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High-strength and machinable load-bearing
integrated electrochemical capacitors based
on polymeric solid electrolyte

Jinmeng Zhang1,3, Jianlong Yan1,3, Yanan Zhao1, Qiang Zhou1, Yinxing Ma2,
Yaxian Zi1, Anan Zhou1, Shumin Lin1, Longhui Liao1, Xiaolan Hu 1 &
Hua Bai 1

Load bearing/energy storage integrated devices (LEIDs) allow using structural
parts to store energy, and thus become a promising solution to boost the
overall energy density of mobile energy storage systems, such as electric cars
and drones. Herein, with a new high-strength solid electrolyte, we prepare a
practical high-performance load-bearing/energy storage integrated electro-
chemical capacitors with excellent mechanical strength (flexural modulus:
18.1 GPa, flexural strength: 160.0MPa) and high energy storage ability (specific
capacitance: 32.4mF cm−2, energy density: 0.13Whm−2, maximum power
density: 1.3Wm−2). We design and compare two basic types of multilayered
structures for LEID, which significantly enhance the practical bearing ability
and working flexibility of the device. Besides, we also demonstrate the excel-
lent processability of the LEID, by forming them into curved shapes, and
secondarily machining and assembling them into complex structures without
affecting their energy storage ability.

Load bearing/energy storage integrated devices (LEIDs) refer to mul-
tifunctional structural devices with both mechanical bearing capacity
and electrochemical energy storage capacity1–3. In conventional power
supply mode, the energy storage and load-bearing components are
independent. The power storage component can store energy but
cannot withstand large external forces, while the load-bearing com-
ponents, such as the shell, can only play the role of protection and
support and cannot provide energy storage4–6. However, the total
energy density of a system is defined as the ratio of the total energy
stored in it to its total mass4,6–11. From the perspective of energy sto-
rage, load-bearing components in conventional power supply systems
can be defined as dead mass7, which reduces the total energy density
of the system4,6,12,13. For example, in an electric car, the metal shell and
chassis are dead mass because they make up 40% of the car’s weight,
but they have zero energy density7. If the energy-storage component
has sufficient strength and can serve as mechanical support, it can
replace the structural component. For the whole system, the total
energy density is increased because the usage of dead mass can be

reduced14,15. With LEIDs as shells, satellites, electric vehicles, drones,
laptops, and mobile phones can have more electric power and longer
battery life. Besides, LEIDs can also serve as support structures and
energy storage units for intermittent new energy sources, such aswind
power and photovoltaics. Consequently, LEIDs significantly increase
the energy density ofmobile energy storage systems and simplifies the
system16.

A LEID requires a unique design on the device structure and
material level. The electrodes and the solid electrolyte of the device
should have both high mechanical strength and good interface
bonding17–19. Currently, LEIDs are mainly designed based on high-
strength resin-based carbon fiber composite materials20,21, where the
carbon fiber (CF) with high strength and good electrical conductivity is
the reinforcement and the electrodes, and the high-strength solid
electrolyte serves the matrix to bond CFs together2,22. However,
although the concept of LEID has been proposed for decades4,5,23,24,
there is fewpractical LEID reported in literature20,25. One reason for this
situation is the lack of solid electrolyteswith highmechanical strength,

Received: 29 May 2022

Accepted: 21 December 2022

Check for updates

1College of Materials, Xiamen University, Xiamen 361005, PR China. 2College of Chemistry and Chemical Engineering, iChEM, Xiamen University, Xiamen
361005, PR China. 3These authors contributed equally: Jinmeng Zhang, Jianlong Yan. e-mail: xlhu@xmu.edu.cn; baihua@xmu.edu.cn

Nature Communications |           (2023) 14:64 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-2980-4806
http://orcid.org/0000-0003-2980-4806
http://orcid.org/0000-0003-2980-4806
http://orcid.org/0000-0003-2980-4806
http://orcid.org/0000-0003-2980-4806
http://orcid.org/0000-0001-8403-9217
http://orcid.org/0000-0001-8403-9217
http://orcid.org/0000-0001-8403-9217
http://orcid.org/0000-0001-8403-9217
http://orcid.org/0000-0001-8403-9217
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35737-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35737-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35737-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-35737-w&domain=pdf
mailto:xlhu@xmu.edu.cn
mailto:baihua@xmu.edu.cn


high ionic conductivity, and good processability. The soft solid elec-
trolyte developed for lithium-ion batteries usually cannot meet the
requirement of LEID23,26,27. Besides, the structure of the device has not
been purposefully designed and studied. A limited number of high-
strength polymeric solid electrolytes were only tested in a simplified
model device with a thin three-layer CF/separator/CF structure, and
the mechanical properties of the devices were seldom mentioned4,20.
These thin and simple three-layered devices are far from real LEIDs,
which shouldbemechanically strong andeasy toprocess. Todevelop a
LEID aiming at future practical application, we need to prepare mul-
tilayered LEID compatible with the forming/processing methods of
conventional resin-based composites, and evaluate their mechanical
properties following the standards of composite materials. Further-
more, it is also necessary to understand the coupling relationship
betweenmechanics/energy storage performance, such as the effect of
mechanical damage on the energy storage performance of the
device28.

In this paper, we demonstrate a practical high-performance LEID
with a newly developed high-strength polymeric solid electrolyte. For
the first time, the multilayered structure was designed for the LEID,
and two basic multilayered structures were investigated and com-
pared. The multilayered structure allows us to construct thicker and
stronger LEIDs, and it also provides flexible ways of using the LEID as
the power supply. The LEIDs exhibited large energy capacity and high
mechanical strength/toughness superior to common engineering
plastics, indicating their practicability as both the power source and
structural material. We also demonstrate that the LEIDs can be made
into complex shapes composed of curved surfaces and are capable of
secondarymachining. After the devicewas cut, drilled, and assembled,
its energy storage performance was not decreased. Therefore, these
practical LEIDs can be easily used as parts and integrated into a com-
plex system.

