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Abstract

Structural batteries are attractive for weight reduction in electric transportation.

For their practical applications excellent mechanical properties and electro-

chemical performance are required simultaneously, which remains a grand

challenge. In this study, we present a new scalable and low-cost design, which

uses a quasi-solid polymer electrolyte (QSPE) to achieve both remarkably

improved flexural properties and attractive energy density. The QSPE has a high

ionic conductivity of 1.2 mS cm�1 and retains 91% capacity over 500 cycles in

graphite/NMC532 cells. Moreover, the resulting structural batteries achieved a

modulus of 21.7 GPa and a specific energy of 127 Wh kg�1 based on the total

cell weight, which to our knowledge is the highest reported value above 15 GPa.

We further demonstrate the application of such structural batteries in a model

electric car. The presented design concept enables the industrialization of struc-

tural batteries in electric transportation and further applications to improve

energy efficiency and multifunctionality.
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1 | INTRODUCTION

Lithium-ion batteries (LIBs) are promising solutions to
advance electrified transportation in electric vehicles and
electric airplanes. Energy density is one of the most critical
parameters for such mobile applications.1 State-of-the-art
commercial LIBs with Ni-rich cathodes reach a specific
energy of 250–300 Wh kg�1,2 and new innovations in bat-
tery materials are pushing even further towards
400 Wh kg�1 and beyond.3 However, batteries with high
energy density raise safety concerns due to the risk of ther-
mal runaway,4 or leakage of flammable liquids under

mechanical abuse.5 To prevent mechanical damage, protec-
tive components are usually required to reach safety
requirements for certain applications,6 which adds addi-
tional weight to the system and reduces the overall energy
density.

The concept of “structural batteries” introduced
mechanical reinforcements to batteries to create multifunc-
tional materials that are capable of energy storage and load
bearing concurrently. Therefore, the increase of overall
energy storage capacity and weight reduction are achieved
simultaneously.7 The total weight of a structural battery is
lower than the sum of comparable monofunctional
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structural and energy storage components that fulfill the
same functions (i.e., separate carbon fiber composite + bat-
tery). This can be expressed as a multifunctional efficiency
coefficient η > 1, which is the sum of energy density and
mechanical properties normalized to their corresponding
benchmarks.8 Therefore, structural batteries are considered
as promising candidates for applications in aviation, auto-
motive, marine, spacecraft and consumer electronics,7a and
even in robotics.9

The characteristics of a structural battery under bend-
ing stress are important criterions for their practical appli-
cations such as airplane wings and car roofs.10 However,
flexural properties are often the weakest among different
types of mechanical stress (e.g., compression and stretch-
ing). This issue arises from the fact that external load can-
not be effectively transferred between thin layered
components inside a battery (e.g., electrode sheets, separa-
tors), since they are not mechanically linked together. Sev-
eral approaches have been demonstrated to solve this
problem, including improving the interfacial adhesion,11

and utilizing secondary bonding,12 introducing interlocking
rivets to the electrode stack,13 external strengthening,14

internal structural electrodes,15 or replacing the liquid elec-
trolyte by a polymer/gel-based solid electrolyte.16

Compared to other methods, replacing liquid elec-
trolytes with polymer/gel-based solid electrolytes is a
highly scalable and low-cost approach, since it merely
introduces additional steps in the battery manufactur-
ing. All-solid-state electrolytes have been explored for
new generations of energy storage devices,17 and partic-
ularly quasi-solid/hybrid composite polymer electrolytes
have shown advantages in cycle stability with different
battery chemistries.18 Unfortunately, currently reported
polymer/gel electrolytes possess a combination of either
high ionic conductivity but low mechanical properties,19

or high mechanical properties but low ionic

conductivity.20 Therefore, the reported cells have high
mechanical properties but unsatisfactory electrochemi-
cal performance, or good electrochemical performance
but insufficient mechanical strength. For example, Asp
et al.16 reported a structural battery with a high modu-
lus of 25 GPa with a specific energy of 23.6 Wh kg�1

based on total weight of the cell. Chang's group
achieved 131 Wh kg�1 including the total cell weight
and a flexural modulus of 9.6 GPa by using internal
rivets, calculated from the reported data.13 However, the
manufacturing process becomes more complicated.
Other studies achieved tensile moduli of 12.8 GPa21 and
5.7 GPa22 with specific energy of 181.5 and
159 Wh kg�1, respectively, but only masses of active
electrode materials are included. Such high specific
energies will drop significantly (e.g., 40%–60%) with
other components included (e.g., current collectors, sep-
arators, electrolyte, and packaging).

