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Flexible lithium batteries (FLBs) are highly regarded as potential candidates for next-generation batteries
due to their versatility in various applications. However, the main focus in the development of FLBs lies in
addressing mechanical challenges such as crack propagation under conditions of flexibility and stretch-
ability. Herein, this work presents a novel design of a gel polymer electrolyte (GPE112) film prepared by

1 a window

solution-casting methods. The GPE112 film shows high ion conductivity of 2.12 x 107 S cm™~
voltage stability of ~4.6 V, and compatibility with various commercial cathodes such as LiFePO,, LiCoO,
and LiNig gCog1Mng 10,. On the other hand, the mechanically robust GPE112 film exhibits elongation at
break of ~41%, making it a potentially superior alternative to a commercial polypropylene (PP) separator.
Furthermore, through finite element method (FEM) simulation, the utilization of a hot-pressed polymer
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electrolyte in conjunction with a cathode active layer demonstrates the potential to mitigate crack propa-
gation and prevent delamination, leading to the development of flexible batteries with robust structures.
Generally, the investigation demonstrates that the prepared GPE112 film provides potential application in
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1. Introduction

Flexible lithium batteries (FLBs) are regarded as potential can-
didates for next-generation batteries due to their versatility in
various applications. The adaptability of FLBs allows for their
customization in terms of size and shape, providing signifi-
cant opportunities for diverse industrial applications.
However, the primary focus within the realm of FLBs lies in
addressing the mechanical challenges. These challenges
include ensuring great flexibility and good stretchability,> pre-
venting crack propagation under bending or torsional loads,’
managing thermo-mechanical challenges for safety
considerations,”” achieving light-weight and ultra-thin® pro-
perties with optimal encapsulation, etc. Researchers and
industry professionals need to tackle these mechanical issues
in order to fully harness the potential of FLBs in future energy
storage solutions.
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safe FLBs no matter the electrochemical or mechanical properties.

Numerous significant mechanical challenges have been
identified that directly impact the performance of flexible bat-
teries.” Structural challenges involve ensuring the mechanical
integrity of each component of the flexible battery, such as
avoiding delamination between the active layer and current
collector, crack growth in the active layer of electrodes,
uncontrollable lithium dendrite growth, unstable interfaces
between solid-state electrolytes and electrodes, etc. Recently,
various approaches and strategies have been reported to over-
come these challenges and enhance the stability of all com-
ponents of FLBs. Excessive mechanical loads may lead to dela-
mination occurring at the interface between the active layer
and the current collector. Song et al.® showed how calendaring,
a process of applying controlled pressure to the active layer on
the current collector surface, effectively prevents mechanical
damage in FLBs. Particle cracking in the active layer is also
considered as one of the important causes of structural
deterioration of FLBs. To address this problem, Liu et al.’®
reported a novel composition design to fabricate a mechani-
cally robust Ni-rich cathode material to avoid cracks growing
in cathode materials. Moreover, the uncontrollable growth of
lithium dendrites and an unstable solid electrolyte interphase
(SEI) contribute to poor mechanical strength. Lu et al'°
demonstrated that a mechanically robust porous polymer elec-
trolyte can physically hinder the growth of Li dendrites due to
its superior mechanical integrity. Furthermore, an unstable
interface between solid-state electrolytes and electrodes is

This journal is © The Royal Society of Chemistry 2024
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another structural challenge of FLBs. This instability hinders
the progress of solid-state lithium batteries. To overcome this
issue, Li et al."* fabricated a succinonitrile (SN)-based polymer
electrolyte with a cross-linked SN polymer skeleton that has
great mechanical strength and inhibits the side reaction
between the SN and Li anode.

