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An ultrathin and high-strength solid polymer electrolyte (PPLD) is
achieved by employing a polyethylene separator as the skeleton
and incorporating a quasi-ionic-liquid for rapid lithium ion trans-
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significant capacity decay is observed in the LiFePO,/PPLD/Li
battery even at —10 °C, indicating its promising potential for low-
temperature solid-state lithium batteries.

Solid polymer electrolytes have been commercialized due to their significant advantages, including excellent flexibility, low cost and easy production.
However, their low ion transport efficiency, poor mechanical properties and insufficient electrolyte/electrode interface stability make it difficult to fully realize

their high energy density and safety in solid-state lithium batteries. The thickness and mechanical properties of solid polymer electrolytes can be balanced

by integrating a porous polymer framework, while their lithium-ion transport capability and low-temperature performance can also be optimized through
specific additives. Herein, we propose a three-dimensional structure solid polymer electrolyte PPLD, where an ultrathin porous polyethylene separator serves

as the skeleton, and poly(vinylidene fluoride-co-hexafluoropropene) and the [Li(DMF);][TFSI] complex are embedded within the pores. The use of an ultra-

thin PE skeleton effectively reduces the thickness of PPLD while improving its mechanical properties. Furthermore, the incorporated [Li(DMF);][TFSI|
complex enables rapid lithium-ion migration and superior low-temperature performance. In addition, the evenly distributed poly(vinylidene fluoride-co-hexa-

fluoropropene) component facilitates the formation of a robust and stable solid electrolyte interphase film. Fundamentally, this synergistic design combining

structural and compositional optimization offers a promising strategy for the development of low-temperature solid-state lithium batteries.

Introduction

Under the advocacy of the green development concept, high-
performance energy storage devices, particularly lithium bat-
teries, are encountering numerous challenges, including the
need for higher energy density, extended cycle life, enhanced
safety and reduced costs.” Solid-state batteries are considered
to be some of the most promising next-generation energy
storage devices due to their potentially high energy density
and high safety. In solid-state batteries, the lithium metal can
serve as the anode and organic liquid electrolytes can be
replaced by solid electrolytes.*”® As a critical component of a
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solid-state lithium metal battery, the solid electrolyte plays a
decisive role in the overall electrochemical performance of the
energy storage device.””® However, the low ion transport
efficiency and inferior mechanical properties of the solid elec-
trolyte along with inadequate ion transport dynamics and
stability at the electrolyte/electrode interface make it difficult
to fully realize their advantages in solid-state lithium
batteries.”™® Although solid polymer electrolytes (SPEs) have
been preliminarily commercialized for use in electric
vehicles,""™* their poor low-temperature performance, weak
mechanical properties and over-thickness require further
improvement and optimization.">'®

To enhance the low-temperature performance of SPEs,
incorporating plasticizer fillers has been demonstrated to be
an effective approach.'”” Xu et al. proposed a homogeneous
~150 pm-thick PEO-based SPE with fast ion conduction at a
low temperature (0-25 °C) by the addition of succinonitrile."®
The assembled LiFePO,/Li cell retained a specific discharge
capacity of 118.6 mAh g~ " after 180 cycles at 0.1 C and 0 °C.
Li et al. prepared an N-dimethylacetamide-based composite
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polymer electrolyte using a 1,3,5-trioxane precursor via in situ
polymerization, enabling fast ion transport and stable cycling
at low temperatures.'® Both the cathode/electrolyte interphase
and dual-layered solid electrolyte interphase films can be effec-
tively stabilized by the designed composite polymer electrolyte;
thus, the Li/NCM811 pouch cell utilizing this electrolyte pre-
sented an initial capacity of 151 mAh g~ at 20 mA g~ and
—20 °C. However, the mechanical strength and thickness of
SPEs are difficult to improve due to the presence of plastici-
zers. Generally, superior mechanical properties of SPEs can be
achieved by introducing a strong supporting skeleton.?®*!
Zhang et al. prepared a cellulose nonwoven supported poly
(propylene carbonate)-based SPE with a thickness of about 75
+ 5 um and a tensile strength of about 25 MPa, which was
further applied in ambient temperature LiFe,,Mn,gPO,/Li
solid-state batteries, showing a capacity retention of up to 96%
at 20 °C after 100 cycles.>” Pazhaniswamy et al. synthesized a
hybrid poly(vinylidene fluoride) (PVDF)/LiTFSI/AI-LLZO (HPE)
solid polymer electrolyte using Al-LLZO ceramic nanofibers as
a skeleton via electrospinning processes for room-temperature
solid-state batteries.”®> The tensile strength and thickness of
the HPE solid electrolyte can reach up to 14.88 MPa and 7 pm,
respectively. The HPEIC-LFP/Li cell delivers a specific capacity
of 159 mAh g¢™! at 0.5 C after 120 cycles at 25 °C. These works
clearly demonstrate significantly enhanced low-temperature
performance or mechanical properties of SPEs by introducing
plasticizer fillers or supporting skeletons. However, achieving
both rapid ion conduction and strong mechanical properties
remains a challenge for high-performance SPEs. The balanced
overall performance of solid electrolytes in low-temperature
batteries influenced by various additives and supporting skel-
etons still needs to be further explored.

