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ARTICLE INFO ABSTRACT

Keywords:

The development of structural batteries has been obstructed by the intrinsically low mechanical strength of battery
materials inside. Here, we propose a multifunctional structural battery platform by deploying electrodeposition-
like reactions to prepare for conformally-coated electrodes, together with carbon fabrics as the skeleton to endow
them with mechanical robustness. As a proof of concept, the Li/S battery system based on the electrodeposition-
like mechanism was introduced into the structural batteries for the first time. The Young’s modulus of optimized
sulfur and lithium electrodes reach 9.2 + 1.2 GPa and 4.5 + 0.6 GPa, respectively, 5-20 times higher than
conventional electrodes. Additionally, a thermally stable composite separator combining boron nitride nanofiller
with PVdF polymer (BN/PVdF) is rationally designed, which possesses high compressive strength over 180 MPa.
The structural cell integrated with these structural components delivered an excellent lifespan under compression
up to 20 MPa for 20 cycles at 0.2 C. Moreover, the structural Li/S cell in pouch configuration displays better
resistance to mechanical deformation when compared to the regular Li/S cell. This work provides valuable insight

Structural energy storage
electrodeposition-like electrode
mechanically robustness
lithium-sulfur battery

into structural batteries with high energy density.

1. Introduction

Lightweighting is critical for enhancing the energy efficiency of
electrified-transportation, such as aircraft and electrical vehicles [1,2].
The development of multifunctional materials to integrate different
functionalities into a single component is an attractive concept in
lightweighting [3,4]. For example, the structural supporting compo-
nents can be used for energy production (e.g. solar cells or kinetic
energy harvesting) [5,6] or storage (e.g. supercapacitors or batteries)
[7-9] so as to reduce the overall weight. Structural energy storage is
a kind of functional energy storage devices that can withstand me-
chanical stress [10]. The concept centers on combining the mechanical
performance of composites with structural components in batteries or
supercapacitors [9]. This is closely related to the pursuit of lightweight
cube satellites and aircraft, thus maximizing the propulsion of power
sources and resistance to the damage from high velocity impact [11,12].
To combine energy storage and structural functionality together, the
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structural battery must have robust mechanical properties to adapt to
various kinds of deformation (i.e., compression, stretch, etc.), while
maintaining excellent electrochemical performance, including but not
limited to the rate capability, cycling stability with reasonable cycle
life. Moreover, these batteries should function safely under mechanical
deformation during operation.

In recent years, several groups have conducted pioneering works
on structural supercapacitors by using carbon fiber or graphene-based
materials as the mechanical support and active materials [10,13-16].
Reasonable electrochemical performance with improved mechanical
properties has been demonstrated, but the specific energy is typically
lower than 1.0 Wh kg‘1 [17,18]. The same strategy has been ap-
plied to structural lithium-ion batteries but limited success has been
achieved [17,19]. On the one hand, due to the particle properties and
the insertion/extraction-type reaction mechanism, it is easy for elec-
trode materials to delaminate from planar current collectors (Fig. 1a,
Supplementary Video S1) or lose intact contact with 3D conductive ma-
trix, e.g. carbon fiber fabrics (Fig. 1b, Supplementary Video S1), which
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not only increases the electronic resistance but also reduces the me-
chanical strength of the whole battery [17,20,21]. On the other hand,
if lithium ions intercalate into carbon fibers (e.g. in Li-ion anodes), the
mechanical strength of carbon fibers will be significantly compromised,
therefore failing to maintain long-lasting mechanical strength for struc-
tural lithium-ion batteries [22,23].

