56]. For ex-
ample, Li et al. [55] describe electrodes fabricated
from carbon nanotubes and carbon foam or carbon
fabric. Carbon fabric with CNTs had a power density
of 44 W/kg and an energy density of 5.73 W-h/kg
(calculated with the mass of the complete device).
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Carbon foam with CNTs, on the other hand, had a
significantly higher power density (3700 W/kg) and
energy density (28 W-h/kg), due to its more porous
structure. Carbon nanotubes are often created by
chemical vapor deposition (CVD) on the carbon sub-
strate for better multifunctional properties. Felhdsi
et al. [56] also used this technique to produce super-
capacitors. They created CNTs on a non-activated
woven carbon fabric. The resulting supercapacitor
had an energy density of 1.5 W-h/kg and a maxi-
mum power density of 20000 W/kg (calculated with
the mass of the electrodes). In addition to CNTs,
graphene nanoparticles and their derivatives,
graphene oxide (GO) and reduced graphene oxide
(rGO), are also commonly used to produce superca-
pacitor electrodes [57, 58]. For example, Jiang et al.
[57] fabricated an electrode using reduced graphene
and carbon fiber and the supercapacitor with this
electrode had a power density of 2200 W/kg and an
energy density of 19.6 W-h/kg. Frequently, activated
carbon-based materials are used to achieve better
electrochemical properties, because carbon-based
materials generally increase specific surface area.
Such materials could be, for example, activated car-
bon fiber or even activated graphene. Skrypnychuk
et al. [58] fabricated an electrode using activated
graphene and carbon nanotubes to achieve a high
specific surface area. Their supercapacitor reached
a power density of 42200 W/kg and an energy den-
sity of 35.6 W-h/kg (calculated with the mass of the
electrodes). The electrodes presented show that the
electrochemical properties of supercapacitor elec-
trodes can be significantly improved with the use of
carbon nanoparticles and other carbon-based mate-
rials with a high specific surface area (Figure 6).

Metal-based nanoparticles are also often used. They
can increase the energy density of capacitors, as they
are capable of redox processes during energy stor-
age. In supercapacitors, numerous metal nanoparti-
cles (e.g., copper (Cu), titanium nitride (TiN)) and
metal oxides (e.g., RuO;, MnO,) are used. Metals
are good electrical conductors but less suitable for
charge storage, unlike metal oxides, which, in addition
to being conductors of electric current, are also capa-
ble of storing electrons and participating in electro-
chemical processes. Such capacitors have been pro-
duced, for example, by Muhommad et al. [59], who
used morphologically oriented copper cobalt boron
(Cu—Co-B) alloy-based nanosheets to fabricate a su-
percapacitor electrode, with which they produced a

supercapacitor with a power density of 4626.6 W/kg
and an energy density of 90.2 W-h/kg. Yi et al. [60]
investigated the advantages of metal oxides and ni-
trides in pseudocapacitors. They investigated TiN-
based electrodes and the supercapacitor had a power
density of 150-3000 W/kg and an energy density of
12.3-45 W-h/kg and RuO;-based electrodes with
which the supercapacitor had a power density of
1500 W/kg and an energy density of 41.6 W-h/kg.
Liu et al. [61] investigated MnO,/Ti3C;,-based elec-
trodes — the supercapacitor had a power density of
221.33 W/kg and an energy density of 8.3 W-h/kg
(calculated with the mass of the electrodes). Melkiyur
et al. [54] described several pseudocapacitors with
electrodes containing only metal-based nanoparti-
cles. The capacitors with metal-based particles had
a lower power density than supercapacitors with
only carbon-based electrodes. However, they had
better energy density due to their ability to take part
in redox processes. The power density of the de-
scribed supercapacitors varied from 2 to 125 W/kg,
and their energy density from 15.6 to 41.5 W-h/kg
(Figure 6).