Results
Preparation and characterization of high-strength solid
electrolyte
High-strength solid electrolyte is essential for LEID, but the conven-
tional solid electrolyte based on thermoplastic polymers, such as
poly(ethylene oxide) (PEO) and poly(vinylidene difluoride) (PVDF), do
not have sufficient high mechanical strength29,30. Therefore, solid
electrolytes based on high-strength thermosetting polymers become
suitable candidates. However, the thermosetting polymer has a rigid
molecular chain network and small free volume after cross-linking;
thus, the transport of ions through the polymer matrix is difficult.
Consequently, the solid electrolyte should be designed as a bi-
continuous-phase type structure, where the liquid electrolyte forms a
separated phase inside the porous polymer matrix, so that the ion
transport is not restricted by polymer chains. Here in this work, we
developed a new bi-continuous-phase type solid electrolyte31.
Epoxy resin 5284was chosen as thematrix phase, while the solution of
bis(trifluoromethane)sulfonamide lithium (LiTFSI) in 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIm-TFSI)
ionic liquid was used as the conductive phase (Fig. 1a). Epoxy resin
5284 is a single-component epoxy resin with cyanate resin as the
curing agent32–34. The bisphenol A type cyanate resin has a rigid
molecular structure, thereby bringing a strong cross-linking network
into the cured resin, making the resin show outstanding mechanical
strength and thermal stability. Therefore, epoxy resin 5284 is expected
to provide high mechanical properties for solid electrolytes. EMIm-
TFSI was used as the electrolyte because it was reported to undergo a
spontaneous phase-separation during the curing of epoxy resin14. The
solution of LiTFSI in EMIm-TFSI (LE) has high ionic conductivity
(2.1mS cm−1), comparable to the commercial liquid electrolyte in the
lithium-ion battery, so it can ensure a good conductivity of the solid
electrolyte (Supplementary Table 2). As shown in Fig. 1a, the high-

strength solid electrolyte is prepared via crosslink-induced phase-
separation14,26. A liquid electrolyte (LE) containing LiTFSI dissolved in
EMIm-TFSI wasmixedwith epoxy resin 5284 liquid precursor to form a
uniform and transparent mixed liquid, which was then cured at a
certain temperature. Phase separation between LE and epoxy resin
occurred during curing, producing a bicontinuous-phase type solid
electrolyte. The mass ratios of the epoxy resin and LE were 100:0,
70:30, 60:40, 55:45, 50:50, 45:55, and 40:60 (Supplementary Table 1),
and the cured products obtained aredenoted as EP100, EP70, EP60, EP55,
EP50, EP45, and EP40, respectively.

The curing process was first investigated by differential scanning
calorimetry (DSC, Supplementary Fig. 1) and gel point tests (Supple-
mentary Fig. 3) to determine the curing temperature, and the suc-
cessful curing was finally verified by Fourier transform infrared (FT-IR)
spectra (Supplementary Fig. 4). However, the measurement of the
curing enthalpy suggests that the crosslinking density of epoxy resin
decreased after LE was added (Supplementary Fig. 1), because LE
reduced the concentration of epoxy groups. Figure 1b shows the
photos of the pure epoxy resin and solid electrolytes26,35. All the sam-
ples are hard solids. With the addition of LE, the sample gradually
changed from transparent to opaque white, indicating the formation
ofmicrostructure inside the sample. Figure 1c, d show themicroscopic
morphologies of EP70 and EP50 (The morphologies of other samples
are shown in Supplementary Fig. 5), and LEhadbeen removed fromthe
samples by ethanol extraction before the scanning electron micro-
scopy (SEM) observation. The cross-section of the EP70 sample is
dense, indicating that LE formed a homogeneous phase with epoxy
resin. The dynamic thermomechanical analysis (DMA) showed that the
glass transition temperature (Tg) of the samples was reduced from
179 °C of pure epoxy resin (EP100) to 129 °C of EP70 (Supplementary
Fig. 6), which reveals that LE plasticized the epoxy resin13,36–38. When
the LE content reaches 45% (EP55), some isolated pores can be
observed in the SEM image (Supplementary Fig. 5), showing that phase
separation between LE and epoxy occurred. This phase separation is
further confirmed by the DSCmeasurement (Supplementary Fig. 2), in
which two glass transition temperatures were observed. The cross-
linking of epoxy resin reduces the solubility of LE in epoxy resin and
causes the formation of the LE phase. Further increasing the content of
LE to higher than 50%, the spinodal decomposition occurred, produ-
cing a bi-continuous structure, as observed in SEM images (Fig. 1d and
Supplementary Fig. 5). The domain size of the bi-continuous structure
increases significantly with the LE content, from 120 ± 20nm (EP50) to
400± 40nm (EP45) and 560 ± 55 nm (EP40). It is noteworthy that the Tg
of the above phase-separated samples continued to decrease with the
increased LE content, indicating that the epoxy resin phase was always
plasticized by LE in the solid electrolytes (Supplementary Fig. 6).
Therefore, the solid electrolytes have a bi-continuous structure com-
posed of a LE phase and a LE-plasticized epoxy resin phase37,39,40.

The mechanical properties and ionic conductivity of solid elec-
trolytes were investigated. The EP100 sample breaks before yielding
with an elongation at break of only 4.6%, showing typical brittle frac-
ture behavior. After LE was added, the toughness of the samples was
improved significantly. The tensile curves (Fig. 1e) show that all the
samples containing LE yielded before the break, and the elongation at
break also increased. The impact strength of the sample increased
from 13.0 kJm−2 of EP100 to 19.0 kJm−2 of EP55 electrolyte, confirming
that LE increases the toughness of the solid electrolyte (Supplemen-
tary Fig. 7). As discussed above, LE effectively plasticized the epoxy
resin phase, so the toughness of the solid electrolyte increased with
the LE content. However, the breaking strength and modulus of the
sample also decreased with the increase of LE content. The tensile
modulus and strength of the EP100 sample were 2.5GPa and 78.2MPa,
but the tensile modulus and strength of EP50 dropped to 1.0 GPa and
11.6MPa (Fig. 1e, g). The results of bending tests showed a similar trend
(Supplementary Fig. 7). Actually, the mechanical strength of the solid
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electrolyte is mainly provided by the epoxy resin phase, so the
decrease in the volume fraction of the epoxy resin phase leads to
smaller strength and modulus of the solid electrolyte.

In contrast to the mechanical strength, the ionic conductivity of
the solid electrolyte increasedwith the LE (Fig. 1f, g andSupplementary
Fig. 8).When the LE content is less than 45%, no continuous LE phase is
formed, and the ions between themolecular chains have lowmobility,
so the conductivities of the solid electrolytes are very low. The con-
ductivity of EP60 is only 0.9 × 10−2 mS cm−1, while the conductivity of
EP70 and EP100 is too low to be measured. As the content of LE
increases, the ionic conductivity of EP50 becomes 6.7 × 10−1 mS cm−1,
and for EP40, the conductivity can reach 9.5 × 10−1 mS cm−1. This con-

ductivity is much higher than those of solid electrolytes with similar
mechanical strength and can be ascribed to the well-developed LE
phase. For LEIDs, both the mechanical strength and the ionic con-
ductivity are essential. To achieve a balance between mechanical
properties and electrical conductivity, we used EP50 as the solid elec-
trolyte in the subsequent research. Its tensile modulus, tensile
strength, and ionic conductivity are 1.0GPa, 11.6MPa, and6.7 × 10−1 mS
cm−1, respectively. Fig 1h compares the performance of EP50 in this
work and the literature data, and the data point of EP50 is located in the
upper right corner of the figure, indicating that its comprehensive
performance is better than the literature value14,37,39–42 (Supplementary
Table 3).
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Fig. 1 | Structure and properties of the epoxy resin-based solid electrolyte.
a Schematic diagram of the preparation of solid electrolyte with epoxy resin and
ionic liquid, and the chemical structures of the epoxy resin and the ionic liquid.
b Photos of epoxy resin with different ionic liquid content. c, d SEM images of EP70