In this work, we present a quasi-solid polymer-based
electrolyte (QSPE) with attractive structural and electro-
chemical properties for structural batteries simultaneously.
It is composed of trifunctional acrylate monomers and
dual-salt electrolyte mix that can be thermally in-situ poly-
merized at a low temperature of 55�C. The as-polymerized
electrolyte has a good ionic conductivity of 1.2 mS cm�1,
and flexural modulus of 176 MPa and strength of 2.7 MPa.
Therefore, it can efficiently transfer load from one layer to
another without significantly compromising ion transport
(Figure 1A). Moreover, this electrolyte is stable with both
NMC532 cathode and graphite anode, as we achieved sta-
ble cycling over 500 cycles with a capacity retention of
91%. With such a QSPE and carbon fabric/epoxy compos-
ite packaging, we achieved significantly increased flexural
modulus of 21.7 GPa and flexural strength of 184 MPa,
along with a high specific energy of 127 Wh kg�1 based on
total cell mass. The mechanical properties are much lower

FIGURE 1 (A) A schematic representation of the structural battery design with internal quasi-solid polymer electrolyte (QSPE) and

external carbon fiber (CF)/epoxy composite face sheets for enhancing their mechanical properties. The optimized design provides effective

structural integrity of all cell components and excellent electrochemical stability with high energy density. (B) Comparison of finite element

simulations of three-point bending tests of structural batteries with a QSPE and a liquid electrolyte. CF fabric/epoxy composite sheets are

used as packaging in this simulation.
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in identical cells with liquid electrolyte (13.3 GPa and
140 MPa for flexural modulus and strength, respectively).

Moreover, a prototype of a “power hood” was further
developed to replace the standard battery and hood of a
small model car. The potential practical application of
such a structural battery for EVs and their resulting bene-
fits are discussed for three modern EV models, indicating
a potential increase of about 10 kWh of “mass-less”
energy storage capacity. For an average EV with a
60 kWh battery pack this would increase the capacity by
ca. 17% and extend the milage by an additional 67 km for
an energy consumption of 15 kWh/100 km. We believe
that the presented design concept represents an impor-
tant step towards the practical application of structural
batteries in the electric transportation industry, for exam-
ple, electric vehicles (EVs), electric bikes/scooters,
drones, airplanes, or in spacecraft technology as well as
in portable consumer electronics, such as laptops, tablets,
or smartphones.

2 | RESULTS

2.1 | Mechanical simulations of
structural batteries

To understand the effects of the developed polymer elec-
trolyte on the flexural properties of a structural battery,
we first performed a quasi-static 2D plane-stress finite
element (FE) analysis of a three-point bending test of a
Li-ion cell, which has two cell units between carbon fiber
(CF) fabric/epoxy composites (Figure 1B). We used a
CPS4R shell element, which can capture the bending
behavior accurately, as it accounts for the in-plane and
out-of-plane deformation without the high computational
expense of 3D solid elements. The results show a dra-
matic increase of the flexural modulus when liquid elec-
trolyte is replaced by the as-developed QSPE. This
improvement arises from the ability of the QSPE to trans-
fer mechanical loads between different layers inside a
battery, which is not the case when liquid electrolyte is
used. Details about the simulation are explained in the
supporting information and in Table S1. The correspond-
ing experimental results are discussed and compared
with these simulation results in the mechanical proper-
ties section.

2.2 | Characterizations of the quasi-solid
polymer electrolyte

To prepare the QSPE, 1 M lithium difluoro(oxalato)
borate (LiDFOB) and 0.4 M lithium tetrafluoroborate

(LiBF4) were dissolved in diethyl carbonate and
fluoroethylene carbonate (DEC/FEC 2:1 vol) to form a
dual-salt electrolyte.23 Subsequently, 10 wt% of trimethy-
lolpropane trimethacrylate (TMPTMA) monomer and
0.1 wt% azobisisobutyronitrile (AIBN) thermal initiator
were added to the mixture. After homogenization by
magnetic stirring, the QSPE was obtained by in-situ ther-
mal polymerization at 55�C inside a battery.