Different from the particle-based electrodes with its active materials
attached to the substrates by additional binder, electrodeposition-like
electrode means active materials are transformed from the electrolyte to
the conductive substrate similar to electrochemical deposition, therefore
reducing the risk of the contact deterioration or the delamination of ac-
tive materials from the substrate with external mechanical load. In other
words, electrodes utilizing electrodeposition-like mechanism to coat ac-
tive materials conformally on mechanical supports, along with some
beneficial functional groups to enhance their interaction can provide
more possibilities beyond lithium-ion batteries [24,25], but these ad-
vantages have yet been considered in the field of structural batteries. As
a proof of concept, Li/S battery system based on the electrodeposition-
like mechanism was introduced into the structural batteries, where poly-
sulfide catholyte and molten lithium metal are adopted as alternatives
to prepare for the cathode and anode, respectively, together with carbon
fabric skeleton to endow them with mechanical robustness. The design
idea is different from conventional thinking in previous structural bat-
teries. The novelty highlights in utilizing the conformally-coated strate-
gies to design structural electrodes that effectively avoids the tricky
problems in structural lithium-ion batteries, e.g. high ohm resistance
caused by loose contact and weak resistance to mechanical deforma-
tion.

As far as we know, it is the first attempt to introduce the lithium-
sulfur system into structural batteries. Specifically, carbon fabrics
(T300, 3 K) is combined with 1 M polysulfide catholyte as the cath-
ode, enabling sulfur and Li,S,/Li,S to be conformally electrodeposited
onto the carbon fibers during the charge/discharge process, thus avoid-
ing poor contact between solid particles and carbon fibers (Fig. 1b). On
the anode side, molten lithium is infiltrated into the carbon fiber matrix.
Although the unavoidable Li intercalation reduces the mechanical prop-
erties of carbon fibers, the excessive lithium metal can act as a glue to
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bind lithiated carbon fibers together, thereby enhancing the mechanical
strength of the anode. The reinforced cathode and anode have Young’s
modulus of 9.2 + 1.2 GPa and 4.5 + 0.6 GPa, respectively, and exhibit
the corresponding ultimate tensile strength (UTS) of 214 + 16 MPa and
53 + 7 MPa, which are all 1-2 orders of magnitude higher than those of
conventional particle-based electrodes.

In order to achieve a synergistic lifespan for the whole battery un-
der mechanical load, we also developed a new BN/PVdF separator
as the structural component specifically for the structural Li/S bat-
tery above. The introduction of the high-modulus inorganic filler en-
hances the compressive strength of the separator effectively. Further-
more, the thermally-stable BN/PVdF film can be used with liquid elec-
trolyte safely, which alleviates the poor lithium ion conductivity com-
pared to conventional structural batteries [13,26,27]. Owing to the in-
troduction of BN nanosheets, the as-fabricated BN/PVdF composite sep-
arator possesses UTS of 13.1 + 1.2 MPa and isotropic Young’s modulus
of 1.2 + 0.2 GPa, significantly superior to that of the regular PE separa-
tor (Celgard 2325) in the transverse direction (8.0 + 0.6 MPa and 0.26
+ 0.05 GPa). In combination of the well-designed structural electrodes
with the BN/PVdF separator, the Li/S cell shows good electrochemical
performance with an initial discharge capacity of 1266 mAh g~! and
capacity retention of 81% after 200 cycles at 0.2 C. Under 20 MPa com-
pression, the structural Li/S cell delivers an excellent synergistic lifespan
up to 20 cycles at 0.2 C and possesses better resistance to mechanical
deformation when compared to the regular Li/S cell in their pouch con-
figurations. These results demonstrate the feasibility of this new strategy
to improve the mechanical strength of structural batteries with high en-
ergy density.

2. Results and discussion

In our design, the cathode is made of commercial T300 CF in com-
bination with 2.0 M Li,Sg (the concentration is based on [S]) in 1,3-
dioxolane/1,2-dimethoxyethane (DOL/DME) as the structural skeleton.
The pristine CF consists of horizontal and vertical carbon bundles where
the diameter of filament is ~7 um (inset in Fig. S2a), which possesses
UTS of 232 + 8 MPa and Young’s modulus of 22 + 1.6 GPa (Fig. 2¢ and

under deformation
Slurry-based planar electrode

Particle-based 3D electrode

* Active particles

Delamination, crack

Current collector (Al or Cu foil)
>< Lior LiPS on carbon fabrics

Fig. 1. The design principle of electrode-

a position-like electrodes for structural energy
C clin ® P storage. (a) An illustration of the intrinsically