Metal-based nanoparticles can be combined with
carbon-based particles to produce supercapacitors
with both good energy density and good power den-
sity. The carbon and metal-based particles have a
synergistic effect, and together, they enhance the en-
ergy and power density of the supercapacitor. Tang
et al. [62] investigated a supercapacitor consisting
of a cathode based on CNT and MnO, particles and
an anode based on CNT and polypyrrole (asymmet-
ric). They achieved a power density of 519 000 W/kg
and an energy density of 40 W-h/kg (calculated with
the cell mass of the supercapacitor). Gupta and Kumar
[63] fabricated supercapacitor electrodes using
SWCNT buckypaper and MnO, metal oxide nano-
particles. The power densities of the fabricated su-
percapacitors were 1000 and 10000 W/kg, and en-
ergy densities were 151 and 88 W-h/kg, respectively.
Vinodhini and Xavier [64] fabricated electrodes using
a combination of carbon-based CNT particles and
two metal-based nanoparticles, MoS, and TiO;. The
supercapacitor with these electrodes had a power
density of 4546.8 W/kg, an energy density of
757.8 W-h/kg, and excellent cycle stability — after
10000 cycles with 98.83% capacity retention. Li et
al. [55] describe several graphene and other particle-
based electrodes. They report energy densities of 3.2
and 29 W-h/kg and power densities of 1280 and
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1200 W/kg for graphene/MnQO,/CNT, and energy
densities of 19.24 W-h/kg and power densities of
5398 W/kg (calculated with the mass of the com-
plete device) with graphene/CNT/nickel foam—
based electrodes. Yi ef al. [60] investigated elec-
trodes with carbon-based nanoparticles and RuO,.
With RuO,/carbon nanofiber-based electrodes,
power density was 17545.5 W/kg and energy den-
sity was 21.5 W-h/kg, for RuO,/carbon fiber, power
density was 427.6 W/kg and energy density was
133.8 W-h/kg, and for RuO,/CNT power density was
557.3 W/kg and energy density was 127.9 W-h/kg.
Melkiyur ef al. [54] and An et al. [65] also reported
several hybrids, i.e., carbon and metal-based nano-
particle supercapacitor electrodes. Overall, these
electrodes can have, on average, better electrochem-
ical properties compared to supercapacitor elec-
trodes with only metal and carbon-based nanoparti-
cles, due to synergistic effects. The power density of
the supercapacitors built from the mixed/hybrid
nanoparticle electrodes described in this chapter var-
ied from 850 to 28 000 W/kg, and their energy den-
sity ranged from 23 to 185 W-h/kg (Figure 6).
Overall, the specific electrode—electrolyte interface
is significantly smaller for nanoparticle-free materi-
als than for those containing nanoparticles, since the
energy density and the power density are highly de-
pendent on the size of the electrode—electrolyte in-
terface. Nanoparticles can increase this interface to
a large extent due to their high specific surface area.
Carbon-based nanoparticles can increase power den-
sity due to their electrostatic charge storage, while
metal-based nanoparticles can undergo redox process-
es, which can increase the energy density more.
When applied together, both properties can be im-
proved (Figure 6).
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Figure 6. Different nanoparticle-based
Ragone plot [42, 53—-65].

supercapacitors

4. Manufacturing methods

The previous chapter shows that nanoparticles play
a significant role in improving the electrical proper-
ties of supercapacitors, and with them, energy and
power density can be increased. The fabrication of
structural supercapacitors requires a great deal of at-
tention. Thus, in addition to the proper distribution
of nanoparticles, adhesion between the elements that
make up a structural supercapacitor is essential for
good mechanical and electrochemical properties.

4.1. Nanoparticle dispersion in
nanocomposites
One of the major challenges in fabricating structural
supercapacitors is to disperse the nanoparticles prop-
erly in the polymer matrix. The main problem in the
dispersion of nanoparticles is their tendency to ag-
gregate due to their high specific surface area. Avoid-
ing the formation of aggregates is critical in produc-
ing nanocomposites, as they act as defect sites, im-
pairing mechanical properties. Furthermore, nano-
particles are used in composites to improve some
properties or functions (e.g., strength, thermal con-
ductivity, electrical conductivity), where the disper-
sion of conductive nanoparticles mixed in the poly-
mer matrix is critical. The dispersion of conductive
nanoparticles has a significant impact on the electri-
cal conductivity of the composite [66].
Various surface energy—reducing solvents or input
energy (e.g., shear forces, force fields) are often used
to break up the aggregates. An appropriate solvent
can successfully reduce the surface energy of the
nanoparticles and the strength of the physical bonds
between them [67]. However, some chemical treat-
ment affect the properties of the nanoparticles, for
example, they reduce their conductivity [68].
It is also common to use mixing by external forces
for better dispersion, such as ultrasonic mixing, in
addition to solvent dispersion. Mostovoy et al. [69]
worked on a complex mixing procedure, where func-
tionalized carbon nanotubes were dispersed in epoxy
resin. To improve the quality of dispersion and dis-
perse the aggregates, they stirred the suspension with
an ultrasonic mixer for one hour, treated it in a vac-
uum degasser after the addition of the crosslinking
component, and then prepared the nanocomposites
for testing, procedures which reduced the aggregates,
thus giving the nanocomposites better strength.
For structural capacitors, in addition to various mix-
ing processes, so-called buckypaper can be used to
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introduce nanoparticles into a controlled system.
Buckypaper is typically fabricated by creating a dis-
persion of nanoparticles, which are filtered in vari-
ous ways to create a non-woven fabric that makes
the nanoparticles easier to handle [70]. Gupta and
Kumar [63] fabricated supercapacitor electrodes
using SWCNT buckypaper and MnO,. The superca-
pacitor thus prepared had a specific capacitance of
605 F/g compared to the reference supercapacitor
with the MnO, and stainless steel electrode, which
had a specific capacitance of 340 F/g. Furthermore,
the supercapacitor produced with SWCNT buckypa-
per had the advantage of an excellent current rate ca-
pability. At 20 A/g, which is a very high specific cur-
rent for a capacitor, only a 15% loss of capacitance
was observed compared to the 50% loss of capaci-
tance of the reference.