To analyze the effects of polymerization time, electro-
chemical impedance spectroscopy and Raman spectros-
copy measurements were performed. Figure 2A shows
the impedance evolution in a stainless-steel (SS) symmet-
ric coin cell during the in-situ polymerization. Without a
separator, the ionic conductivity drops from 2.0 mS cm�1

at 0 h to 1.85 mS cm�1 at 4 h and remains stable until
12 h, indicating a completion of the polymerization after
�4 h at 55�C. This also suggests that the polymerization
already started before the first measurement during the
time that was needed to fabricate a coin cell. The addi-
tion of a separator reduces the ionic conductivity by a fac-
tor of 4–5, as a result of its nanoporosity. The Raman
spectra in Figure 2B confirm that signals of the reactive
double bonds (C=C) from the monomer disappear after
completion of the polymerization, which means that only
very few C=C bonds are left during the cycling in full-
cells. Throughout the polymerization process, the mix-
ture also gradually changes its appearance from a trans-
parent liquid to a white wax-like solid (inset Figure 2B),
which represents the QSPE that was used in all cell test-
ing of electrochemical and mechanical performance.

The temperature-dependent measurements of ionic
conductivity in Figure 2B further show that the QSPE
demonstrates a high conductivity of 2.0 mS cm�1 at 60�C
and 1.2 mS cm�1 at 25�C, respectively. When the QSPE is
combined with a separator, the conductivities are 0.53
mS cm�1 at 60�C and 0.41 mS cm�1 at 25�C, respectively.
Such conductivities are still high enough to achieve good
electrochemical performance for LIBs.7a,24

The oxidation stability of the polymer electrolyte was
evaluated using linear sweep voltammetry (LSV), which
indicates that the electrolyte is stable up to �5.5 V,
whereas the oxidation of the liquid electrolyte starts at
�4.7 V (Figure 2B). With the obtained results, it can be
concluded that the developed QSPE demonstrates suffi-
ciently high ionic conductivity and good stability to be
combined with high-voltage electrodes, such as Ni-rich
layered oxide cathode materials (i.e., NMC, NCA).

To examine the cycling stability of the developed
QSPE, the critical current density (CCD) was tested in a
Li/Li symmetric cell with 1 mAh cm�2. Cell failure
occurred at the CCD of 12 mA cm�2 at room temperature
(Figure S1), which corresponds to a 4 C rate for standard
commercial electrodes with an areal capacity of 3 mAh
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cm�2. This observation confirms that this QSPE is suit-
able for modern electric vehicles, as typically only a
C-rate between 1 C and 2 C is required.

2.3 | Electrochemical performance

The basic requirement for any novel electrolyte is that it
should not significantly compromise the electrochemical
performance of batteries. To validate this, we evaluated
the electrochemical performance of the QSPE with long-
term cycling tests in half-cells (Li/graphite, Li/NMC532)
and graphite/NMC532 full-cells at room temperature,
and compared the results with a standard liquid electro-
lyte consisting of 1 M LiPF6 in ethylene carbonate and
diethylene carbonate (EC/DEC 1:1 vol).

The Li/NMC532 cells show an initial capacity of
150 mAh g�1 and a capacity retention of 96% after
100 cycles with liquid electrolyte at 0.5 C, and an initial
capacity of 153 mAh g�1 and a capacity retention of 91%
after 100 cycles with QSPE at 0.5 C (Figure 3A). The
lower capacity retention of the QSPE cells may be a result

of slow side reactions between Li metal and the QSPE,
especially before full polymerization. The Li/graphite
half-cells in Figure 3B show stable cycling in both elec-
trolytes with a good capacity retention of 95% and 93%
for QSPE and liquid electrolyte, respectively. The initial
capacity during delithiation is 370 mAh g�1 for the liquid
electrolyte and 372 mAh g�1 for the QSPE, which is the
theoretical capacity of graphite.