DTS GO SISO y g @ .. o ® ... .. @ low mechanical strer}gth of particle-bas.ed Pla-
— nar electrodes, suffering from the delamination

of active materials or crack of current collectors
(Al or Cu foil) during cycling under deforma-
tion. (b) An illustration of the delamination of
active materials from carbon fibers during cy-
cling under deformation, due to the weak solid-
solid interactions. (¢) An illustration of the en-
hanced strength via electrodeposition-like re-
action on structural skeleton The detailed in-
formation can be obtained in Supplementary
Video S1 and Fig. S1.
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Fig. 2. (a) The surface morphology of OCF after depositing of Li,S. (b) Digital image of a piece of OCF after infiltrating the molten lithium. (c) The UTS and
(d) Young’s modulus of carbon fiber-reinforced electrodes in comparison to conventional particle-based electrodes. (e) The cycling performance of the polysulfide
cathode with pristine CF (black curve) and OCF 500 °C 2 h (red curve). (f) The cycling stability of Li/Li symmetric cells with conventional Li foil (black) and Li/OCF
composite in b. The current and the deposited capacity are 1.0 mA cm~2 and 1.0 mAh cm~2, respectively. The inset shows the voltage profile at the 150th and 350th

cycle.

2d). However, since the polymer-based sizing agent on the fiber surface
impedes electron transport (Fig. S2b-2d), the initial discharge capacity
of the cathode is only ~ 300 mAh g1, as illustrated in Fig. 2e. Upon
cycling, the discharge capacity gradually increases to ~ 800 mAh g1,
which might arise from the swelling and even dissolution of the sizing
agent in the electrolyte. Despite this, the capacity is relatively lower
than the previously reported values [28-30].

To enhance the electrochemical performance of the structural cath-
ode, the pristine CF is heated in air to remove the sizing agent. These
heated samples are denoted as oxidized carbon fabric (OCF). The prop-
erties of pristine CF treated at different temperatures and time are also
studied (Fig. S3a-S3b), and 500 °C for 2 h is the optimal condition to
obtain the balance between the mechanical and electrochemical prop-
erties of the corresponding structural cathode. The detailed mechanism
for the heating treatment is further analyzed in the supporting infor-
mation, which is related to the proportion of the C-C/C=0 groups on
the CF surface (Fig. S3d and Table S1). Although OCF shows slightly
compromised mechanical strength, namely UTS of 218 + 14 MPa after
heating, 214 + 16 MPa after soaking with the polysulfide catholyte and
198 + 17 MPa after electrodepositing Li,S, however, such mechanical
properties are still four times higher than conventional particle-based
cathodes on Al foil (56 + 5 MPa, Fig. S4d). The Young’s modulus shows
the same trend with the value of 19 + 1.7 GPa after heating, 9.2 + 1.2
after soaking with 1 M polysulfide catholyte and 8.8 + 2.1 GPa after
electrodepositing Li,S, much higher than the conventional sulfur cath-
ode (6.4 + 0.1 GPa). More details can be found in Fig. S4a-S4d. Despite
this, the electrochemical performance of OCF-reinforced sulfur cathode
was dramatically improved after the thermal treatment. The initial ca-
pacity reaches 1159 mAh g~! and the capacity retention is 91.9% after
150 cycles at 0.2 C (Fig. 2e). The excellent electrochemical reversibility
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can be attributed to uniform deposition and improved interactions of
polysulfide species with carbon fibers.

On the other hand, lithium metal is infiltrated into OCF to enhance
the mechanical strength of anode. It should be noted that the sizing
agent on CF is removed by pre-heating at 400 "C in air for 15 min to
promote its lithophilic property. (Supplementary Video S2 and Table
$2). Once thermally annealed, the oxygen-containing functional groups
on the carbon fiber surface enable lithium metal to infiltrate into the
OCF matrix easily [31,32]. The result shown in Fig. S5a-S5c indicates
that the OCF skeleton greatly strengthened the lithium anode. Specifi-
cally, the UTS improves from 1.2 + 0.2 MPa (pure lithium strip) to 53 +
7 MPa (Li/OCF 400 °C15 min) while the Young’s modulus increases dra-
matically from 0.09 + 0.05 GPa to 4.5 + 0.6 GPa, respectively (Fig. 2¢c
and 2d). The significant enhancement originates from the load transfer
from lithium metal to the interconnected OCF network, similar to the
results in a previous report [33].