Furthermore, nanoparticle growth can be a good and
efficient way to introduce nanoparticles into the sys-
tem for structural supercapacitors. For example, an
advantage of growing nanoparticles on carbon fibers
is that direct contact between the carbon fiber and
the nanoparticle can be established, thus providing
better mechanical and conductive properties for the
electrode. Such electrodes have been fabricated by
Xiong et al. [71], who have grown reduced graphene
oxide—carbon nanotube particles on carbon fiber
using electrophoretic deposition (EPD) and chemical
vapor deposition (CVD). Fabrication involved first
dissolving graphene oxide in deionized water and
then immersing the carbon fabric in the solution
while passing a current through the carbon fabric
(CF), varying between 2 and 5 V. The resulting
CF-GO hybrid material was placed in a tube furnace
with a carbon source/catalyst and then subjected to
an argon and hydrogen flow at 750 °C for 35 min.
During this time, the GO was converted into reduced
graphene oxide, which served as a base for the
growth of CNTs. The resulting CF-RGO-CNT hy-
brid material retained the flexibility of CF and had a
specific capacitance of 203 F/g, which was four
times higher than the specific capacitance of an elec-
trode composed of plain CF.

4.2. Structural supercapacitor fabrication
solutions

In producing structural supercapacitors, choosing

the proper manufacturing process is important to en-

sure the best possible surface contact between the

structural elements (electrodes, electrolyte, current

collector, and separator). The precision of the produc-
tion of supercapacitors has a major influence on their
mechanical and electrochemical properties. Four sig-
nificantly different designs of structural supercapac-
itors (integrated energy storage, structural fiber ener-
gy storage, laminated structural energy storage,
enhanced/hybrid structural energy storage) are re-
ported in the literature — the goal is multifunctional-
ity, i.e. the combination of energy storage capability
and favorable mechanical properties [43, 72].

In the first solution, a structure with energy storage
capability is integrated into a basic composite system
(packing non-structural elements in the composite).
The advantage of such multifunctional composites
is that they are simple to produce and do not require
any unique materials (matrix material, reinforcing
material) other than the basic composite. A battery
or capacitor can be incorporated as an energy storage
device. The energy storage capacity of the system
depends only on the energy storage device incorpo-
rated but will deteriorate the mechanical properties
of the base composite. The adhesion between the en-
ergy storage device and the composite will be less
than the adhesion between the fiber and the matrix
so the system will fail along the interface, and the
built-in device will also significantly increase the
mass of the base composite. Pattarakunnan ez al. [ 73]
incorporated a lithium-ion battery with an energy
density of 185 W-h/kg and an enclosure size of
40%30x4 mm into an epoxy—carbon fiber composite.
In their tests, they placed 1, 3, and 5 batteries in the
tensile test specimens. In each case, the tensile
strength of the energy storage composites was about
forty percent of that of the reference energy storage—
free specimen, regardless of the number of batteries.
This type of multifunctional composite is of limited
use due to its poorer mechanical properties. A solu-
tion could be to use them in composite sandwich
structures when energy storage is needed in a com-
ponent that is mainly subject to bending. Although
the mechanical properties of the composite material
are still inferior to those of a part without energy
storage, embedding in a sandwich structure can re-
duce mechanical degradation. Similar to batteries,
capacitors can be incorporated between composite
layers. Sun et al. [74] fabricated structural capacitors
by interposing Kevlar-epoxy prepregs. The energy
density achieved was 0.169 W-h/kg, and the power
density was 20 W/kg. The flexural strength of the
multifunctional composite was 192 MPa, which was
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lower than the 295 MPa of the reference material
without energy storage.