We further tested the electrochemical performance of
graphite/NMC532 full-cells with a high capacity loading
of �2.3 mAh cm�2, which is critical for practical applica-
tions. The cell demonstrated excellent cycling stability
with the QSPE, which resulted in capacity retentions of
95% after 250 cycles and 91% after 500 cycles. In contrast,
the capacity retention is only 93% after 250 cycles with
the liquid electrolyte (Figure 3C). The long-term cycling
life for the QSPE in full-cells was even extended to
1000 cycles with a 1 C charging rate, which showed a
high capacity retention of 88% (Figure S3). This further
demonstrates the excellent compatibility and stability of
the QSPE with both electrodes. We also tested the power
capacity of full-cells at different C-rates (Figure 3D).

FIGURE 2 (A) The ionic conductivity of the QSPE with and without separator during the thermal polymerization in a stainless-steel

(SS) symmetric coin cell. The results indicate the completion of the reaction after �4 h at 55�C. (B) Raman spectra of the QSPE before and

after polymerization. The relevant Raman peaks associated with C=C bonds (1645 cm�1) and = C-H (1410 cm�1) disappear after

polymerization at 55�C. The inset shows the QSPE before and after polymerization in a glass vial. (C) The temperature dependence of ionic

conductivity of the QSPE with and without separator between 20�C and 60�C in an SS symmetric coin cell. (D) The linear sweep

voltammetry (LSV) measurement of liquid electrolyte (1 M LiPF6 in EC/DEC 1:1 vol) and the QSPE between open circuit voltage (OCV) and

6 V versus Li+/Li in a Li/SS coin cell indicates oxidation stability up to �5.5 V versus Li+/Li for the QSPE.
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Comparable specific discharge capacities were observed
with both electrolytes. At 0.1 C, 0.5 C and 1 C, the discharge
capacities for the QSPE are 163, 154 and 111 mAh g�1,
respectively. The corresponding values are 163, 145 and 117
mAh g�1 for the liquid electrolyte.

2.4 | Mechanical properties

After validating the electrochemical compatibility of the
developed QSPE with electrode materials, we further
explored its mechanical properties, and the effects on the
flexural properties of pouch cells with three-point bend-
ing tests. A schematic of the corresponding cell structure
is shown in Figure 4A, where we used two cell units of
commercial graphite/NMC532 electrodes with double-
sided coating and a capacity loading of 3 mAh cm�2. The
differences between QSPE and liquid electrolyte are com-
pared in two different packaging materials: conventional
plasticized aluminum pouch and carbon fiber fabric/
epoxy composite face sheets.

The QSPE itself shows a flexural modulus of 176 MPa
with a strength of 2.7 MPa (Figure 4B), which is suffi-
ciently high to transfer mechanical load between the
electrodes,7a and relatively high compared to similar
recently reported polymer electrolytes listed in Table S2.
To evaluate the advantages of the QSPE at the cell level,
pouch cell-based structural batteries, consisting of

commercial NMC532 and graphite electrodes, separator,
electrolyte, and packaging, were assembled, and their
flexural properties were measured. The setup is illus-
trated in Figure S2.

First, cells with conventional plasticized aluminum
pouches were tested. Figure 4C shows a dramatic increase
in flexural modulus from 0.60 to 4.0 GPa and strength from
4.5 to 13.9 MPa when using the QSPE instead of liquid
electrolyte. This can be explained by the strong interfacial
adhesion between QSPE and electrodes, therefore, the load
can be efficiently transferred from one layer to another.
Whereas in the case of the liquid electrolyte the electrodes
have no mechanical connection and as a result they easily
slide against each other. The performance is also better
than in our previous study where we used a tree-root-like
interfacial adhesion approach to enhance the flexural mod-
ulus, which achieved a flexural modulus of 3.1 GPa.11a This
is due to the QSPE being much stronger than the porous
polyvinylidene fluoride-co-hexafluoropropylene (PVDF-
HFP) when it is swollen in liquid electrolyte, which
reduces the modulus of PVDF from �0.6 GPa to
�0.01 GPa.25

We further examined the improvement of the
mechanical properties in cells with strong carbon fiber
fabric/epoxy-based packaging (150–180 μm thick on each
side). Such structural batteries were assembled in the
same way as described above for pouch cells, except that
carbon fiber composites were utilized as structural