Herein, an ultrathin and high-strength solid polymer elec-
trolyte (PPLD) is achieved by employing a polyethylene (PE)
separator as the skeleton and a quasi-ionic liquid for rapid
lithium ion transport in the PVDF-based polymer. The PE
separator with high porosity (~44%), exceptional mechanical
strength and ultra-thin thickness (7 pm) not only endows the
PPLD solid electrolyte with superior mechanical properties but
also significantly reduces its thickness, thereby shortening the
Li" migration distance between the cathode and the anode.
Moreover, utilizing the strong complexation between dimethyl-
formamide (DMF) and Li', the formation of the [Li
(DMF),][TFSI] complex containing Li*---O=C-N coordination
structures with an appropriate molar ratio leads to high ion
conduction efficiency even at low temperatures. In addition,
the introduction of a PVDF-based polymer with a high dielec-
tric constant, excellent lithium compatibility and superior
electrochemical stability, uniformly embedded in the PE skel-
eton along with the [Li(DMF);][TFSI] complex, can effectively
guide the uniform distribution of Li" during the lithium
plating/stripping process and promote the uniform deposition
of Li*. As a result, the PPLD electrolyte demonstrates ionic con-
ductivities up to 1.04 x 107, 1.82 x 10~ and 9.5 x 107 °* Scem™
at 30, 0 and —10 °C, respectively. Meanwhile, the tensile stress
reaches 116.5 MPa with a strain elongation rate of 134.8%. The
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LiFePO,/PPLD/Li solid-state battery retained 94.7% of its
initial specific discharge capacity at 0.5 C over 700 cycles at
room temperature. Even at low temperatures of 0 °C and
—10 °C, no capacity decay is observed after each 100 cycles,
indicating a promising strategy for the design of low tempera-
ture solid-state lithium batteries.