(c) and EP50 (d). e Tensile stress-strain curves of epoxy resin and different solid
electrolytes. f Impedance spectra of different solid electrolytes. g The Flexural
modulus (left axis) and ionic conductivity (right axis) of different samples at 25 °C.
h Comparison of the solid electrolytes in literature with EP50 in this work.
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Fabrication and characterization of the three-layer load-bear-
ing/energy-storage integrated device
LEIDs were then fabricated with EP50 as the solid electrolyte using a
traditional prepreg-molding process (Fig. 2a)43–46, which can be easily
scaled up in the industry. The structure of the LEID is the same as that
of resin-based composite. As shown in Fig. 2a, CF fabrics were used as
the electrodes, and glass fiber (GF) fabrics as the separators to avoid
short circuits, and both CF fabrics and GF fabrics also served as the
mechanical reinforcements. A LEID with a conventional three-layered
structure (LEID-3) was first constructed with two pieces of CF fabric as
electrodes and a piece of GF fabric as the separator. Fig 2b shows the
photo of a LEID-3with a platelike shape. The device is a rigid plate with
a thickness of 1.2mm, and the volume fraction of the fiber is 38%~43%
(Supplementary Table 4). It is worth noting that our LEID can be fab-
ricated into various shapes with proper molds (Supplementary Fig. 9).
A LEID-3 car shell model is shown in Fig. 2c (For its electrochemical
properties, see Supplementary Fig. 10). The size of the model is
24.2 cm in length, 14.8 cm in width, and 1.2mm in thickness, with an
area of 358 cm2. The curved and planar regions in the model are uni-
form, demonstrating the excellent molding ability of our LEID, which
can meet the demand of practical applications (Supplementary
Movie 1). SEM images depict that the EP50 solid electrolyte infiltrated
into CF and GF fabrics and filled all the space inside and between these
fabrics (Fig. 2d), showing a high affinity between CF/GF and the liquid
precursor. The EP50 in the LEID has a uniform bi-continuous phase
structure similar to that of the pure EP50, but the pores were larger in
LEID-3 than in pure EP50, possibly because the CF with high thermal
conductivity changed the curing kinetics. Themagnified SEM image of
the fiber surface shows that the epoxy resin phase in EP50 forms good
contact with the CF. Meanwhile, some holes penetrate directly to the
surfaceof theCF, indicating that the LEphase is also in contactwith the
CF (Fig. 2e, f). Therefore, the interface between EP50 and CF also has a

two-dimensional bi-continuous pattern. The contact between the
epoxy resin phase and the CF endows the LEID with high interface
mechanical strength, while the contact between the LE phase and the
carbon fiber can realize the energy storage function.

Although the mechanical properties of many solid electrolytes
have been reported in the literature, the mechanical performance of
LEID has not been studied systematically. Therefore, we first investi-
gated LEID-3’s mechanical properties. As shown in Fig. 3a, LEID-3 has
significant rigidity, and a weight of 10 kg caused no apparent bending
on suspended LEID-3. Fig 3b compares the mechanical properties of
the LEID-3 and the pure epoxy-based composite material of the same
structure ((CF/GF/CF)EP100, CM-3). CM-3 showed a linear stress-strain
curve, presenting brittle fracture characteristics with a flexural mod-
ulus of 23.9GPa and flexural strength of 443.0MPa. LEID-3 yielded
when it was bent, showing an improved toughness. The flexural
modulus and flexural strength of the LEID-3 are 18.1GPa and
160.0MPa, respectively. The modulus of LEID-3 is decreased only by
24.2% compared with that of CM-3, because the flexural modulus of
composite materials is mainly determined by reinforcing fibers17,47,48.
Although the strength of LEID-3 is lower than that of CM-3, it is still
significantly larger than those of commonly used engineering plastics
(Fig. 3d), such as Nylon 6 (110.0MPa), polysulfone (107.0MPa), and
acrylonitrile butadiene styrene copolymer (ABS, 76MPa)44,49–51.
Therefore, our LEID with high mechanical strength and can be used as
the structural material.

Impact performance is essential for the practical applications of
composite materials. Here we measured the interlaminar shear
strength of LEID-3 and CM-3 (Fig. 3c and Supplementary Fig. 23) to
compare their impact resistance. The load-distance curve of CM-3
presents a linear shape, revealing an interlayer shear failure mode.
Thus, CM-3, like many other fiber-reinforced epoxy resin matrix
composites, suffers from brittleness and low impact resistance.
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However, LEID-3 yielded and did not break in the experimental dis-
tance range, and it also maintained a certain load-bearing capacity
after yielding. These data show that LEID-3 has higher impact tough-
ness than CM-3. The interlaminar shear strengths of CM-3 and LEID-3
are 58.0MPa and 13.5MPa, respectively. For LEID-3, due to the high
porosity and low strength of the EP50 matrix, local squeezing and
yielding are more likely to occur, so its interlaminar shear strength is
lower than CM-3. However, because the toughness of LEID-3 is sig-
nificantly higher than that of CM-3, LEID-3 has higher impact
resistance.

The electrochemical properties of the LEID-3 were then investi-
gated. The cyclic voltammetry (CV) curves at different scanning rates
in the voltage range of 0–2 V all have a deformed rectangular shape
without pronounced redox peaks, showing a typical capacitive beha-
vior (Fig. 4a). Figure 4b is the cyclic galvanostatic charge-discharge
(GCD) curves of LEID-3. There is no obvious platform in the GCD
curves, consistent with the CV curves. According to the GCD curves, it
can be calculated that at a current density of 0.2mAcm−2, the areal
specific capacitance of LEID-3 is 32.4mF cm−2 (Fig. 4c, 675.9mFg−1,
1297.8mF cm−3, see Supplementary Fig. 11), surpassing those of other
solid electrochemical capacitors with CF as the electrode (Supple-
mentary Table 5, Supplementary Fig. 11). Because no electrochemically
active materials were used in the LEID, the above capacitance is ori-
ginated from the electric double-layer capacitance. The LE phase is in
contactwith the carbonfiber in the LEID, soenergy canbe stored in the
electric double-layer between LE and CF. With the increase of current
density, the specific capacitanceof thedevicedrops slightly becauseof
the thick solid electrolyte, which limits the ion transport speed. The
energy density and power density are calculated to be 0.13Whm−2

