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a b s t r a c t 

Solid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs) show great promise for the realization of 
commercial, high performance Li-metal batteries (LMBs). However, the interfacial and high-temperature instabil- 
ity of GPEs, and the low room-temperature ionic conductivity of SPEs still limit their practical implementation. 
This article presents a solid-like dual-salt polymer electrolyte (DSPE), consisting of coordinated solvents and ther- 
mally stable Li-salts within a temperature-resistant polymer matrix, as a promising new strategy for addressing 
these issues. The developed DSPE demonstrates high ionic conductivity of 0.16, 0.73, and 1.93 mS cm 

− 1 at − 20, 
20, and 100 °C, respectively. Li|DSPE|LiFePO 4 batteries using this DSPE deliver an initial discharge capacity of 
151 mAh g − 1 at 0.5C, a rate performance of 123 mAh g − 1 at 3C, and excellent long-term stability with a retained 
capacity of 143 mAh g − 1 after 500 cycles at 0.5C and 23 °C. Further, the battery shows stable cycling between 
− 10 °C and 80 °C. This impressive electrochemical performance is ascribed to the high Li + conductivity of the 
membrane, the stabilization of the Al current collector, and the formation of a robust, LiF-rich solid-electrolyte 
interphase containing conductive Li-B-O-based species. 
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. Introduction 

Li-metal batteries (LMBs) have received considerable attention be-
ause the Li-metal anode (LMA) possesses a high theoretical capacity
f 3860 mAh g − 1 , a low redox potential of − 3.04 V vs. the standard
ydrogen electrode, and a small gravimetric density of 0.534 g cm 

− 3 

1–3] . However, LMAs are still not widely used due to their high re-
ctivity with commercial liquid electrolytes, and large volume changes
uring charge/discharge [ 4 , 5 ]. The gradual consumption of the com-
ercial liquid electrolytes inevitably leads to low Coulombic efficiency

CE) and fast capacity decay [6] . Furthermore, the uncontrolled growth
f Li dendrites in the commercial liquid electrolytes can penetrate sep-
rators, leading to short circuit and fire hazards [7–10] . These critical
ssues are more severe below 0 °C and above 60 °C. Nevertheless, batter-
es with a wide operating temperature range are needed for many critical
pplications including electric vehicles and grid-scale energy storage in
xtreme climates [9] . However, wide-temperature LMBs are rarely re-
orted in the literature due to reduced low-temperature Li + conductiv-
ty, and safety concerns due to thermal instability of conventional liquid
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lectrolytes and rapid side reactions between electrode and electrolyte
t high temperature [ 9 , 11 ]. 

Strategies to improve the stability and safety of LMBs include the
rotection of LMA [12–14] , the modification of interfaces [15–17] , and
lectrolyte optimization [18–22] . Polymer-based electrolytes such as
olid polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs)
re particularly promising for resolving safety issues caused by leakage
f liquid electrolytes [23–29] . In addition, polymer-based electrolytes
emonstrate good mechanical performance, and show promise for mass
roduction due to their low material and production cost and easy pro-
essability [ 23 , 25–27 , 30 ]. SPEs generally possess lower Li + conductivity
han GPEs, with room temperature ionic conductivity of SPEs in the
0 − 2 –10 − 3 mS cm 

− 1 range [ 31 , 32 ]. In contrast, GPEs’ ionic conduc-
ivity can reach 1 mS cm 

− 1 at room temperature through the incor-
oration of liquid plasticizers [25] . However, these additives sacrifice
PEs’ mechanical strength, thermal stability, and safety [23] . An ideal,
MA-compatible polymer electrolyte with a wide operating temperature
ange would combine the high ionic conductivity of GPEs with the high
echanical strength and thermal stability of SPEs. 
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Li salts play a crucial role in determining the capacity and stability of
olymer electrolytes [33–35] . Lithium hexafluoride phosphate (LiPF 6 )
s widely used in commercial applications due to its balance of con-
uctivity and chemical stability [34] . However, its poor thermal stabil-
ty often leads to a short battery life span and reduced stability above
0 °C [36] . To increase battery operating temperature range, Li salts
ith high thermal and chemical stability, such as lithium borates (e.g.