Results and discussion

The PPLD solid polymer electrolyte is synthesized by a simple
infiltrating and filling method, as shown in Fig. 1la. N,N-
Dimethylformamide (DMF), poly(vinylidene fluoride-co-hexa-
fluoropropene) (PVDF-HFP), tetrahydrofuran (THF) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) are mixed
to form a transparent solution containing a quasi-ionic liquid
of [Li(DMF);][TFSI].** Then, the above solution was filled in a
7pm-thick PE separator to obtain the PPLD electrolyte after
removing the THF solvent. It is worth noting that the PPLD
electrolyte can be easily prepared in a variety of sizes, increas-
ing its practical application feasibility. Fig. 1b shows the SEM
image of the PPLD solid polymer electrolyte, exhibiting a
dense structure. The slightly wrinkled surface of the PPLD may
be due to solvent volatilization during filling and covering of
PE by PVDF-HFP and the [Li(DMF);][TFSI] complex, which
does not affect the compatibility and ion conduction at the
electrode/electrolyte interface. Additionally, the TGA curve of
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Fig. 1 (a) Schematic illustration of the ultrathin PPLD solid-state elec-
trolyte. (b) Top-view and (c) cross-section SEM images, (d) DSC and (e)
stress—strain curves of the PPLD solid-state electrolyte, respectively.
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the PPLD solid polymer electrolyte reveals that the DMF
content in the PPLD electrolyte is approximately 12.5 wt%
(Fig. S1, SI). Notably, the DMF cannot be completely removed
until the temperature reaches about 300 °C, which can be
attributed to the suppressed activity of DMF due to its inter-
actions with both LiTFSI and the PVDF-based polymer matrix.
The thickness of PPLD is determined to be about 12 pm by the
cross-section observation (Fig. 1c), which can significantly
shorten the lithium ion diffusion pathway and provide
sufficient lithium ion conductance. Besides, the DSC curve of
the PPLD confirms its glass transition temperature as low as
—69.4 °C, ensuring rapid transfer of Li ions in the SPE
(Fig. 1d). Moreover, the PPLD solid-state electrolyte possesses
high tensile stress up to 116.5 MPa with a strain elongation
rate of 134.8% (Fig. 1e), which can not only maintain its own
structure during the long-term charge-discharge cycling but
also effectively inhibit the growth of lithium dendrites, thus
avoiding short circuits in the battery.

The alternating current impedance of the stainless steel/
PPLD/stainless steel cell at increasing temperatures ranging
from —15 to 30 °C is illustrated in Fig. S2 (SI). The PPLD elec-
trolyte shows high ionic conductivities of up to 1.04 x 107%,
1.82 x 107> and 9.5 x 107° S em™" at 30, 0 and —10 °C, respect-
ively. In addition, when the temperature decreased to —15 °C,
the Nyquist plot of PPLD appeared as a semicircle and its ionic
conductivity dropped to 5.78 x 10~> S cm™'. Moreover, temp-
erature-dependent ionic conductivities of the PPLD solid-state
electrolyte also reveal an activation energy E, as low as 0.4 eV
(Fig. 2a), indicating the low transference barrier for lithium
ion transport in the PPLD-based cell. Fig. 2b demonstrates
that the oxidation stability of the PPLD solid-state electrolyte
can reach about 5.3 V due to the ion/dipole-dipole interaction
between PVDF-HFP and the [Li(DMF);][TFSI] complex,**?>
which will enhance the cycling stability of the assembled
battery. In addition, the Li transfer number of the PPLD elec-
trolyte tested by the direct current polarization process was as
high as 0.54 (Fig. 2c), which could reduce polarization and
inhibit side reactions.

The Li/PPLD/Li battery is assembled to explore the stability
of the PPLD solid-state electrolyte against the lithium metal.
The galvanostatic voltage profile of the Li/Li symmetric battery
at room temperature and step-increased current density is
shown in Fig. 2d, and the critical current density is deter-
mined to be 0.45 mA cm™2. In situ optical microscopy was
employed to vividly capture the real-time lithium deposition
behavior on the lithium anodes in the Li/liquid electrolyte
(LE)/Li cell and the Li/PPLD/Li cell at a current density of 1 mA
em™?, as shown in Fig. S3 (SI) and Fig. 2e, respectively.
Initially, the surface of the lithium anode in the Li/LE/Li cell
appeared smooth. However, upon lithium deposition for the
first 10 minutes, loose dendritic lithium deposits began to
form and gradually developed into larger dendritic structures
over time. The irregular and rapid growth of these lithium den-
drites significantly increases the risk of internal short-circuit-
ing in the battery. In contrast, the ultrathin PPLD electrolyte
maintains a nearly constant interfacial distance from the
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Fig. 2 (a) Temperature-dependent ionic conductivities of the PPLD
solid polymer electrolyte. (b) Linear sweep voltammetry curve of the
PPLD solid-state electrolyte. (c) Chronoamperometry of the Li/PPLD/Li
battery. Inset: the alternating current impedance spectra before and
after polarization. (d) Galvanostatic voltage profile of the Li/PPLD/Li
battery at step-increased current density. (e) Optical images of the
in situ Li deposition on the Li/PPLD/Li cell at a deposition current
density of 1 mA cm™2. (f) Li/Li symmetric battery with the PPLD solid
polymer electrolyte under 0.1 mA cm™2. The insets are voltage profiles
of the Li/PPLD/Li battery at 100" and 200" cycles, respectively.