The OCF-reinforced lithium anode with a thickness of ~250 ym also
shows improved electrochemical performance. As shown in Fig. 2f, the
Li/Li symmetric cell with Li/OCF electrodes exhibits a stable voltage
profile and a small overpotential of 20 mV over 800 h at the current
density of 1.0 mA cm~2. In comparison, the cell using lithium foil elec-
trodes shows poor cycling stability with increasing overpotential during
repeated stripping/plating process. This improved cycling performance
stems from the larger surface area in the Li/OCF composite electrode
[32]. Although Li fills most regions inside carbon fibers, there are always
voids left that accommodate for the deposited lithium metal. Therefore,
even at a higher current density of 3.0 mA cm~2, the stripping/plating
stability for Li/OCF electrodes is much better than that of pure lithium
metal anodes (Fig. S5d). From the morphologies of the anodes after cy-
cling, the surface of pure lithium foil presents a porous structure while
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Fig. 3. (a) A SEM image of the as-fabricated BN/PVdF separator with the inset showing the BN nanosheets after sonication. (b) Ignition tests of Celgard 2325
separator and BN/PVdF film wetted by liquid electrolyte (1 M LiTFSI in DOL/DME (v/v, 1:1)). (c) The strain-stress curves of PE separator (Celgard 2325 at transverse
direction) and BN/PVdF film with the inset showing the flexible BN/PVdF film. (d) The Young’s modulus of a BN/PVdF separator and a PE separator along its
machinery direction (MD) and transverse direction (TD). (e) The dependence of resistance upon compressive stress of stainless steel (SS)/separator/SS cells, where
the separator is BN/PVdF (red) or commercial (black). (f) The voltage profile of Li/Li symmetric cells at 1.0 mA cm~2 with the composite BN/PVdF separator (red)

or the commercial PE separator (black).

the lithium/ OCF is relatively smooth, which confirms the advantage of
the carbon fabric skeleton in preventing the growth of lithium dendrite
(Fig. S5e-51).

In addition to introducing the OCF matrix to enhance the tensile
strength/Young’s modulus of electrode materials, we also developed a
BN/PVdF composite to replace the conventional PE separator. As the
inorganic filler, BN possesses several desirable attributes including elec-
tronic insulation, chemical stability, thermal stability and mechanical
robustness [34]. The BN/PVAF composite separator was prepared by
sonicating the crumpled-paper-like BN aggregates in a mixed IPA/DMF
solvent (Fig. S6a and S6b), followed by connecting the BN nanosheets
with PVdF polymer (Fig. 3a). Since BN is nonflammable and PVdF has a
flashpoint over 400 °C [35,36], The composite film is far more thermally
stable than the PE separator, even with the presence of electrolyte (Sup-
plementary Videos S3 and S4). When ignited, the BN/PVdF separator is
difficult to catch fire while the PE separator burns immediately (Fig. 3b).
Mechanically, the BN/PVdF film shows higher UTS and modulus (13.1
+ 1.2 MPa and 1.2 + 0.2 GPa respectively), which are much higher than
those of PE separator at the transverse direction (8.0 + 0.6 MPa and
0.26 + 0.05 GPa) (Fig. 3c and 3d). In addition to standard mechani-
cal measurements, we also explored how compression affects the ionic
conductivity in the two kinds of separators, which helps evaluate the
behavior of the batteries under external impact. As shown in Fig. 3e, al-
though the BN/PVdF separator shows higher resistance at intermediate
pressure, it outperforms the PE separator with more stable conductivity
when the compression exceeds 150 MPa. This result can be attributed
to the high-modulus of BN nanofiller that maintains the integrity of
the composite separator at extremely high compressive stress. Since
the resistance only has a threefold increment under the compression of
180 MPa, it is still acceptable for battery cycling. As shown in Fig. 3f, the
Li/Li symmetrical cell with BN/PVdF separator wetted by liquid elec-
trolyte delivers a stable voltage profile over 500 h at 1.0 mAh cm~2
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and 1.0 mA cm~2, demonstrating excellent lithium plating/stripping
reversibility.