Like other lithium batteries, another concern about FLBs is
safety. Due to the flammable nature of liquid electrolytes,
researchers are increasingly focusing on solid polymer electro-
lytes. Notably, novel polymer electrolytes have gained signifi-
cant attention as a potential solution to address both safety
and performance challenges in FLBs. Key challenges in the
application of polymer electrolytes include achieving high
solubility of lithium salts, maintaining excellent mechanical
properties, ensuring superior electrical and thermal stability,
and optimizing interfacial compatibility. Two decades of
research results show that poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) is one of the most promis-
ing polymers that has great potential to be selected as a
polymer matrix in various polymer electrolyte structures.'* The
PVDF-HFP-based polymer electrolytes offer several advantages,
including the ability to prevent dendrite growth,'®" high
ionic conductivity, and the suppression of lithium pulveriza-
tion during cycling due to their composite 3D structure.'*">
Due to the high density of polarizable fluorinated groups and
high dielectric constant of PVDF-HFP, it is a widely used
polymer in lithium metal batteries,'® etc.">"” It is no wonder
that one can find the footprint of PVDF-HFP in many appli-
cations such as Li-O, batteries,'® sodium batteries,"® and
supercapacitors.>’

This study aimed to address two significant mechanical
challenges in FLBs, including crack growth and delamination.
To mitigate these issues, a gel polymer electrolyte (GPE) film
was fabricated using a solution-casting method with mechani-
cally robust PVDF-HFP polymer. The GPE, which exhibits excel-
lent electrochemical performance, was then incorporated into
a finite element simulation to investigate its impact on
bending stress within the composite layers. Furthermore, the
interfacial contact was improved by the hot-pressing method,
which could help to enhance the battery’s performance and
suppress growing cracks in the cathode active layer.
Specifically, hot-pressing the GPE with the cathode active layer
could make a buffering structure that potentially mitigates
crack propagation, inhibits dendrite growth, and prevents the
delamination of the cathode active layer when subjected to
bending via cyclic loading. The outcomes of this study may
contribute to the development of flexible batteries from both
the electrochemical and mechanical points of view.

2. Experimental section
2.1 Materials

PVDF-HFP (Sigma-Aldrich, average M,, ~400 000, average M,
~130 000, pellets), bis(trifluoromethanesulfonyl)imide
(LiTFSI), N,N-dimethylformamide (DMF, Aldrich), Li foil
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(China Energy Lithium Co., Ltd), polyvinylidene difluoride
(PVDF, Alfa Aesar), carbon black (Super P), LiCoO, (LCO),
LiFePO, (LFP), and LiNijCo0¢,Mn, 0, (NCM811) were used
for this study. All materials and chemicals were used as
received.

2.2 Preparation of the GPE

The preparation was carried out in a glove box under argon
flow with 0.1 ppm water and 0.1 ppm oxygen. The GPE was
prepared via a solution-casting method. First, 1 g of PVDF-HFP
was dissolved in 5 mL of DMF, followed by mechanical stirring
for 2 hours at 60 °C to obtain a homogeneous solution. Then,
different ratios of LiTFSI salt (0.9, 1.2, 1.5, and 1.8 g) were
added and the solution was further mixed after stirring for
30 minutes. Subsequently, the prepared homogenized viscous
mixture was cast onto a clean glass plate using a doctor blade.
Finally, the obtained film was dried for 24 hours in a vacuum
oven at 80 °C to remove the residual free solvent. The uniform
GPE film (35-40 pm in thickness) was punched into discs with
a diameter of 16 mm for further use.

2.3 Materials characterization

The cross-sectional morphology of the GPE was characterized
using a field-emission scanning electron microscope (SEM,
Hitachi SU8220). Raman spectroscopy was conducted using a
Raman shift graph (Spectrum One, PerkinElmer Instruments
Co., Ltd). X-ray diffraction (XRD) patterns were acquired on an
X-ray diffractometer (Rigaku D/max-2500). The mechanical
tests were performed using a universal tensile testing machine
(zwick/Roell Z010, Germany) and dynamic mechanical analysis
(DMA) was conducted using a TA Instruments (Q800). Thermal
gravimetric analysis (TGA, TA Instruments SDT Q600) was
carried out on cured GPE to analyze the weight fraction of
DMF inside the GPE. A differential scanning calorimetry
device (DSC, TA Instruments Q2000) was used to obtain the
crystalline temperature, Tc.

2.4 Electrochemical tests

CR2032-type coin cells were assembled in an argon-filled glove
box and used to assess the electrochemical performance of
polymer electrolytes. The EIS measurements were conducted
on an electrochemical workstation. Battery performance was
examined on a LAND2001 battery tester using as-prepared
GPE. The LFP, LCO and NCM cathodes were prepared by
mixing active materials, Super P and PVDF, in the ratio of
80:10:10, with N-methyl-2-pyrrolidone (NMP) as the solvent.
The LFP/Li, LCO/Li, and NCM/Li full batteries were subjected
to cycling within the voltage ranges of 2.5 V to 4.0 V, 3 V to
4.2 V,and 3 V to 4.2 V, respectively (Fig. S11).