(3.4 × 10−2 Wh kg−1, 144.9Wh cm−3) and 1.3Wm−2 (0.34Wkg−1,
1453.3W cm−3). The Ragone plot (Fig. 4d, e, Supplementary Fig. 12)
shows that the energy densities of LEID-3 are higher than other solid
devices with similar structures and electrode materials in the
literature18,20,21,25,46,52–57. These data are even higher than those of devi-
ces using electroactive material-modified CF as electrodes6. The high
energy density is ascribed to the large capacitance and high working
voltage of LEID-3. After charging the device at a current density of

0.2mA cm−2 for 60 s, it candrive 33 light-emittingdiodes formore than
45 s (Fig. 4f). The cycle stability of the device was tested at a current
density of 1.2mA cm−2. The capacitance retention is 92% after 10,000
cycles, reflecting the excellent cycle stability of LEID (Fig. 4g).

The self-discharge performancewas alsomeasured (Fig. 4h). After
being charged to 2 V, the decreasing curve of the open-circuit voltage
of LEID-3 was recorded. After 50,000 seconds, the voltage dropped to
0.12 V, 22.4% of the original value. This self-discharge rate is similar to
other supercapacitors in the literature58–60 and demonstrates the long-
term energy storage capability of LEIDs in practical applications. The
self-discharge result also confirms that in LEID-3 there is no side
reaction that causes obvious self-discharge. We further investigated
the influence of deformation on the capacitance of LEID-3. The specific
capacitance of a LEID-3 device was measured when the device was
under a three-point bending test. Fig 4i shows that the specific capa-
citance of the device did not change with the deflection. SEM images
(Supplementary Fig. 14) demonstrate that the structure of the device
was intact after bending. The specific capacitance of the device also
remained unchanged after 100 bending/releasing cycles (Supple-
mentary Figs. 13, 15). The above results indicate that the interface
between solid electrolyte and electrode was stable under small
deformation. Therefore, in practical applications, the device can
withstand small elastic deformation without irreversible degradation
of electrochemical performance. The above results show that LEID-3
has both the high strength and electrochemical energy storage capa-
city and thus is a high-performance integrated device.

Design, fabrication, and performance of multilayer load-bear-
ing/energy-storage integrated device
From the perspective of composite materials, the thickness and
absolute strength of relatively thin LEID-3 may not meet the needs of
practical applications. Therefore, multilayered LEID with more CF and
GF layers is necessary. Here we designed and compared two kinds of
multilayered LEID. The alternate stacked CF and GF were directly used
in the first design (Structure (I)). Figure 5a shows the structure of a
seven-layered LEID-7(I) with a configuration of (CF/GF/CF/GF/CF/GF/
CF)EP50. The preparation method of this multilayer device is the same
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as the three-layered LEID-3, so it is technically simple. The second type
of multilayered device we designed is comprised of individual three-
layer LEIDs bonded by insulating layers (Structure (II)). As shown in
Fig. 5b, two individual LEID-3 are bonded with a GF/EP70 insulating
layer to form a seven-layered LEID-7(II), whose structure is (CF/GF/
CF)EP50/GFEP70/(CF/GF/CF)EP50. EP70 instead of pure epoxy resin was
used for the insulating layer because the curing temperature of pure
epoxy resin is too high and inconsistent with the curing conditions of
other layers. EP70 has a conductivity of less than 10−5 mS cm−1, and can
be treated as an ion insulating layer in the device.

The photos of three-layer, five-layer, seven-layer, and nine-layer
LEIDs with Structure (I) are shown in Supplementary Fig. 17. As the
number of layers increases, the thickness of the device increases from
1.2mm to 2.9mm. Meanwhile, the moduli of these LEIDs are similar,
and consequently, the load-bearing capacity of LEID increasedwith the
number of layers (Supplementary Fig. 18). Taking the LEID-7(I) as an
example, we can measure the electrochemical properties of three-
layered and five-layered subdevices and the seven-layered whole
device. Unfortunately, we found that the specific capacitance decays
significantly with the number of layers. The specific capacitances of

three-, five-, and seven- layered LEID at a current density of
8 × 10−2 mA cm−2 were 5.1, 2.2, and 0.6 Fm−2, respectively (Fig. 5 b–d),
and the rate performance of the device gradually decreases (Supple-
mentary Figs. 19–21). One important reason for the attenuated per-
formance is the large resistance. It can be seen that the equivalent
series resistance (ESR) of the three-, five-, and seven-layered LEID are
13.3, 24.1, 49.3Ω, respectively (Fig. 5d). In fact, although LEID-7(I) has
an alternative array of CF and GF, it is not a series of three individual
LEID-3. In this device structure, only the upper and lower layers of CF
fabrics function as electrodes, while the other CF fabrics are just por-
ous conductors filled with the electrolyte. When the electrostatic
equilibrium is reached, the solid electrolyte is an equipotential body,
so the CFs inside the solid electrolyte make no actual contribution to
energy storage. Meanwhile, due to the increase in the thickness of the
device and the decrease in the effective transport area caused by
additional CF and GF, the resistance of the electrolyte increases sig-
nificantly, resulting in an excessive voltage drop of the device. More-
over, the working voltage of the LEID-7(I) also did not increase.
Therefore, multilayered LEIDs with Structure (I) cannot work in this
series mode.
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However, multilayered LEID of Structure (I) can work in a par-
allel mode. As illustrated in Fig. 5a, CF 1 and 3 were connected to
form one electrode, while CF 2 and 4 form another. LEID in this
working mode is like the interdigital electrode-type planar device,
where all the figures of one interdigital electrode are connected in
parallel. In parallel mode, the ESR will not increase with the layer
number of the CF, because the distance between the two adjacent
opposite CF electrodes always keeps the same. We examined the
electrochemical properties of parallel-connected LEID-7(I). The CV
curves show that at the same scanning rate, parallel-mode LEID-7(I)
had a larger charging current than three-layered, five-layered sub-
device and series-mode LEID-7(I). The specific capacitance of
parallel-mode LEID-7(I) at a current density of 8 × 10−2 mA cm−2 was
9.0mF cm−2 (Supplementary Fig. 22), larger than that of the three-
layered subdevice. Meanwhile, the ESR of parallel-mode LEID-7(I)
was only 9.4Ω, smaller than the three-layered subdevice. These
results can be well explained by the parallel connection of capaci-
tors. Although the parallel-connected LEID-7(I) has a working vol-
tage of 2.0 V, which is the same as the three-layered subdevice, its

areal energy density was 43.3% higher than that of the three-layered
subdevice due to the higher areal specific capacitance.