FIGURE 3 (A–C) Long-term cycling tests at 0.5 C at room temperature of coin cells with liquid electrolyte (1 M LiPF6 in EC/DEC 1:1

vol) and QSPE. (A) Li/NMC532 and (B) Li/graphite half-cells, and (C) graphite/NMC532 full-cells. (D) C-rate testing of graphite/NMC532

full-cells with QSPE and liquid electrolyte at room temperature.
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packaging material. The flexural modulus and strength
increased from 13.3 to 21.7 GPa and from 140 to
184 MPa, respectively, when replacing the liquid electro-
lyte with the QSPE (Figure 4D). This means that even
with strong CF/epoxy packaging, the introduction of
QSPE can still improve the mechanical properties by
30%–70%, since load transfer between layers is important
to obtain good flexural properties. These results highlight
the importance of structural integrity between different
layers in a cell that can be achieved with a mechanically
reinforcing electrolyte.

For structural batteries with CF/epoxy packaging, the
FE simulation in Figure 1B predicted an elastic modulus
of 22.5 GPa using QSPE, which is close to the experimen-
tal results (21.7 GPa). For liquid electrolyte, the experi-
ment achieved a higher modulus (13.3 GPa) than the
simulated value of 7.9 GPa, which could be due to
the additional adhesion at the outside epoxy/electrode
interfaces. It should be noted that for simulation

purposes the thickness of the CF/epoxy was fixed at
180 μm, whereas the experimental thickness varied
between 150 and 180 μm. A lower thickness could result
in a higher flexural modulus than predicted by the
model.

To further understand how the QSPE enhances the
structural integrity in full-cells, we compared cross-
sectional SEM images of the interface on the tension side
of structural battery samples with liquid electrolyte
(Figure 4E) and QSPE (Figure 4F) after the bending tests
were performed. For the sample with liquid electrolyte,
large gaps between electrodes and separators were
observed due to the lack of physical connection between
the layers, in contrast, there was no interfacial separation
with the QSPE. Further, the samples with QSPE show
only minor signs of interface separation on the compres-
sion side (Figure S2c), whereas for liquid electrolyte
severe interface separation was present on the compres-
sion side (Figure S2d). This observation confirms that the

FIGURE 4 (A) The schematic cell structure for mechanical testing. The packaging is either conventional pouch for Li-ion batteries or

carbon fabric/epoxy sheets. Two cell units with double-sided commercial electrodes (3 mAh cm�2) are used inside a cell. (B) Strain–stress
plots from three-point bending tests of the QSPE without a separator. Inset: A QSPE sample during testing. (C/D) Strain–stress curves from
three-point bending tests of pouch cells assembled with liquid electrolyte and QSPE in (C) conventional pouches and (D) CF/epoxy face

sheets. (E/F) SEM images of the electrode-separator interface on the tension side of the samples with (E) liquid electrolyte showing

separation gaps and (F) QSPE without interface separation.
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adhesion between electrodes can be sufficiently enhanced
by the QSPE.

2.5 | Prototype demonstration

The as-developed structural battery with QSPE has a spe-
cific energy of 127 Wh kg�1 based on the capacity of two
cell units of commercial graphite/NMC532 electrodes
and the total mass of the battery components including
packaging, combined with one of the highest reported
elastic moduli in literature, as indicated in Figure 5A.
Excluding the outermost two inactive layers of graphite,
which are contacting the CF/epoxy packaging, the spe-
cific energy can reach 136 Wh kg�1 and the flexural mod-
ulus and strength are 27.7 GPa and 112 MPa, respectively
(Figure S3). Such an excellent combination of mechanical
and electrochemical performance can be attributed to the
optimized design of the developed QSPE.

Based on our estimations, a structural battery assem-
bled under optimized manufacturing conditions can
reach a modulus of �43 GPa with a specific energy of
�220 Wh kg�1 (Figure 5A), assuming CF/epoxy compos-
ite with an elastic modulus of 70 GPa26 and lean electro-
lyte condition (3 g Ah�1). Different scenarios of modulus
and specific energy pairs are shown in Figure S5.