ithium bis(oxalato)borate (LiBOB)) and lithium imides (e.g. lithium
is(trifluoromethanesulfonyl)imide (LiTFSI)) have been proposed [33] .
owever, LiTFSI induces the corrosion of the Al current collector, thus

educing the cycle life [37] , and LiBOB has a relatively low ionic conduc-
ivity in conventional carbonate solvents [38] . Recently, dual-salt elec-
rolytes have been widely employed in liquid electrolytes to increase the
onductivity, stabilize the electrode/electrolyte interface, and enhance
attery cycle life [ 33 , 39–41 ]. For example, Xiang et al. demonstrated
hat a 1.0 M dual-salt LiTFSI-LiBOB in ethylene carbonate (EC) and ethyl
ethyl carbonate (EMC) forms a stable solid electrolyte interphase (SEI)

ayer, which effectively protects the Al current collector from corrosion
42] . However, this dual-salt electrolyte is formulated with a high vol-
me of organic solvents, which inevitably causes safety problems, es-
ecially in the case of overheating or accidents. A highly concentrated
lectrolytes (e.g. 4.0 M) was reported to stabilize the solvent and anode
y generating a high-quality SEI layer on LMA [18] . However, increas-
ng the salt concentration adds to the costs. Little work has been reported
n dual-salt electrolytes within a temperature-resistant polymer matrix.
his combination is of particular interest as interactions between Li salts,
olvents and the polymer matrix may further enhance ionic conductivity
 43 , 44 ]. 

This article proposes a dual-salt polymer electrolyte (DSPE) that can
nhance LMB capacity, improve cycling stability, and increase the op-
rating temperature range over conventional liquid electrolytes, while
itigating safety challenges. In addition, this DSPE has potential for

calable production. The reported DSPE demonstrates high conductiv-
ty of 0.16, 0.73, and 1.93 mS cm 

− 1 at − 20, 20, and 100 °C. Further-
ore, the Li/LiFePO 4 batteries assembled with this DSPE exhibit high
ischarge capacities, excellent rate capabilities, and cycling stability at
emperatures up to 80 °C and down to − 10 °C. 

. Experimental section 

.1. Preparation of polymer electrolytes 

The free-standing DSPE membrane was prepared by film casting.
irst, 0.172 g of LiTFSI (99%, Sigma-Aldrich) and 0.078 g of LiBOB
98%, Dkmchem) were stirred into a mixture of 0.49 mL of propylene
arbonate (PC, 99%, Dkmchem), 0.49 mL of EC (99%, Alfa Aesar), and
.02 mL of fluoroethylene carbonate (FEC, 98%, Alfa Aesar), to obtain
 1.0 M dual-salt solution. The weight ratio of LiTFSI and LiBOB was de-
ermined after considering the ionic conductivity and stability of DSPE
gainst the Al current collector, as well as the previous results in litera-
ure [ 40 , 45 ]. 0.45 g of polyvinylidene fluoride (PVDF, Kynar HSV900,
rkema) and 4.0 mL of N , N-dimethylformamide (DMF, 99.9%, Prolabo)
ere then added to the 1.0 M solution, and magnetically stirred at 80 °C

or 10 h to form a viscous solution. Finally, the resulting solution was
ast onto a glass dish and dried at 100 °C for 2 h in a vacuum oven
o obtain a free-standing membrane of DSPE. For comparison, 1.0 M
iTFSI and 1.0 M LiBOB solutions were also prepared respectively to ob-
ain free-standing membranes of LiTFSI polymer electrolyte (LiTFSI-PE),
nd LiBOB polymer electrolyte (LiBOB-PE). These polymer electrolytes
ere stored in a glovebox (Super 1220/750, Mikrouna) under ultrapure
r (99.999%, Air Products). 

.2. Cathode preparation 

The cathode slurry was prepared by mixing LiFePO 4 (LFP, Aleees),
onductive carbon black (TIMICAL SUPER C65, MTI), and PVDF with
610 
 weight ratio of 8:1:1 in a N-methyl-2-pyrrolidone (NMP, 99.9%, MTI)
olvent. After magnetic stirring on a hot plate for 12 h, the slurry was
ast onto an Al foil using a doctor blade and dried at 90 °C for 8 h.
inally, the cathode (mass loading 2~3 mg cm 

− 2 ) was punched into
isks with a diameter of 12 mm. 