The Structure (II) is another option for multilayered LEID. In this
structure, the two LEID-3 devices formed a four-terminal LEID-7(II). We
first used interlaminar shear strength to examine the bonding strength
of the insulating layer. Figure 5e shows the photo of a LEID-7(II). The
interlaminar shear strength of LEID-7(II) is slightly larger than that of
LEID-3 (14.5MPa vs. 13.5MPa, Supplementary Fig. 23), showing that the
two LEID-3 devices are well bonded by the EP70 insulating layer. The
polymermatrix of both the LEID-3 and insulating layer are the same, so
they have excellent interfacebonding. Since the twoLEID-3 subdevices
are independent, they can work in both series or parallel modes. Fig-
ure 5f, g shows the CV and GCD curves of LEID-7(II). When the current
density is 8 × 10−2 mAcm−2, the specific capacitances of the two LEID-
3’s are 6.9mF cm−2 and 7.0mF cm−2, respectively. After bonding, the
areal specific capacitance of LEID-3 was unchanged, showing that the
EP70 layer has no significant effect on the two subdevices. CV and GCD
curves show that the operating voltage range of a series-mode LEID-
7(II) can be up to twice that of LEID-3, but the areal specific capacitance
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drops to about half of LEID-3. When tested in parallel mode, LEID-7(II)
showed a capacitance twice that of LEID-3. The specific capacitance
LEID-7(II) was measured to be 4.2mF cm−2 in series mode and
21.6mF cm−2 in parallel mode (Supplementary Fig. 24). Therefore,
although the fabrication of the Structure (II) device is more compli-
cated than Structure (I), the insulating layer provides us with a flexible
way of using the devices. One can choose to use the device in series or
parallel modes to obtain a higher working voltage or a larger capaci-
tance to meet the needs of different applications.

Secondaryprocessingof loadbearing-energy storage integrated
devices
The effect of structural damage on the energy storage is critical for
LEID because the structural materials used for load-bearing are at the
risk of fracture caused by external forces. Here we evaluate the energy
storage retention of our LEID under damages9. Figure 6a–c shows that
after three holeswere drilled on a LEID-3, theCV andGCDcurves of the
device did not change, indicating that it is not short-circuited and can
still work normally. The drilled LEID-3 could still power a fan (Fig. 6a
and Supplementary Movie 2). We also cut a LEID-3 into two pieces, as
shown in Figure 6d–f, and tested the electrochemical performance.
The CV and GCD tests show that the device maintained a certain
capacitance after cutting, and no short circuit or other failure was
observed. When the current density is 1.8 × 10−2 mAcm−2, the specific
capacity is 6.9mFcm−2 before cutting and 6.8mF cm−2 after cutting.
The total capacitance of the device decreased after cutting, but the
areal capacitance was similar. Fig. 6d shows that the half LEID-3 can
also light up 33 LEDs. Actually, because the solid electrolyte has high

mechanical strength, it can efficiently separate the CF electrodes
during the perforation and cutting and thus prevent the internal short
circuit. The above results show that the LEIDs can still work when
subjected to structural damage, so these devices have high safety.

Because LEID can be cut and drilled without performance degra-
dation, we can perform secondary processing on the LEIDs and
assemble them into complex structures with other parts. Figure 6g, h
show that two LEID-3’s were drilled and assembled with plastic fas-
teners to form a larger plate. After connecting two LEID-3’s in series,
the newly assembled sheet works well as an electrochemical capacitor,
as indicated by theGCD curves in Fig. 6i. This sheet was further used as
the chassis to make a car model with an electric motor. All the parts in
this model were assembled with plastic fasteners. With LEID-3 as both
the chassis andpower supply, the carmodel can run for a longdistance
(Supplementary Movie 3). This example demonstrates that our LEID
can be conveniently assembled and used like other conventional
structural materials. This ability is important for the practical appli-
cation of LEID.

Discussion
Through the in-situ cross-linking induced phase separation between
the 5284 epoxy resin and the ionic liquid, a bi-continuous phase
structure polymer solid electrolyte with a high modulus (flexural
modulus ~1.0 GPa) and high ionic conductivity (6.7 × 10−1 mS cm−1) was
obtained. Using this solid electrolyte and CF electrodes, we built high-
performance LEIDs, whose areal specific capacitance was 32.4mF cm−2

at the current density of 0.2mA cm−2, and flexural modulus and flex-
ural strength were 18.1GPa and 160.0MPa, respectively, higher than
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those of common engineering plastics. As new designs, two basic
structures of multilayered LEID were devised and compared. The
multilayered device with Structure (I) had a simpler structure and was
easier to prepare, but it could only work in parallel mode as an elec-
trochemical capacitor, because the inner CF electrodes made no
contribution to the energy storage. The device with Structure (II) with
a separating layer canwork in both series and parallelmodes, although
the preparation is more complicated. We also demonstrated that the
LEIDs could be processed into complex shapes composed of curved
and flat surfaces, and secondarily machined and assembled into a
complex system. This work showed the potential applications of LEID,
and we believe that with a rational design, the LEIDs can provide new
feasible solutions for increasing the energy density of mobile systems.

Methods
Materials
All chemical reagents were purchased from commercial sources and
used without further purification. 5284 epoxy resin (75wt% E54, 20wt
% cyanate resin 5wt% titanium acetylacetonate) was provided by AVIC
Composite Corporation Ltd, 1-Ethyl-3-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide (EMIM-TFSI) was purchased from Lanz-
hou Yulu Fine Chemical Co., Ltd. Bis(trifluoromethane) sulfonamide
lithium salt (LiTFSI) and propylene carbonate (analytical pue, AR) were
supplied by Aladdin. Carbon fiber (CF-GW303) was purchased from
Shandong Weihai Development Fiber Co., Ltd. The CF fabric is a satin
fabric with an areal density of 220 ± 7 g cm−2 and a thickness of
0.250±0.025mm. The diameter of a single CF fabric is 10 ±0.5μm.
The specific surface area was measured to be 0.44m2 g−1, and the
average pore size was 5.3 nm (Supplementary Fig. 16). It is worth
mentioning that the carbon fiber is not modified with any active
material. The GF (SW280F-90a) was bought from Nanjing Fiberglass
Research and Design Institute Co., Ltd. The areal density of GF is
280 ± 20 g cm−2, and the thickness of GF is 0.250± 0.025mm, the
diameter of a single glass fiber is 8 ± 0.5μm. Acetone (AR) and Ethanol
(AR) were supplied by Sinopharm Chemical Reagent Co., Ltd. Copper
foil was purchased from Guangzhou Lige Technology Co., Ltd.