To further demonstrate the potential of the as-
developed structural battery, a “power hood” cell was
assembled to be integrated with a model car. In this dem-
onstration, the hood of a model car (1:16 scale) was used
as the only power source instead of the regular battery
pack (Figure 5B, Video S1). The “power hood” was

assembled with two cells in series and 11 repeating cath-
ode/separator/anode units and QSPE in each cell
between CF/epoxy face sheets. Each individual cell has a
total capacity of ca. 583 mAh (Figure 5B), which exceeds
the nominal capacity of 500 mAh in a regular battery
equipped with this model car.

The specific energy of the “power hood” reached
118 Wh kg�1, compared to �68 Wh kg�1, due to the reduc-
tion of weight from 54.3 g (regular hood + original battery)
to 36.6 g (structural battery). This corresponds to 13%
weight savings and 20% increase in energy storage capacity
for the model car. Moreover, the modulus of the original
hood was improved by a factor of �11, from 1.9 to 21.7 GPa
(Figure S6). The cycling stability of the QSPE was also dem-
onstrated for 50 cycles of a 900 mAh cell, that was assem-
bled with commercial graphite/NMC532 electrodes with 3
mAh cm�2 and cycled at 0.3 C under 30�C (Figure S7).

In practical size EVs, the potential gain of energy stor-
age capacity was calculated using the performance metrics
of this as-developed structural battery. Different EV models
were compared in Figure S8 regarding their theoretical
benefits in storage capacity and weight savings compared
to conventional car engineering materials. On average
ca. 10 kWh could be added to an EV by replacing inactive
car body parts (hood, roof, doors, etc.) with multifunctional
structural batteries, adding only a minimal amount of addi-
tional weight relative to modern carbon fiber-reinforced
plastic (CFRP) parts and substantial weight reduction com-
pared Al or steel parts. For an average EV with a 60 kWh
battery pack this would increase the capacity by �17% and
extend the milage by 67 km based on an energy consump-
tion of 15 kWh/100 km.

FIGURE 5 (A) Comparison of the performance metrics of various reported structural batteries. The metrics include the specific energy

based on the total cell mass and the elastic modulus of the structural battery. The increase of the elastic modulus due to the replacement of

liquid electrolyte (LE) with the QSPE for pouch cells and CF/epoxy sheet underlines the importance of internal reinforcement for

mechanical properties. (B) The total capacity of one cell of the structural battery used as a “power hood” for a schematic car model (1:16) to

replace the hood of the car.
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Carlsedt and Asp analyzed the impact of replacing
the orignial battery, interior and exterior components of
an EV with structrual batteries.27 For the car model
BMW i3, a potential increase of about 70% in the milage
was proposed when a total weight of 615 kg of car com-
ponents are substituted. However, replacing the original
battery and interior car components with strucutural bat-
teries might be more challenging for manufacturers. In
our analysis of the same car model, replacing about 69 kg
of exterior car body parts with structural batteries
improved the milage by 19%.

3 | CONCLUSION

In this study, we presented a quasi-solid polymer electro-
lyte (QSPE) with an ionic conductivity of 1.2 mS cm�1 at
room temperature and an oxidation stability of up to
5.5 V versus Li+/Li. Graphite/NMC532 full-cells with this
QSPE electrolyte also demonstrated a high capacity
retention of 91% after 500 cycles at room temperature.
The QSPE has sufficiently high modulus and strength to
significantly enhance the mechanical properties of struc-
tural batteries with either carbon fiber (CF)/epoxy com-
posite face sheets or regular pouches, which stems from
its capability to transfer mechanical load between differ-
ent layers in a battery. For a cell with two units of elec-
trodes and CF/epoxy packaging, the flexural modulus
increased from 13.3 GPa with liquid electrolyte to
21.7 GPa with QSPE. Furthermore, due to the good com-
patibility of the QSPE with electrodes at high mass load-
ings, the specific energy of structural battery achieved
127 Wh kg�1 (based on the total cell mass), which to our
knowledge is the highest reported in literature with mod-
ulus over 15 GPa. We further demonstrate the application
of such a structural battery in a model electric vehicle.

Our findings highlight the importance of designing
polymer-based electrolytes with good mechanical prop-
erties that do not sacrifice electrochemical perfor-
mance to improve structural batteries in terms of
modulus, strength, and energy density. This approach
represents an important step towards the industrial
application of multifunctional composites as “mass-
less” energy storage in electronic transportation, space-
craft, and furtherapplications.
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