After optimizing each component, a structural cell that consists of
Li/OCF 400 °C 15 min, BN/PVdF separator and lithium polysulfide on
OCF 500 °C 2 h was assembled. For comparison, a regular Li/S cell us-
ing lithium foil, celgard 2325 separator and particle-based cathode was
also investigated. In terms of electrochemical performance, the struc-
tural Li/S cell delivers an initial capacity of 1266 mAh g~ (sulfur) with
the electrolyte-to-sulfur weight ratio of ~27. After a slight drop to 1101
mAh g1 at the 10th cycle, the capacity stabilizes at 1030 mAh g1 after
200 cycles (Fig. 4a), which greatly exceeds that of conventional Li/S bat-
teries. As for the rate performance, the discharge capacity for the former
reaches 1228, 1069, 923 and 791 mAh g~! at 0.1, 0.2, 0.5 and 1 C rate
respectively, much higher than the latter, which typically delivers dis-
charge capacities of 692, 477, 268 and 60 mAh g~! at the counterparts
(Fig. 4b). The higher discharge capacity along with smaller polarization
(Fig. S8a and S8b) confirms the superiority of electrodes with carbon
fiber-based structural skeletons. Based on the total mass of battery com-
ponents, an energy density of 43 Wh kg~! is estimated for the struc-
tural battery (Fig. S7), which exceeds the values in previous reports on
structural batteries or supercapacitors (Fig. 4c) [4,9,37-43]. Even when
the cell was assembled in pouch configuration, the electrochemical per-
formance of the structural Li/S cell is still significantly superior to the
regular one (Fig. S8d). It should be noted that the amount of electrolyte
needs to be significantly reduced for practical applications (< 3 g Ah~1)
[44,45]. Great efforts will be needed to realize practical structural Li/S
battery in the future.

Besides testing in ambient conditions, we also investigate the cells
under abused conditions. Fig. 4d and Fig. S8a-8b shows the electrochem-
ical performance of the two batteries at different compressive stress (up
to 20 MPa). The structural battery exhibits a discharge capacity of 1093
mAh g~! when compressive stress of 10 MPa is applied, much higher
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than 429 mAh g1 of the regular cell. Even when the stress increases to
20 MPa, it still remains 981 mAh g~ for the structural cell. In contrast,
the regular Li/S cell fails with the capacity decaying to almost zero. The
difference might originate from the distinct anodes. The creep-induced
metallic lithium would penetrate into the pores of the PE separator at
such overloaded pressure (20 MPa), thereby creating an electric perco-
lation pathway that shorts the cell internally, which can be confirmed
by the severe deformation of the anode in Fig. S8c and corresponds to
recent reports [46,47]. In contrast, benefiting from high Young’s mod-
ulus, the shape of the Li/OCF was almost consistent with their initial
state. This result demonstrates that the electrode enhanced with car-
bon fabrics possesses excellent resistance to mechanical stress. After
removal of the external stress, the capacity in structural cell recovers
to 983 mAh g~1. In contrast, no capacity was left for the conventional
Li/S cell, and the voltage profile indicates that the cell’s internal re-
sistance increased remarkably, which can be attributed to the cracks