Preparation of solid electrolyte
11.8 g EMIM-TFSI, 0.1 g PC, and 5.2 g LiTFSI were mixed in a nitrogen-
filled glove box by stirring for 12 h to obtain a uniform LE. To prepare
the precursor of EP50, 2.8 g LE and 2 g of epoxy resin prepolymer were
mixed by stirring and then degassed in a vacuum oven at 60 °C for
15min, until a uniform and clear solid electrolyte precursor mixture
was obtained. Other solid electrolyte precursors were obtained by
changing the feeding mass ratio of EP and LE.

The solid electrolyte precursor mixture was pre-cured at 100 °C
for 8min to increase the viscosity to avoid leakage during in following
procedures, and then transferred into the mold and cured using
temperature programming. The temperature program is 80 °C for 1 h,
100 °C for 1 h, and 120 °C for 3 h. After cooling down to room tem-
perature, a solid electrolyte casting body was obtained from themold.
To prepare pure epoxy resin, the EP prepolymer was cured at 160 °C
for 1 h, 170 °C for 1 h, and 180 °C for 3 h.

Fabrication of LEIDs
The CF and GF were washed three times with ultrapure water, soaked
in ethanol for 30min, and thendried in vacuumat 40 °C for 6 h. TheCF
was cut into a square of 55mm× 55mm with a 60mm×8mm strip as
one side as a lead, and the GF was cut into a square of 65mm×65mm.
The solid electrolyte precursor mixture is evenly coated on CF and GF
and fully infiltrated to prepare prepregs61. The CF and GF prepregs
were laid alternatively into a mold, as shown in Fig. 2a, and cured by
hot-pressing. The pressure was 2MPa, and the temperature program
was the same as that of the solid electrolyte. After curing and
demolding, a LEID was obtained.

When preparing a multilayer LEID with Structure (II), two inde-
pendent LEID-3 were bonded by an insulating layer of a GF pre-
impregnated with EP70 precursor. The device was hot-pressed fol-
lowing the same procedure as described above to cure the
insulating layer.

Electrochemical tests
All the electrochemical measurements were performed on a 660D
electrochemical workstation (CHI, USA) with a two-electrode mode.
The electrodes in the electrochemical test is bear CF electrodewithout
any active material, so the mass loading equals to the areal density of
the CF (220 ± 7 g cm−2). No pre-activation of the electrode for the
electrochemical testing was performed. Cyclic voltammetry (CV) and
galvanostatic charge/discharge (GCD) test voltage range is 0–2 V. The
voltage range of the devices connected in series is 0–4 V. The test
range of cathode and anode current density is 0.08–1.2mA cm−2. All
the electrochemical tests were carried out under the atmosphere and
at 25 °C. The specific capacitancesof LEIDwerecalculated according to
GCD curves following Eq. (1):

CD =
It

ðU � IRÞKD
ð1Þ

where I is the current applied to the device, t is the discharge time,U is
the maximum voltage of the GCD process, IR represents the voltage
drop at the beginning of the discharge. When KD is the area, mass, or
volume of the device (the mass and volume of the separator GF and
solid electrolyte are included), the result of (1) is areal, gravimetric, or
volumetric specific capacitance, respectively. The specific capacitance
of one electrode was calculated by:

CE =
2KD

KE
CD ð2Þ

where KE is the area, mass, or volume of one CF fabric electrode.
The energy density (ED) and power density (PD) of the devicewere

calculated by following Eqs. (3) and (4):

ED =
1
2
CDðU � IRÞ2 ð3Þ

PD =
ED

t
ð4Þ

where CD, t, U, and IR are the same as defined in Eq. (1). The energy
density (EE) and power density (PE) of one electrode were calculated
by:

EE =
KD

2KE
ED ð5Þ

PE =
EE

t
ð6Þ

Where ED, KD, KE, and t are the same as defined above.
To measure the self-discharge curve, the device was charged to

2 V at a current density of 0.16mAcm−2 and then disconnected from
the test circuit to rest for 20min, before the open circuit voltage
change was begun to record.

Characterization
The morphology of the composites was observed using a SU-70 field
emission scanning electron microscope (Hitachi, Japan) operated at
10 kV. Tensile tests were performed on an AGS-X electronic universal
testing machine (Shimadzu, Japan) with a speed of 10mmmin−1 and
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the typical specimen dimension of 80mm× 10mm×4mm. The
bending performance of the material was tested with the AGS-X elec-
tronic universal testing machine with a specimen size of 20mm×6
mm×2mm. Fourier transform infrared spectra were obtained on an
iS10 spectrometer (Thermo Fisher, USA). Thermogravimetric analysis
under nitrogen atmosphere was carried out on an STA 409EP Simul-
taneous Thermal Analyzer (Netzsch, Germany) from30 °C to 800 °C at
a heating rate of 10 °Cmin−1. DSC data were collected on a 204 F1
differential scanning colorimetry (Netzsch, Germany) from 25 °C to
350 °C at a heating rate of 10 °C min−1 under nitrogen atmosphere.
Dynamic thermomechanical analysis was conducted with a 242E Ana-
lyzer (Netzsch, Germany) from 25 °C to 250 °C with a heating rate of
3 °C min−1. The tests were performed in the double cantilever beam
mode with a sample size of 60mm× 10mm×4mm, a frequency of
1.0Hz and an amplitude of 5μm.Gas adsorption tests were carried out
on a ASAP 2460 2.02 (MicroActive, USA). The degassing temperature
was 350 °C, and the degassing time was 8 h.

Data availability
The data that support the findings and conclusions of this study are
available in the Article and its Supplementary Information file. Addi-
tional information with relevance is available from the corresponding
authors on reasonable request.

References
1. Leijonmarck, S. et al. Solid polymer electrolyte-coated carbon

fibres for structural and novel micro batteries. Compos. Sci. Tech-
nol. 89, 149–157 (2013).

2. Javaid, A. et al. Carbon fibre-reinforced poly(ethylene glycol)
diglycidylether based multifunctional structural supercapacitor
composites for electrical energy storage applications. J. Compos.
Mater. 50, 2155–2163 (2015).

3. Lingappan, N. et al. Recent advances on fiber-reinforced multi-
functional composites for structural supercapacitors. Funct. Com-
pos. Struct. 4, 24 (2022).

4. Thomas, J. P. & Qidwai, M. A. Mechanical design and performance
of composite multifunctional materials. Acta. Mater. 52,
2155–2164 (2004).

5. Thorat, I. V., Mathur, V., Harb, J. N. & Wheeler, D. R. Performance of
carbon-fiber-containing lifepo4 cathodes for high-power applica-
tions. J. Power Sources 162, 673–678 (2006).

6. Xu, Y., Lu, W., Xu, G. & Chou, T.-W. Structural supercapacitor
composites: A review. Compos. Sci. Technol. 204, 108636
(2021).