3. Results and discussion
3.1 Preparation and characterization of the GPE

In GPEs, the dissolved salt influences the charge transport, vis-
cosity and even the segmental motion of the polymer matrix,
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which induces quite different physical and chemical pro-
perties. Therefore, various mass ratios of PVDF-HFP matrix to
lithium salt were explored as follows: 1:0.9, 1:1.2, 1: 1.5, and
1:1.8, and denoted as GPE109, GPE112, GPE115, and GPE118,
respectively. Fig. 1a illustrates the Nyquist plots of the above
samples, and the calculated ionic conductivities based on
stainless steel SS/GPE/SS cells using electrochemical impe-
dance spectroscopy (EIS) tests in the frequency range of 100
kHz to 10 MHz with an amplitude of 10 mV at room tempera-
ture (RT) and calculated using eqn (1), where ¢ represents the
ionic conductivity, R is the resistance value of the bulk GPE,
and L and S are the thickness and effective contact area
between the GPE and SS. The inset in Fig. 1a shows a critical
tendency when increasing the salt concentration. Among the
samples, the intermediate GPE112 exhibited the highest ionic
conductivity of 2.21 x 10™* S em™" at RT, which might be the
trade-off behavior of the ion transference and the electrolyte
viscosity induced by salt content enhancement.

L
o =
S X R

(1)

In addition to the high ionic conductivity, a wide electro-
chemical window is also desirable for electrolytes. Linear
sweep voltammetry (LSV) values were also obtained by scan-
ning assembled SS/GPE/Li asymmetric coin cells at a sweep
rate of 0.1 mV s~ in a voltage range of 2 to 6.0 V (vs. Li/Li*) at
RT. As observed from Fig. 1b, with GPE112, a mild current
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peak is observed at 4.6 V (inset in Fig. 1b) without obvious
current fluctuation, suggesting that it is electrochemically
stable. Otherwise, the interaction between the high-content
PVDF-HFP matrix and LiTFSI salt further slows up the
decomposition of PVDF-HFP under high voltage. Therefore,
the electrochemical stability window of GPE112 is wide
enough to meet the requirements of most commercial cath-
odes (such as LFP, LCO, and NCM). Synthetically, by consider-
ing the above electrochemical factors, the GPE112 sample was
used in subsequent tests if there was no special mention in
this paper to the contrary. Furthermore, to gain a better under-
standing of Li' transport at the interface of the GPE112
polymer electrolyte, theoretical calculations of the binding
energy of lithium ions have been performed, which are pre-
sented in Fig. S2.7 Also, frontier molecular orbitals (FMOs)
and electrostatic potential (ESP) maps are provided in the ESIT
to illustrate the distribution of electrons and provide a visual
representation of the electron density distribution (Fig. S3 and
S41).

The crystalline phase of GPE112 was characterized by X-ray
diffraction (XRD). As shown in Fig. 1c, the XRD pattern shows
a typical semi-crystalline state and two crystalline phases of
PVDF-HFP. The weak diffraction peak at 18.4° corresponds to
the (020) plane of the nonpolar a phase, while the intense
peak at 20.0° corresponds to the (110/200) planes of the f
phase.>"** Furthermore, Raman spectroscopy was also con-
ducted to confirm the crystalline phase of the GPE. As seen
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Fig. 1

(a) Electrochemical impedance spectra (EIS) of different ratios of LiTFSI salt in the PVDF-HFP matrix. Inset: ionic conductivity calculated for