The second solution is fiber structural batteries. Un-
like the energy storage elements integrated into the
composite, energy is stored within the composite
system, so the material is already multifunctional. A
modified carbon fiber provides the anode and me-
chanical functions in structural fiber batteries, and
the matrix material is the cathode. The carbon fiber
is coated with a thin electrolyte layer, thus shortening
the distance between the two electrodes. In the sys-
tem, the electrolyte layer also performs an insulating
function. Carlstedt et al. [75] modeled structural en-
ergy storage devices fabricated in such a way. In their
model, the negative electrode was a carbon fiber
coated with a polymer system in which the elastic
and insulating properties were provided by ethylene
oxide. The positive electrode was lithium metal ox-
ides dispersed in a polymer matrix. The advantage
of these solutions is that they allow the production
of structural energy reservoirs in a fully solid state
within a material and have more favorable mechan-
ical properties. However, the cathode particles intro-
duced into the matrix and the electrolyte introduced
on the surface of the fiber impair adhesion, resulting
in impaired mechanical properties compared to the
base composite [72].

The third type of structural supercapacitors is lami-
nated structural energy storing devices, which are
structural energy storage devices similar to a capac-
itor. Thus, they are built up of electrodes, electro-
lytes, and an insulating material. Such a solution has
been presented, for example, by Shirshova et al.
[42], described in Section 3.2 (Nanoparticles in su-
percapacitor electrodes), where a glass fiber fabric
with activated carbon fiber fabric electrodes and
solid electrolyte was produced to withstand mechan-
ical stresses. In such arrangements, different metal
and carbon-based materials are used as electrodes,
often with glass fiber as an insulator and the polymer

Aluminium current collector
Applying
CNT fiber electrode -». pressure
. -_—
PE membrane %

matrix as an electrolyte. Such a device has the ad-
vantage that all its components are solid and have fa-
vorable mechanical properties thanks to the fibrous
materials. The multifunctional composite can also
perform energy storage and mechanical functions
without extra materials. However, the disadvantage
is that with a structural polymer electrolyte, an opti-
mal ratio of the components has to be chosen for
good mechanical and electric conduction functions
at the same time [72].

It is also possible to combine the three approaches to
achieve the best possible multifunctional properties.
Senokos ef al. [76] have combined these methods to
produce structural energy storage devices. They first
fabricated an EDLC with CNT electrodes, a polymer
electrolyte membrane, and a lattice aluminum current
collector, which was compacted by compression.
After compression, the electrolyte-free supercapacitor
was sandwiched between carbon fabrics and impreg-
nated with an epoxy matrix (Figure 7). The resulting
supercapacitor had an energy density of 37.5 W-h/kg,
a power density of 30 W/kg, an elastic modulus of
60 GPa, and a tensile strength of 153 MPa.

Nguyen et al. [77] have developed a C-section beam
for opening an aircraft door. In addition to perform-
ing its mechanical functions, the door opener can
provide sufficient power for emergency door open-
ing, so it can operate even in the event of an aircraft
power failure. The multifunctional component al-
lows for weight reduction, which is critical for air-
craft. The fabricated beam consisted of carbon fiber-
carbon aerogel (CF-CAGQG) electrodes, a polyester-
ceramic insulator, and epoxy resin, on which an alu-
minum current collector was placed. The resulting
capacitors had an energy density of 0.35 W-h/kg and
a power density of 400 W/kg.

Literature data show that composites made with
embedded batteries will achieve the best electrical
energy-storing properties of structural energy stor-
age composites. In this case, their electrochemical

Lay-up EDCL
between
CF layer
-_—

48 h curing at
room temperature

R

Infusion
of epoxyI

Figure 7. A possible way to manufacture a structural supercapacitor [76].
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properties will only depend on the properties of the
embedded energy storage device. However, this way,
the battery will become a failure site in the system,
thus weakening its mechanical properties. An even
better solution is structural fiber capacitors. They
have good electrochemical properties, but their me-
chanical properties are inferior to those of their sin-
gle-function counterparts since the electrolyte layer
applied to the surface of the fibers will weaken
fiber—matrix adhesion. With laminated structural ca-
pacitors, significantly improved mechanical proper-
ties can be achieved, but their electrochemical prop-
erties can only be improved to the detriment of their
mechanical properties. If we retain the favorable me-
chanical properties of this structure and improve
their electrochemical properties (e.g., by combining
methods), we obtain improved structural capacitors.
As a result, thanks to their sufficient electrochemical
and mechanical functions, these can now be effec-
tively used as multifunctional components. In the fu-
ture, the aim is to improve the energy storage prop-
erties of these composites while retaining their me-
chanical properties — this could be greatly aided by
applying nanoparticles or new types of solid elec-
trolyte materials (Figure 8).