lithium metal electrode throughout the entire deposition
process, while increased porosity is observed in the cross-
section of the lithium metal, indicating continuous lithium
deposition. Neither dendritic growth nor morphological
instability is evident at the interface or within the cross-
section of the lithium metal. This result confirmed that the
PPLD electrolyte can promote uniform lithium deposition and
effectively inhibit the growth of lithium dendrites. As shown in
Fig. 2f, the Li/PPLD/Li symmetric battery can stably cycle for
more than 500 h under 0.1 mA cm™> with a low polarization
overpotential of 0.12 V without internal short-circuiting. In
addition, the impedance evolution of the Li/PPLD/Li sym-
metric cell during different storage periods is shown in Fig. S4
(SI). The total resistance gradually increased from ~200 Q to
~350 Q over time and eventually stabilized after the fourth
day, further confirming the excellent interfacial stability
between the PPLD electrolyte and the lithium metal.

Fig. 3a shows the galvanostatic cycling performance of the
LFP/Li battery assembled with the PPLD electrolyte at room
temperature. The cell exhibits an initial specific discharge
capacity of 143 mAh g™' at 0.5 C and retains 94.7% of its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Cycling stability of the LFP/Li battery assembled with PPLD at

0.5 C at room temperature. (b) Rate performance and (c) voltage profile
of the LFP/PPLD/Li battery at different rates at room temperature. (d)
Cycling stability of the LFP/PPLD/Li battery at 0.1 C and 0 °C and —-10 °C,
respectively. (e) Capacity tests of the LFP/PPLD/Li battery at step-
decreased temperatures at a 0.1 C rate. (f) Voltage profile of the LFP/
PPLD/Li battery at 0.1C and different temperatures.

initial capacity over 700 cycles at room temperature. In
addition, the overpotential is almost constant during the 700
cycles (Fig. S5, SI), which is attributed to the excellent electro-
chemical stability and high ionic conductivity of the PPLD
electrolyte. For SPE-based solid-state batteries operating at
room temperature, the PPLD electrolyte possesses an ultra-low
thickness while maintaining excellent battery performance
compared to the reported electrolytes (Fig. S6, SI). In addition,
as shown in Fig. 3b and c, the specific discharge capacities are
162.1, 155.6, 140, 121 and 93.9 mAh g™* at 0.1, 0.2, 0.5, 1 and
2 C, respectively. Moreover, when the current density returns
to 0.1 C, the specific discharge capacity of the assembled
battery can fully recover to approximately 100% of its initial
capacity. Excellent reversibility of the PPLD-based cell further
highlights the excellent electrochemical stability of the PPLD
electrolyte, which can be attributed to the high Li transference
number and good ionic transport capability.

Based on the relatively high ionic conductivities and low
activation energy of the PPLD electrolyte, the electrochemical
performance of the PPLD electrolyte-based LFP/Li solid-state
battery is further evaluated at lower temperatures. The long-
term cycling performance of the LFP/PPLD/Li battery at 0 °C is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated in Fig. 3d, exhibiting an impressive specific dis-
charge capacity of about 128.5 mAh g™" after 100 cycles at a
0.1 C rate. Moreover, when the temperature drops to —10 °C,
the battery still maintains a specific discharge capacity of
78.8 mAh g~' without obvious capacity decay after the sub-
sequent 100 cycles. The LFP/PPLD/Li cell tested at different
temperatures (0, —5, —10 and —15 °C) is presented in Fig. 3e
and f. Although the specific capacity of the PPLD-based battery
drops at lower temperatures due to the increased grain bound-
ary impedance of the PPLD electrolyte (Fig. S2, SI), the battery
can still work even if the testing temperature is set as low as
—15 °C due to the short ion migration path and low ion trans-
ference barrier. The cycling and rate performances of the
reported low-temperature LFP/Li batteries are compared in
Table S1 (SI), demonstrating that the ultrathin PPLD electrolyte
based battery possesses competitiveness in long-term cycling
stability and rate performance at low working temperatures.