GPE109, GPE112, GPE115 and GPE118 at RT. (b) Linear sweep voltammetry curve of GPE112 scanned at a sweep rate of 0.1 mV s™! in the range of 2
to 6 V at RT. Inset: zoomed-in profile of the 3.5 to 6 V range with an accurate current range of around 0.0001A. (c) XRD pattern of GPE112. (d)
Raman spectroscopy graph of GPE112. (e) TGA results of GPE112 to measure the residual DMF over one week. (f) Stress—strain diagrams of the GPE

film and the PP separator.
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from Fig. 1d, the Raman peak located at around 865 cm™" con-
firms the existence of the p phase in the GPE, which is in
accordance with the XRD results. Notably, the § phase of
PVDF-HFP has strong interactions with Li" because of its high
polarity, which is beneficial for inducing uniform Li-ion flux*?
and improving the cyclability of the Li anode. The peaks at
671.6 cm " and 741.1 cm™" can be attributed to Li*---O=C-N
coordination and the shifted band of O=S=O0, respectively,
due to the solvated complex between LiTFSI and DMF.>* These
results can prove that all the DMF might exist as a bound type
in the GPE. In the subsequent phase, the weight percentage of
DMF solvent in GPE112 was analyzed using TGA. The boiling
temperature of DMF is approximately 150 °C, and all GPE
samples were cured in a vacuum oven for 24 hours at 80 °C. In
order to determine the remaining amount of DMF solvent
within the gel polymer electrolyte, the test setup involved
raising the temperature to 350 °C and allowing it to stabilize
for 10 minutes before further increasing the temperature to
800 °C at a heating rate of 10 °C min~" under a nitrogen atmo-
sphere. To provide a more accurate estimation of DMF present
in the gel polymer electrolytes, the weight percentage lost
between 80 °C and 350 °C was measured to obtain a reliable
assessment of the weight percentage of DMF within the gel
polymer electrolyte. Each sample was subjected to five tests
each day, enabling the determination of an average value for
the weight percentage of DMF solvent present in the GPE112
samples. The weight percentage and mass of DMF solvent can
be calculated from the TGA thermogram (Fig. 1e) using the fol-
lowing equation:

Mpmr = Mgpe112 X (Rgoec — Ras000) (2)

where R represents the residue percentage. In order to make
sure of the residual DMF content and its variation in the GPE,
the percentage of DMF was detected specifically and observed
to be maintained at about 20 wt% for one week (Table S17).
Such a small quantity of DMF solvent could reduce the flam-
mable hazard of the electrolytes. Moreover, the presence of
DMF also facilitates the GPE membrane having a smooth
surface and effectively reduces the shear forces with a cathode
and anode during bending load. Based on the mass content of
DMF, the molar ratio of DMF and LiTFSI is calculated to be
about 2:1, indicating almost no free DMF in the prepared
GPE112.* These results are in accordance with the Raman
results.

Due to the electronic insulating function between the
cathode and the anode, the GPE should be able to withstand
various mechanical deformations and keep its structural integ-
rity in potential flexible applications. Compared with other
polymer matrices, PVDF-HFP presents superior mechanical
properties with no need for incorporation of any extra addi-
tives. As seen from the stress-strain profiles shown in Fig. 1f,
the GPE has better mechanical properties than those of the PP
separator in terms of Young’s modulus, strength, and elonga-
tion at break. Table S27 lists the specific data calculated from
the stress—strain profiles. In the present scenario, it is feasible
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to incorporate this resilient GPE to alleviate the stress of other
contact layers when subjected to bending loads. As a result,
cracking of current collectors and even the delamination of
active layers can be effectively mitigated to avoid structural
destruction and internal short circuits in subsequent defor-
mation applications. Undoubtedly, the forthcoming generation
of lithium-ion batteries necessitates attaining ultra-thin, ultra-
light, and complete flexibility features as crucial objectives.
Consequently, the implementation of a GPE as an active layer
holder, characterized by its exceptional mechanical properties,
emerges as a promising process worthy of further exploration
in future research.