4

20

of the electrode and the closure of pores in the separator under high
pressure (Fig. S8c). Furthermore, the good mechanical property for the
structural Li/S cell is confirmed by a puncture test, which is a harsh
risk assessment including both tensile and compressive stresses. From
the results, the peak at the top of each curve (marked with green tri-
angles) represents the fracture of the transparent pouch bag. It is also
found that no breaks appeared for the structural cathode and the flat
woven CF was only stretched by the slim probe (Fig. S9). Therefore, the
maximum tolerance for the cathode should exceed 204 N. Accordingly,
the fractures of other electrodes were assigned and marked with the
same colorful circles, respectively. It can be judged from Fig. 4f-4h that
the structural electrodes were destroyed at higher puncture loads when
compared to the regular cell (>204 N vs. 50 N for the cathodes, and
170 N vs 110 N for the anodes), which suggests that the introduction of
carbon fabrics skeleton can effectively withstand the harsh mechanical
deformation.
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3. Conclusion

In summary, we have successfully verified that the feasibility for im-
proving the mechanical strength of structural batteries via conformally-
coated electrodes. As a prototype, the Li/S battery system was intro-
duced into the field of structural batteries for the first time. Both elec-
trodes were prepared by electrodeposition-like reactions, together with
the carbon fabric skeleton to endow them with mechanical robustness.
The as-obtained structural Li/S cell displays good tolerance to mechan-
ical deformation such as compression and puncture tests. Additionally,
the new BN/PVdF separator, specifically for the structural Li/S cell effec-
tively enhanced its compressive capability. The battery can cycle for 20
times stably under a pressure up to 20 MPa. Moreover, the energy den-
sity of the structural battery based on the total mass reached 43 Whkg~1.
This work provides a promising strategy to build a multifunctional struc-
tural energy storage platform so as to enhance the mechanical strength
and energy density for structural batteries.

4. Experimental section
4.1. Materials

Commercial PAN-based CF (T300, thickness of 200 ym) was bought
from FibreGlast Development Corp. Boron nitride (BN) micropowder
was purchased from Graphene Supermarket, Inc. Lithium bis (triflu-
oromethane sulfonyl) imide (LiTFSI) was obtained from Gotion, Inc.
Polyvinylidene fluoride binder (PVdF 761) was received from Arkema
Inc. Microporous polyolefin membrane (Celgard 2325, 25 ym thickness,
PE/PP/PE trilayer) was obtained from Celgard, LLC and used for com-
parison. Lithium strip (99.9%, thickness of 0.75 mm) for mechanical
tests and Lithium sulfide (Li,S, 99.9%) were purchased from Alfa Aesar.
All the other reagents and solvents were obtained from Sigma-Aldrich
and used as received.

4.2. Fabrication of structural Li/S battery

4.2.1. Electrode fabrication

Commercial T300 CF was first heated in air at different temperatures
to remove the sizing agent on the surface, which is denoted as OCF. For
the cathode, the OCF is combined with 1 M Li,Sg, 0.5 M LiTFSI and 1
wt% LiNO; in DOL/DME. For the anode, the treated CF was immersed
into molten lithium until the metal was fully absorbed. The as-obtained
lithium/OCF was scraped to make the surface flat and then cut into
appropriate shapes. Before use, the lithium/OCF was pretreated in 0.5 M
LiTFSI in DOL/DME solution with 1 wt% LiNO3 additive for 1.5 hours
so as to form a passivation layer [48].

4.2.2. Preparation of the BN/PVdF separator

Porous BN/PVdF composite film was fabricated via the phase-
inversion method as follows. The BN powder (200.0 mg) was added
into mixed IPA/DMF (12.0 g/1.25 g) solvents and well dispersed via a
sonicator (FE 110D, Fisher Scientific) for 48 h, following which the ho-
mogeneous suspension was stirred vigorously at 100 °C to remove IPA.
The PVdF761 (100.0 mg) and LiTFSI (75.0 mg) were then added to the
slurry with stirring for 2.5 h continuously at 70 °C. The weight ratio of
BN to PVdF is 2:1 in this paper unless other ratios are mentioned. The
slurry was blade-coated onto a clean glass plate and dried at 60 °C for
0.5 h. The BN/PVdF film is peeled off from the glass plate after immersed
it into DI water. The added LiTFSI will be dissolved into the water and
make pores for the lithium ion passage. Then the film is dried to remove
residual water.