In addition, the XPS characterization of the cycled lithium
metal is employed to reveal the composition of the solid elec-
trolyte interphase film (Fig. 4a). After 100 s of Ar ion sputter-
ing, the C 1s peaks at about 284.8, 286.4 and 290.8 eV corres-
pond to C-C/C-H, C-O and O-C=0, respectively. Besides, the
major component LiF after the decomposition of PVDF-HFP
chains is observed at about 685 eV in the F 1s spectra.
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Fig. 4 (a) C 1s, F 1s, N 1s and O 1s XPS spectra of the cycled lithium
surface in the LFP/PPLD/Li battery after 100 s Ar sputtering. (b) Cross-
section SEM image of the LFP/PPLD/Li battery after each 100 cycles at
0 °C and -10 °C, and the inset is the digital image of the cycled lithium
metal surface. (c) Digital image of the flexible LFP/PPLD/Li pouch cell
lighting an LED in a repeated folding state.
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Moreover, the peaks at about 398.5 eV in the N 1s spectra can
be assigned to Li-N after sputtering, which is caused by the
decomposition of DMF and TFSI". In addition, there are also
many inorganic components such as LiOH/Li,CO; and traces
of organic components like poly(CO;) in the O 1s spectra.
Clearly, the LFP/PPLD/Li interface layer mainly consists of
abundant LiF/Li-N inorganic species and significant amounts
of poly(CO3) polymeric species, which can stabilize the PPLD|
Li interface and promote uniform Li stripping/depositing.*®

In order to understand the morphological changes of the
PPLD electrolyte after long-term cycling at low temperatures,
the LFP/PPLD/Li cell cycled at 0 °C and —10 °C is disassembled
after 200 cycles. As shown in Fig. 4b, the PPLD electrolyte not
only remains intact without decomposition but also preserves
its original structure without deformation after 200 cycles at
low temperatures, which is inseparable from the synergistic
effect of the introduced PE skeleton and the PVDF-HFP
polymer matrix. It is also clear that the cycled lithium metal
surface still maintains a metallic luster and complete structure,
as shown in the inset digital image in Fig. 4b, implying the
good compatibility of the PPLD solid-state electrolyte with the
lithium metal anode. In addition, the PPLD electrolyte shows
excellent flexibility (Fig. S7, SI), and an LED light powered
using the flexible LFP/PPLD/Li cell under repeated folding is
shown in Fig. 4c. The illumination of the LED remains
unaffected by the folded state of the battery, demonstrating the
flexibility and reliability of the LFP/PPLD/Li solid-state battery.

Conclusions

In summary, a 12 pm-thick high-strength flexible PPLD solid
polymer electrolyte with fast lithium ion conduction at low
temperatures is successfully prepared by incorporating a PE
separator as the supporting skeleton and a quasi-ionic liquid
[Li(DMF);][TFSI] as the lithium ion conduction medium. Due
to the ion/dipole-dipole interaction between PVDF-HFP and
the [Li(DMF);][TFSI] complex, the obtained PPLD solid-state
electrolyte exhibits an ultrahigh ionic conductivity of 1.04 x
107* S em™" at 30 °C, excellent oxidation stability and a high
lithium transfer number of 0.54. Moreover, the Li/LFP solid-
state battery demonstrates stable cycling performance at low
temperatures of 0 °C and —10 °C without capacity decay after
each 100 cycles, which is inseparable from the dense structure,
high mechanical strength, and stable SEI with the lithium
metal of the composite PPLD electrolyte, showing great poten-
tial of the PPLD solid polymer electrolyte for practical appli-
cations in low temperature solid-state lithium batteries.