3.2 Optimization of battery performance by hot pressing
process

One of the most critical points for flexible batteries is the dela-
mination phenomenon of the active layer in different bending
states. Researchers have explored different materials to try to
prevent this phenomenon.>**” The active layer is very brittle
because it is made of functional powders glued by little inac-
tive polymer binder (around 5% to 10% of the whole active
layer mass). On the other hand, poor adhesion between the
current collectors and the active materials is caused due to
their smooth surfaces. One of the most effective strategies to
solve the delamination problem is to optimize the connection
of the different layers.”®* Herein, hot pressing was employed
to achieve close contact between the layers, improving
adhesion and overall stability. Therefore, a trial-and-error
method was used to uncover the best practices for the hot-
pressing process. Some parameters are crucial for this
method: pressure, the thickness of the composite layer, and
temperature at the press. To prepare the sample with the
desired quality, three pressures of 0.5, 1, and 2 bar were con-
sidered. Also, the applied temperatures during the hot press
were 100, 150 and 180 °C, respectively. Finally, the whole
process was optimized by testing and characterization of the
samples (Table S37). In this case, the melting temperature (Ty,)
and crystalline temperature (7¢) were first measured with a
DSC device (TA Instruments Q2000, USA) in temperature
modulation mode under a nitrogen atmosphere (60 mL
min~"!). Approximately 5 to 10 mg of the samples were sealed
in aluminum pans. Modulated DSC measurements were
carried out in the temperature range of 0 to 200 °C at a
heating rate of 10 K min™" with an amplitude of 0.5 K and a
period of 60 s. According to Fig. S5, the DSC thermogram of
GPE112 exhibits two distinct peaks: an endothermic peak at
approximately 78.8 °C, corresponding to the crystalline tran-
sition temperature, and an exothermic peak at approximately
109 °C, indicating the melting temperature.*® In the next step,
by hot-pressing the cathode active layer to the GPE112 film,
the active layer and polymer electrolyte can be well combined
and formed into a uniform thin layer, which will help to
prevent the rapid growth of cracks in the active layer.

The resulting samples were named cathode active layer-
GPE, and cathode active layer-PP and abbreviated as CAL-GPE
and CAL-PP, respectively. Optical photographs reveal that the

Nanoscale, 2024, 16,17954-17963 | 17957
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CAL was well pressed onto the GPE surface. This is evidenced
by the strong adhesion between the PVDF binder (inside the
active layer) and the PVDF-HFP (acting as the GPE matrix). In
order to validate this observation, a fatigue test was conducted
on both the CAL-GPE and CAL-PP samples involving 10 000
cycles of bending. Subsequently, the samples were frozen in
liquid nitrogen and divided into two parts to expose their
cross-sections for SEM analysis. Fig. 2a demonstrates that the
CAL-GPE sample displays uniform and well-connected sur-
faces between the CAL and GPE, thereby preventing the separ-
ation or non-uniformity of the active layer during multiple
bending stress. However, Fig. 2b clearly depicts the emergence
of growing cracks between the surfaces of the CAL-PP sample.
This evidence reveals that GPE112 can effectively protect the
active layer and inhibit crack propagation under bending
loads, owing to the optimal bonding between PVDF and
PVDF-HFP.

The active layer was subjected to hot pressing onto a com-
mercial separator made of polypropylene (PP) and a gel
polymer electrolyte (GPE112) at a temperature of 150 °C under
a pressure of 0.5 bar, respectively. Then, the aluminum sub-
strate was peeled from both samples (Fig. 3a). In order to
evaluate the electrochemical performance of the CAL-GPE
sample, two test concepts were devised in the subsequent step.
The CAL-GPE film demonstrated excellent stackable features,
which lead to a higher output voltage and thus a higher
energy. To visually manifest this unique advantage, first,
mono-cell and bipolar-cell full batteries were assembled
(Fig. 3b) using thinner structures. As shown in Fig. 3c and d,
the voltage values of open circuits (VOCs) of mono-cells and
bipolar-cells were found to be 3.05 and 5.87 V, respectively.
Second, three commercially available active layers (LFP, LCO,

surfaces
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and NCM) were hot-pressed onto GPE112 films, and their coin
cells were assembled with lithium foil as the anode. These
samples were denoted as LFP-GPE112/Li, LCO-GPE112/Li,
and NCM-GPE112/Li, respectively. Their rate performance, as
shown in Fig. 3e, indicates that the rate test conducted on
these three samples demonstrated acceptable discharge
capacity.

3.3 The stability of the lithium anode and applications in coin
cells

The interfacial problem is significant for the GPE due to the
solid-solid contact between layers, which will influence
electrochemical kinetics and the stability of the batteries. The
stability of GPE112 towards the Li anodes was investigated by
assembling Li/GPE112/Li symmetrical batteries, and the galva-
nostatic cycling was further carried out with a capacity of
0.1 mA h em™ at a current density of 0.1 mA cm™2. An Li/Li
symmetric cell shows a stable voltage profile for 1300 h (650
cycles) (Fig. 4a), and the initial overpotential is only about
100 mV. The stable performance of GPE112 indicates its com-
patibility towards lithium metal.