7. Cischino, E. et al. An advanced technological lightweighted solu-
tion for a body in white. Transportation Res. Procedia 14,
1021–1030 (2016).

8. Pereira, T., Guo, Z., Nieh, S., Arias, J. & Hahn, H. T. Embedding thin-
film lithium energy cells in structural composites. Compos. Sci.
Technol. 68, 1935–1941 (2008).

9. Westover, A. S. et al. A multifunctional load-bearing solid-state
supercapacitor. Nano Lett. 14, 3197–3202 (2014).

10. Acauan, L. H., Zhou, Y., Kalfon-Cohen, E., Fritz, N. K. & Wardle, B. L.
Multifunctional nanocomposite structural separators for energy
storage. Nanoscale 11, 21964–21973 (2019).

11. Hubert, O., Todorovic, N. & Bismarck, A. Towards separator-free
structural composite supercapacitors. Compos. Sci. Technol. 217,
11 (2022).

12. Correia, D. M. et al. Ionic liquid–polymer composites: A new plat-
form for multifunctional applications. Adv. Funct. Mater. 30,
1909736 (2020).

13. Javaid, A. et al. Multifunctional structural supercapacitors for
electrical energy storage applications. J. Compos. Mater. 48,
1409–1416 (2013).

14. Shirshova, N. et al. Structural supercapacitor electrolytes based on
bicontinuous ionic liquid–epoxy resin systems. J. Mater. Chem. A 1,
15300 (2013).

15. Shirshova, N. et al. Multifunctional structural energy storage com-
posite supercapacitors. Faraday Discuss 172, 81–103 (2014).

16. Bae, S. H. et al. Load-bearing supercapacitor basedonbicontinuous
peo-b-p(s-co-dvb) structural electrolyte integratedwith conductive
nanowire-carbon fiber electrodes. Carbon 139, 10–20 (2018).

17. Shirshova, N. et al. Composition as a means to control morphology
and properties of epoxy based dual-phase structural electrolytes. J.
Phys. Chem. C. 118, 28377–28387 (2014).

18. Deka, B. K., Hazarika, A., Kim, J., Park, Y.-B. & Park, H. W. Multi-
functional cuonanowire embodied structural supercapacitor based
on woven carbon fiber/ionic liquid-polyester resin. Compos. Pt.
A-Appl. Sci. Manuf. 87, 256–262 (2016).

19. Chan, K.-Y. et al. A critical review onmultifunctional composites as
structural capacitors for energy storage. Compos. Struct. 188,
126–142 (2018).

20. Qian, H., Kucernak, A. R., Greenhalgh, E. S., Bismarck, A. & Shaffer,
M. S. Multifunctional structural supercapacitor composites based
on carbon aerogel modified high performance carbon fiber fabric.
ACS Appl. Mater. Interfaces 5, 6113–6122 (2013).

21. Ganguly, A., Karakassides, A., Benson, J., Hussain, S. & Papakon-
stantinou, P. Multifunctional structural supercapacitor based on
urea-activated graphene nanoflakes directly grown on carbon fiber
electrodes. ACS Appl. Energy Mater. 3, 4245–4254 (2020).

22. Asp, L. E. Multifunctional composite materials for energy storage in
structural load paths. Plast. Rubber Compos. 42, 144–149 (2013).

23. Matsumoto, K. & Endo, T. Confinement of ionic liquid by networked
polymers based on multifunctional epoxy resins. Macromolecules
41, 6981–6986 (2008).

24. Kim, S. & Park, S.-J. Preparation and electrochemical properties of
composite polymer electrolytes containing 1-ethyl-3-
methylimidazolium tetrafluoroborate salts. Electrochim. Acta. 54,
3775–3780 (2009).

25. Sha, Z. et al. Synergies of vertical graphene andmanganese dioxide
in enhancing the energy density of carbon fibre-based structural
supercapacitors. Compos. Sci. Technol. 201, 108568 (2021).

26. Vashchuk, A., Fainleib, A. M., Starostenko, O. & Grande, D. Appli-
cation of ionic liquids in thermosetting polymers: Epoxy and cya-
nate ester resins. Express Polym. Lett. 12, 898–917 (2018).

27. Tsujioka, N., Ishizuka, N., Tanaka, N., Kubo, T. & Hosoya, K. Well-
controlled 3d skeletal epoxy-based monoliths obtained by poly-
merization induced phase separation. J. Polym. Sci. A Polym. Chem.
46, 3272–3281 (2008).

28. Song, Y. H., Kim, T. & Choi, U. H. Tuningmorphology and properties
of epoxy-based solid-state polymer electrolytes by molecular
interaction for flexible all-solid-state supercapacitors. Chem. Mat.
32, 3879–3892 (2020).

29. Liu, R. H. et al. Bi-continuous phases structured nanocomposite
polymer electrolytes: Facile preparation and electrochemical
properties. Electrochim. Acta. 114, 372–378 (2013).

30. Thankamony, R. L. et al. Preparation and characterization of
imidazolium-peo-based ionene/pvdf(hfp)/litfsi as a novel gel poly-
mer electrolyte. Macromol. Res. 23, 38–44 (2015).

31. Zhu, Y. S. et al. A new single-ion polymer electrolyte based on
polyvinyl alcohol for lithium ion batteries. Electrochim. Acta. 87,
113–118 (2013).

32. Ho, T. H., Hwang, H. J., Shieh, J. Y. & Chung, M. C. Thermal, physical
and flame-retardant properties of phosphorus-containing epoxy
cured with cyanate ester. React. Funct. Polym. 69, 176–182 (2009).

33. Li, C. P. & Chuang, C. M. Thermal and dielectric properties of cya-
nate ester cured main chain rigid-rod epoxy resin. Polymers 13,
2917 (2021).

Article https://doi.org/10.1038/s41467-022-35737-w

Nature Communications |           (2023) 14:64 10



34. Kim, B. S. Effect of cyanate ester on the cure behavior and thermal
stability of epoxy resin. J. Appl. Polym. Sci. 65, 85–90 (1997).

35. Yu, Y. et al. Co-continuous structural electrolytes based on ionic
liquid, epoxy resin and organoclay: Effects of organoclay content.
Mater. Des. 104, 126–133 (2016).

36. Hueso, K. B., Armand, M. & Rojo, T. High temperature sodium bat-
teries: Status, challenges and future trends. Energy Environ. Sci. 6,
734–749 (2013).

37. Feng, Q. et al. The ionic conductivity, mechanical performance and
morphology of two-phase structural electrolytes based on poly-
ethylene glycol, epoxy resin and nano-silica. Mat. Sci. Eng.: B 219,
37–44 (2017).