Experimental section

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%,
Sigma-Aldrich) was mixed with DMF (Aladdin) to prepare
LiTFSI/DMF solvates at a molar ratio of 3: 1. Then, PVDF-HFP
(Sigma-Aldrich, M,, = 400 000) and LiTFSI/DMF solvates were
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dissolved in THF (Aladdin) at 50 °C with a mass ratio of
PVDF-HFP to DMF/LIiTFSI of 3:7. After that, a 7 pm-thick PE
separator (SK ENERGY Co., Ltd) was infiltrated with the above
solution. Finally, the separator was dried at 40 °C for 24 h to
volatilize the residual THF solvent and obtain the resultant
electrolyte membrane, abbreviated as PPLD. All experimental
procedures above were conducted in an argon-filled glovebox.

The microstructure of the PPLD electrolyte was observed with
a Hitachi-S-4800 scanning electron microscope (SEM). The PPLD
electrolyte was tested by differential scanning calorimetry using
a NETZSCH DSC214 in the range of —100-150 °C, with a heating
rate of 10 °C min~" under an N, atmosphere. The stress-strain
properties of the PPLD electrolyte were characterized using an
Instron-3365 instrument. X-ray photoelectron spectroscopy (XPS)
was carried out using a PHI5700ESCA instrument.

Electrochemical measurements of the PPLD electrolyte were
characterized using the Solartron 1470E multi-channel poten-
tiostat electrochemical workstation. Temperature-dependent
ionic conductivities of the PPLD solid polymer electrolyte were
measured using the stainless steel (SUS)/SUS cell with a fre-
quency range of 10°-10 Hz and calculated based on the
equation ¢ = L/(S-R), in which L is the thickness and R is
the bulk resistance of PPLD, respectively, and S presents the
effective contacting area between PPLD and SUS. The
Arrhenius equation o(T) = A exp(—E,/RT) was used to calculate
the value of E,, in which o, T and A are the ionic conductivity
of the electrolyte, the absolute temperature and a pre-exponen-
tial factor, respectively. The oxidation stability of the PPLD
solid-state electrolyte was recorded using the linear sweep vol-
tammetry (LSV) curves of the SUS/PPLD/Li cell; the sweeping
voltage range and constant rate were 3-6 V and 1 mV s ',
respectively. The Li* transfer number (¢;:) of PPLD was tested
with a Li/Li symmetric battery by a chronoamperometry test at
room temperature, and the applied voltage was 10 mV. t;- was
calculated using the equation tp; = I (AV — IGRy)/Io(AV —
IisRss), where AV (V) is the applied voltage, I, and I are the
initial and steady-state currents, and R, and Ry, represent the
initial and steady-state resistances of the PPLD electrolyte. In
addition, the stability against lithium of the PPLD electrolyte
was determined by testing the long cycling performance of Li/
Li symmetric batteries at different current densities on a LAND
CT-2001A instrument. In situ optical microscopy using the
YUESCOPE-TD650-RT was employed to capture the real-time
lithium deposition behavior on a Li//Li cell assembled with
liquid electrolytes (LE, 1 mol L™" LiPF, dissolved in a mixture
of dimethyl carbonate, ethylene carbonate, and ethyl methyl
carbonate at a volume ratio of 1:1:1) and the PPLD solid elec-
trolyte at a current density of 1 mA cm 2.

The LiFePO, cathode slurry was prepared by mixing
LiFePO,, PEO/LiClO,, and super P at a mass ratio of 80:10: 10
in anhydrous acetonitrile. The above slurry was cast onto Al
foil and dried at 80 °C overnight under vacuum. The mass
loading of LiFePO, was ~1.5 mg cm 2, and the current rate
was set as 1 C = 170 mA g™ *. In addition, the thickness of the
Li metal (China Energy Lithium Co., Ltd) was about 100 pm.
The galvanostatic cycling measurements of the LFP/PPLD/Li

© 2025 The Author(s). Published by the Royal Society of Chemistry
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battery were performed on a LAND CT-2001A battery test
system within a voltage range of 2.8-3.8 V and at different
temperatures, i.e. room temperature, 0, —5, —10 and —15 °C.
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