To demonstrate the potential application of the GPE in
FLBs, LFP/GPE112/Li, LCO/GPE112/Li, and NCM811/GPE112/
Li coin-cell batteries were assembled and their electrochemical
performances were investigated. The voltage range and
cyclability performance of the above batteries are summarized
in Table S4.f As shown in Fig. 4b, LCO/GPE112/Li exhibited
excellent rate performance compared to LFP/GPE112/Li and
NCM/GPE112/Li. It is observed that GPE112 exhibits good
compatibility with NCM and LCO batteries, demonstrating its
potential applications at high voltages. Their stability perform-
ance was evaluated at 0.2 C and 0.5 C for 100 cycles. As shown

Perfect connection
between GPE112
and CAL surfaces

Fig. 2 SEM cross-sectional images of (a) the CAL-GPE112 sample (the perfect connection between GPE112 and CAL surfaces), and (b) the CAL-PP

sample (showing crack growth between the PP and CAL surfaces).
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in Fig. 4c and d, the NCM/GPE112/Li cell displays the greater 3.4 Flexible batteries
stability. Comparatively, the LCO/GPE112/Li cell demonstrates
favorable performance when evaluating results of both the rate In the following step, pouch cells were assembled with LFP and
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was rolled around the cathode and hot-pressed at 150 °C under
0.5 bar pressure to enhance the adhesion force. Fig. 5a presents
the rate capacity of the pouch cells with the LFP and LCO cath-
odes. These data offer insights into the performance of the flex-
ible battery. Furthermore, the flexibility of the pouch cell was
assessed by subjecting it to bending, folding, twisting, and
returning it to its original shape, as depicted in Fig. 5b. It
remained functional in all circumstances, and there were no
failures. Lastly, in order to evaluate the safety of the pouch cell,
it was subjected to a nail penetration test (Fig. 5¢). Then it was
cut using scissors, revealing that no combustion occurred due
to the absence of liquid electrolyte within the battery (Fig. 5d).
In addition, one of the most critical parameters for ensuring
safety in flexible battery systems is preventing high-temperature
events and combustion accidents. Therefore, the polymer elec-
trolyte must possess inherent safety characteristics, minimizing
the risk of high flammability to reduce potential hazards during
application. As previously mentioned, the GPE112 film exhibits
low content of DMF solvent (approximately 20 wt%) within its
gel structure, as determined by TGA. To assess its direct com-
bustion behaviour, a burn test was conducted on the GPE112
sample. As shown in Fig. 5e, the burning process initiates
wrinkling of the polymer but the test proceeds smoothly
without significant flammability (as demonstrated in Video
S1t). This observation indicates that GPE112 exhibits a desir-
able safety profile, minimizing the risk of uncontrolled combus-
tion and enhancing overall system safety.
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Consequently, it can be concluded that the designed pouch
cell is completely secure and does not pose any danger to
users in the event of its rupture or the development of a hole.

4. Finite element modeling and
simulation

As described above, the buffer polymer electrolyte can poten-
tially help to decrease the stress between layers and prevent
cracks under bending deformation. To exactly evaluate the
effect of the GPE in flexible batteries, experimental and simu-
lation studies were conducted.* Commonly, six loading con-
ditions for pouch cells have been reported in prior literature
and these are shown in Fig. S6.f As shown in Fig. S7,f the
mechanical properties of each component were first measured
using tensile and DMA tests, and the detailed data are pre-
sented in Table S5.1 Next, the pouch cell was modeled using
the finite element method (FEM). The quadratic quadrilateral
elements of type S8R were used to mesh the developed model.
As shown in Fig. 6a, the three-point bending test of the pouch
cell battery was simulated, where the exerted load was applied
to the middle part of the battery. The effective length and
width of the modeled battery were 80 mm and 20 mm, respect-
ively. The material and thickness of the different layers of the
pouch cell are presented in Table S6.}

a)

s, 522

(Avg: 75%)

+5.741e-07

Envelope (max abs)

b)