38. Handayani, P. L. &Choi, U. H. Flexible and high ion conducting solid
polymer electrolytes prepared via ring-opening polymerization.
Mol. Cryst. Liq. Cryst. 705, 99–104 (2020).

39. Chopade, S. A. et al. Robust polymer electrolyte membranes with
high ambient-temperature lithium-ion conductivity via
polymerization-induced microphase separation. ACS Appl. Mater.
Interfaces 9, 14561–14565 (2017).

40. Kwon, S. J., Kim, T., Jung, B. M., Lee, S. B. & Choi, U. H. Multi-
functional epoxy-based solid polymer electrolytes for solid-state
supercapacitors. ACS Appl. Mater. Interfaces 10,
35108–35117 (2018).

41. Westover, A. S. et al. Multifunctional high strength and high energy
epoxy composite structural supercapacitors with wet-dry opera-
tional stability. J. Mater. Chem. A 3, 20097–20102 (2015).

42. Jang, H. K., Jung, B. M., Choi, U. H. & Lee, S. B. Ion conduction and
viscoelastic response of epoxy‐based solid polymer electrolytes
containing solvating plastic crystal plasticizer. Macromol. Chem.
Phys. 219, 1700514 (2018).

43. Liu, Y., Zwingmann, B. & Schlaich, M. Carbon fiber reinforced
polymer for cable structures—a review. Polymers 7, 2078–2099
(2015).

44. He, F. Y. & Khan, M. Effects of printing parameters on the fatigue
behaviour of 3d-printed abs under dynamic thermo-mechanical
loads. Polymers 13, 23 (2021).

45. Karnati, S. R., Agbo, P. & Zhang, L. Applications of silica nano-
particles in glass/carbon fiber-reinforced epoxy nanocomposite.
Compos. Commun. 17, 32–41 (2020).

46. Deka, B. K. et al. Multifunctional enhancement of woven carbon
fiber/zno nanotube-based structural supercapacitor and polyester
resin-domain solid-polymer electrolytes. Chem. Eng. J. 325,
672–680 (2017).

47. Cheng, X. Y. et al. Electrical conductivity and interlaminar shear
strength enhancement of carbon fiber reinforced polymers
through synergetic effect between graphene oxide andpolyaniline.
Compos. Pt. A-Appl. Sci. Manuf. 90, 243–249 (2016).

48. Feng,M. et al. Carboxyl functionalized carbon fiberswith preserved
tensile strength and electrochemical performance used as anodes
of structural lithium-ion batteries. Appl. Surf. Sci. 392, 27–35
(2017).

49. Fang, L. Q. et al. A novel hyperbranched polyurethane/ntio(2)
waterborne sizing agent for improving uv-resistance and interfacial
properties of scf/pa6 composites. Compos. Commun. 23, 5
(2021).

50. Serbanescu, O. S., Voicu, S. I. & Thakur, V. K. Polysulfone functio-
nalized membranes: Properties and challenges. Mater. Today
Chem. 17, 24 (2020).

51. MARGOLIS, J. M. Engineering plastics handbook, First edition
(McGraw-Hill Education, New, York, 2006).

52. Greenhalgh, E. S. et al. Mechanical, electrical and microstructural
characterisation of multifunctional structural power composites. J.
Compos. Mater. 49, 1823–1834 (2015).

53. Muralidharan, N. et al. Carbon nanotube reinforced structural
composite supercapacitor. Sci. Rep. 8, 17662 (2018).

54. Javaid, A., Zafrullah, M. B., Khan, F. U. H. & Bhatti, G. M. Improving
the multifunctionality of structural supercapacitors by interleaving
graphene nanoplatelets between carbon fibers and solid polymer
electrolyte. J. Compos. Mater. 53, 1401–1409 (2019).

55. Zhou, Y. et al. High-performance hierarchical mno2/cnt electrode
for multifunctional supercapacitors. Carbon 184, 504–513 (2021).

56. Deka, B. K. et al. Bimetallic copper cobalt selenide nanowire-
anchored woven carbon fiber-based structural supercapacitors.
Chem. Eng. J. 355, 551–559 (2019).

57. Shirshova, N. et al. Structural composite supercapacitors.Compos.
Pt. A-Appl. Sci. Manuf. 46, 96–107 (2013).

58. Viola, W., Jin, C. & Andrew, T. L. Self-discharge characteristics of
vapor deposited polymer electrodes in an all-textile super-
capacitor. Synth. Met. 268, 7 (2020).

59. Zhao, M. et al. Self-discharge of supercapacitors based on carbon
nanosheets with different pore structures. Electrochim. Acta 390,
7 (2021).

60. Ike, I. S., Sigalas, I. & Iyuke, S. Understandingperformance limitation
and suppression of leakage current or self-discharge in electro-
chemical capacitors: A review. Phys. Chem. Chem. Phys. 18,
661–680 (2016).

61. Carlson, T., Ordeus, D.,Wysocki, M. & Asp, L. E. Structural capacitor
materials made from carbon fibre epoxy composites. Compos. Sci.
Technol. 70, 1135–1140 (2010).

Acknowledgements
H.B. acknowledges the financial support from the Natural Science
Foundation of China (21975210, 22179115), and the Youth Innovation
Fund of Xiamen (3502Z20206043). Thanks to Mr. Changjian Chen from
Xiamen University for his help in instrument testing.

Author contributions
H.B. conceived the concept, H.B. and X.L.H. designed the experiments,
supervised the research, and wrote the paper. J.M.Z. and J.L.Y. per-
formed the experiments, collected and analyzed the data, andwrote the
paper. Y.N.Z. collected SEM images. Q.Z. designed and assembled the
model car. Y.X.M. helped the electrochemical measurements. Y.X.Z.
analyzed mechanical properties. A.A.Z., L.H.L., and S.M.L. analyzed the
experimental data. All authors discussed the results and commented on
the manuscript.

Competing interests
All authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35737-w.

Correspondence and requests for materials should be addressed to
Xiaolan Hu or Hua Bai.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-022-35737-w

Nature Communications |           (2023) 14:64 11

https://doi.org/10.1038/s41467-022-35737-w
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-022-35737-w

Nature Communications |           (2023) 14:64 12

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	High-strength and machinable load-bearing integrated electrochemical capacitors based on polymeric solid electrolyte
	Results
	Preparation and characterization of high-strength solid electrolyte
	Fabrication and characterization of the three-layer load-bearing/energy-storage integrated device
	Design, fabrication, and performance of multilayer load-bearing/energy-storage integrated device
	Secondary processing of load bearing-energy storage integrated devices

	Discussion
	Methods
	Materials
	Preparation of solid electrolyte
	Fabrication of LEIDs
	Electrochemical tests
	Characterization

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