4.2.3. Cell fabrication

The as-prepared structural cathode, structural anode (~250 ym) and
BN/PVdF separator (~50 um) are combined together in 2032-coin cells
for electrochemical and mechanical tests. The electrolyte is 1.0 mol
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L-1 LiTFSI with 2.0 wt % anhydrous LiNO; as the additive in a mixed
dimethoxyethane (DME) and 1, 3-dioxolane (DOL) (V: V=1:1) solvents.
The amount of liquid electrolyte that wets the BN/PVdF separator is 20
uL.

4.3. Preparation of the conventional Li/S battery

The regular sulfur cathode was prepared by mixing 60 wt% sulfur, 30
wt% carbon black and 10 wt% PVdF in N-methyl-2-pyrrolidone (NMP)
solvent to form a homogeneous slurry. The slurry was then cast onto
aluminum foil and dried at 60 °C under vacuum for 8 h. The mass loading
is ~1 mg cm~2. Then it is combined with conventional PE separator
and 250 ym-thick lithium anode and assembled in a 2032-coin cell. The
lithium anode was pretreated in the same condition above to obtain a
passivation layer. The liquid electrolyte used was the same as that in the
structural battery.

4.4. Electrochemical measurements

The galvanostatic charge-discharge tests were performed using a bat-
tery test system (C2001A, LAND, China) with the cutoff voltage between
1.7-2.8 V. The ionic conductivity of porous BN/PVdF was measured by
testing the AC impedance of its stainless-steel symmetrical cells. The
frequency ranges from 1 M Hz to 1 Hz. The ionic conductivity was cal-
culated by the equation ¢ = L/RS, where R was the bulk resistance, L
and S were the thickness and the area of the BN/PVdF film, respectively.

4.5. Material characterization

The morphology of the structural electrodes was acquired via a scan-
ning electron microscope (Zeiss SIGMA VP). The surface analyses of
OCFs were performed by a PHI 5500XPS with a monochromatic Al Ke
X-ray excitation source (1486.6 eV).

4.6. Mechanical measurements

The bending tests were conducted to verify the designed battery
available for maintaining mechanical robustness. Lithium cobalt oxide
(LCO) on aluminum foil was taken as an example for the particle-based
planar electrode while lithium polysulfide in DOL/DME was loaded onto
the OCF 500 °C 2 h as the electrodeposition-like electrode. For the
LCO electrode, the slurry consists of 92 wt% LCO, 5 wt% C65, 3 wt%
PVdF761 with N-methyl-2-pyrrolidone (NMP) as the solvent. The LCO
and polysulfides cathode has the same areal capacity (~ 4 mAh cm~2)
on planar aluminum foil or carbon fabrics, which corresponds to differ-
ent cathodes in Fig. 1a-1c, respectively. All the cathodes are bent back
and forth over 200 times (Servo motor programmable controller KH-
01, China) with moderate frequency (also see the Supplementary Video
S1). It should be noted that a transparent pouch bag was used to seal
the LiPS/OCF cathode so as to prevent the leakage of toxic gas when
exposed to air during the test.

To perform tensile measurements, CF was cut into long strips with
the size about 1 inch x 2.5 inch in length and then epoxy resin and stain-
less steel were used to make tabs enabling gripping the structural materi-
als. Tensile tests for the CF-based electrodes were conducted using an In-
stron load cell at a strain rate of 2 x 104 s~1. All the results are obtained
on the basis of testing three samples. In-situ mechano-electrochemical
measurements were performed on Instron tester (model 1321) with a
portable Bio-logic VMP3 potentiostat to record the electrochemical per-
formance synchronal.

To investigate the mechanical stability of pouch cells, puncture tests
were conducted to determine their puncture or rupture characteristics.
This is both a compressive and tensile test where a cell is compressed by
a7 mm diameter steel probe at a speed of 5 mm min~! until the material
ruptures. The mechanical failure of the structural electrodes is reflected
by the sharp peaks and the force-displacement curves were recorded.
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