L e e e S

Fig. 6 (a) The finite element model of the simulated three-point bending
battery plate with a 0.020 mm GPE112 layer thickness, and (c) contour plot
foil, GPE112, aluminum foil and pouch, respectively; Fig. S8—-S10+).
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test of the composite battery,
of bending stress of each layer (composite shell includes: pouch, copper

(b) contour plot of bending stress for the
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Table 1 The induced bending force in different layers by different
thicknesses of GPE112 film

Bending Bending Bending
stress (MPa)  stress (MPa) stress (MPa)
Layer (thickness:  (thickness:  (thickness:
number Components 0.020 mm)  0.050 mm)  0.100 mm)
Layer 1 Pouch +13.61 +5.29 +2.88
Layer 2  Copper foil +17.08 +8.15 +5.07
Layer 3 GPE112 -0.10 -0.19 -0.21
Layer 4  Aluminum foil -9.74 —4.61 —2.67
Layer 5  Pouch -16.72 —6.40 -3.22

Using models of GPE112 with different thicknesses, their
FEM simulations in the three-point bending test of the pouch
cell battery (Fig. 6b) were conducted under a constant bending
load. The induced bending stress in various layers of the
battery by thickness variation is presented in Table 1. The posi-
tive signs in Table 1 indicate tensile stress, while the negative
signs indicate compressive stress. The incorporation of a
polymer electrolyte as an intermediary layer facilitates
smoother bending behavior in both the anode and the
cathode under applied bending stress. Simulation results,
using a GPE112 electrolyte with thicknesses of 20, 50, and
100 pm, reveal a reduction in peak tensile stress within the
critical path of the Cu anode layer. These stresses are 17.08
MPa, 8.15 MPa, and 5.07 MPa for the respective thicknesses.

Concurrently, the Al cathode experiences a decrease in com-
pressive stress along its critical path, measuring —9.74 MPa,
—4.61 MPa, and —2.67 MPa (Fig. S8-5107). By increasing the
thickness from 0.020 mm to 0.050 mm and 0.100 mm, the
bending stress was decreased by 53% and 73% in the alumi-
num layer, and 52% and 70% in the copper layer. The contour
plot of the battery plate with a 0.020 mm thickness of GPE112
is shown in Fig. 6¢c. Analysis of these findings indicates that
the anode component is subjected to higher bending stress
compared to the cathode. Therefore, it can be concluded
that in flexible batteries under bending conditions, anode
failure is more probable than cathode failure. It is important
to acknowledge that the simulation employed several simpli-
fying assumptions. Notably, while the model incorporates
four different components (anode, cathode, polymer electro-
lyte, and pouch), each with its own coefficient of friction, it
does not fully capture the complexities of interfacial inter-
actions. In reality, interlayer friction can significantly influ-
ence shear forces within the battery structure, potentially
increasing the risk of mechanical failure in the anode or
cathode. However, the inherent lubricating properties of
GPE112, stemming from its gel-like consistency, suggest
minimal interlayer friction, potentially approaching zero.
This assumption allows us to minimize the influence of
shear stress relative to bending stress within the model.
Therefore, while acknowledging the potential role of shear
stress, our analysis primarily focuses on the impact of
bending stress as the dominant mechanical factor influen-
cing failure in this scenario.

17962 | Nanoscale, 2024, 16,17954-17963

View Article Online

Nanoscale

5. Conclusion

In summary, this work presents a GPE112 film based on
PVDF-HFP with good electrochemical and mechanical pro-
perties, which can potentially solve the challenges faced in
FLBs. In terms of electrochemical properties, the prepared
GPE112 film exhibits high ion conductivity of approximately
2,12 x 107" S ecm™" and exceptional oxidation stability of
~4.6 V, demonstrating its potential compatibility with various
commercial cathodes, such as LFP, LCO, and NCM, which are
significantly favorable for improving the energy density of
FLBs. In terms of mechanical properties, the robust GPE112
film also exhibits high elongation at break of ~41%, which is
beneficial for preventing active layer cracking under mechani-
cal loading; also bending stress between the layers of pouch
cell batteries is alleviated by using the hot-pressing method.
Moreover, these characteristics offer advantages in terms of
safety and permissibility, even when subjected to nail-punch
and cut tests. These superior electrochemical and mechanical
properties ensure FLBs have a sustained power supply even in
deformation applications.
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