5. Conclusions and future
perspectives/trends

As we have seen in Chapter 4.2., the energy storage

and mechanical functions of structural supercapaci-

tors can be used to create multifunctional elements,

Electrochemical performance

Embedded devices

‘ Lamin

Mechanical performance

>
>

Figure 8. Schematic diagram of the performance of capaci-
tors made with different manufacturing processes.

therefore structural supercapacitors is currently one
of the most researched fields. Thus, reviewing their
impact on our environment and examining their
challenges is important. The use of nanoparticles, as
we have seen, can significantly increase the efficien-
cy of capacitors. They can increase the energy and
power density of capacitors to the level where they
are now called supercapacitors based on their per-
formance and different structures. This means that
significantly less material is needed for the same per-
formance compared to typical capacitors. Further-
more, by using them as structural elements (multi-
functional components), further weight and volume
can be saved, which is highly desirable in vehicles
from a sustainability point of view, as they allow
lower energy consumption and lower emissions [43].
Another advantage of supercapacitors may be that
they can be produced in a more environmentally
friendly way from biopolymers/bio-based materials.
For example, Mo ef al. [78] produced graphene-like
porous carbon (GPC) from cellulose sheets for super-
capacitor electrodes (achieving a specific capacitance
of 353 F/g and an energy density of 120.1 W-h/kg).
Schlee et al. [79] produced nanofibers from eucalyp-
tus lignin by electrospinning and carbonized them.
Their electrodes had a specific capacity of 155 F/g,
an energy density of 4 W-h/kg, and a power density
of 52000 W/kg. An additional environmental advan-
tage of structural supercapacitors over conventional
batteries is that they contain only solid material, thus
avoiding the release of dangerous liquid chemicals
into the environment in case of damage. Further-
more, a major advantage of supercapacitors com-
pared to batteries is that they do not undergo any
chemical process in the case of EDLCs, so their life-
time is theoretically infinite [43]. However, the care-
ful handling of nanoparticles is important in manu-
facturing processes, as their health effects are still
questionable due to their small size. A solution to this
problem could be establishing and strictly enforcing
standards and regulations for them [80].

Future developments in structural supercapacitors
should aim to achieve higher efficiency, increase
power density and energy density, and optimize man-
ufacturing processes. In industry, structural superca-
pacitors with suitable safety features can be used in
a wide range of applications (Figure 9). Thanks to
their multifunctionality, they can be used in all areas
where a combination of excellent mechanical and
good energy storage functions are required.
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Figure 9. Potential applications of structural supercapacitors.

The most researched field for structural supercapac-
itors is currently electric vehicles, such as electric
cars, public transport, or bicycles. They have the ad-
vantage of increasing the range, reliability, and ac-
celeration of electric vehicles. Furthermore, they can
also be used in other vehicles, for example, in struc-
tural components of aircraft or drones, where they
can supplement the power supply reliably. They can
also be used in space applications, for example, as
structural components for satellites and spacecratft,
reducing overall mass, which is critical in space ap-
plications. They could also be useful in the electron-
ics industry, both in portable electrical devices and
in smart devices and robots, which could benefit
from a consistent and reliable supplementary power
supply without the need for extra components [81].
There are also many opportunities for structural su-
percapacitors in the construction industry. In these
areas, the many static structural elements (e.g., walls
and roof structures) could be supplemented with en-
ergy storage functions, a potential that several patents
have already recognized [82]. They could also be
used as energy storage devices for sustainable energy
storage, for example, in wind parks or solar panels,
where by adding energy storage functions to struc-
tural elements, a more balanced operation and ener-
gy supply can be achieved. Another application
worth mentioning is in medical technology, where
they could be used to smart prostheses, for example.
However, despite their advantages, structural super-
capacitors have not yet been able to spread in industry
because they also have limitations. Firstly, they are

_—

multifunctional materials, so unlike batteries, for ex-
ample, the production of a single component re-
quires a specific, conscious choice of materials and
design. Thus, the cost of producing such a compo-
nent can be significantly higher than for a device with
another kind of energy storage. Furthermore, there
are difficulties in handling nanoparticles, where re-
producibility of production can be a problem, which
may also increase costs.

However, there are already prototypes where struc-
tural supercapacitors have been used (e.g., drones,
radio-controlled cars, Volvo project). The future goal
is therefore to bring down the cost of structural su-
percapacitors and establish their safety regulation.
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