.3. Physical characterizations 

Morphology and elemental compositions were measured using scan-
ing electron microscope (SEM, JEOL-6700F and JEOL-7100F) and
nergy-dispersive X-ray spectroscopy (EDX, JEOL-6700F and JEOL-
100F). Uniaxial tensile testing was performed using a UTM-I2 universal
esting machine following the ASTM D412 standard with a crosshead
peed of 10 mm min − 1 . Thermogravimetric analysis (TGA) was car-
ied out using a SA Q5000 (TA Instrument) from room temperature to
50 °C under flowing N 2 . X-ray diffraction (XRD) was conducted us-
ng a PANalytical Empyrean Pro-diffractometer with Cu K 𝛼 radiation
 𝜆 = 1.5406 Å) in the 2 𝜃 range from 10 to 90°. Fourier-transform in-
rared (FTIR) spectra were recorded with a Bruker Vertex 70 FTIR spec-
rometer. Raman spectra were obtained from a confocal Raman micro-
cope (InVia, Renishaw) with a laser wavelength of 514 nm. X-ray pho-
oelectron spectra (XPS) were collected using a PHI5600 X-ray photo-
lectron spectrometer. Time-of-flight secondary ion mass spectrometry
TOF-SIMS) was carried out with TOFSIMS V (ION-TOF GmbH), and the
btained data were analyzed by SurfaceLab 7 Software Package. The
i-metal electrodes from the disassembled cells were first cleaned with
imethyl carbonate (DMC, AR, Dkmchem) three times and then stored
n the glovebox before the SEM and XPS measurements. 

.4. Electrochemical characterizations 

A Bio-Logic VSP300 electrochemical workstation was employed for
ecording electrochemical impedance spectra (EIS). EIS were recorded
ver a frequency range from 7 MHz to 1 Hz with a 10 mV AC signal. To
easure Li + conductivity, electrolyte membranes were sandwiched be-

ween stainless steel (SS) disks in a SS|polymer electrolyte|SS (CR2032)
onfiguration. The ionic conductivity, 𝜎, was calculated using the equa-
ion, σ = 𝑙∕ 𝑅𝐴 , where l is the thickness of the electrolyte membrane, R
s the resistance measured by EIS, and A is the contact area between
he electrolyte membrane and SS. The conductivity can be fitted to the
ogel-Tamman-Fulcher (VTF) equation [46] : 

= 𝜎0 × T −0 . 5 exp 

( 

− 

E 𝑎 (
T − T 0 

)
k 𝐵 

) 

(1) 

here 𝜎0 is the pre-exponential factor, k 𝐵 is the Boltzmann constant, T 0 
s the reference temperature, and E a is the pseudo-activation energy. 

Symmetric Li/Li cells were analyzed by chronoamperometry and EIS
o estimate the Li + transference number , t L i + . t L i + was computed using:

 L i + = 

I 𝑠𝑠 
(
Δ𝑉 − I 0 R 0 

)
I 0 
(
Δ𝑉 − I 𝑠𝑠 R 𝑠𝑠 

) (2) 

here I 0 and I 𝑠𝑠 are the initial and steady-state currents from chronoam-
erometry measurements, with an applied DC potential difference ( Δ𝑉 )
f 10 mV, and R 0 and R 𝑠𝑠 are the initial and steady state resistances from
IS. 

To evaluate the electrochemical stability of the electrolyte mem-
ranes, cyclic voltammetry (CV) was used in the Li|DSPE|SS cell at a
weeping rate of 5 mV s − 1 . To evaluate the stability of Al, linear sweep
oltammetry (LSV) was carried out for Li|LiTFSI-PE|Al and Li|DSPE|Al
ells from 3.0 to 5.0 V at a scan rate of 0.1 mV s − 1 . Both CV and LSV
ere controlled by a Bio-Logic VSP300 electrochemical workstation.
i/Li symmetric cells were assembled for evaluating the Li stripping
nd plating stability using a battery testing system (CT2001A, LANHE).
alvanostatic charge-discharge curves of Li/LFP batteries were mea-

ured within the voltage range from 2.5 to 4.2 V vs. Li/Li + using the
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ame battery testing system (CT2001A, LANHE). All the temperature-
ependent electrochemical measurements were conducted in an isolated
hamber (SU-242-5, ESPEC North America). All preparation procedures
ere performed inside the glovebox (Mikrouna, [O 2 ] < 0.1 ppm, [H 2 O]
 0.1 ppm) filled with ultrapure Ar ( ≥ 99.999%, Air products). 

.5. Computation 

Ab initio molecular dynamic (MD) simulations were carried out with
he CP2K package [ 47 , 48 ] with an energy cutoff of 500 Ry for the
uxiliary plane-wave basis set expansion and 60 Ry for the relative
nergy cutoff. For each element, the valence electrons were modeled
ith the atom-centered Gaussian double-zeta basis set augmented with
 set of d -type or p -type polarization functions (DZVP-MOLOPT-SR-
TH). The core electrons were approximated by the norm-conserving
oedecker-Teter-Hutter (GTH) pseudopotentials [ 49 , 50 ]. The Perdew-
urke-Ernzerhof functional was used for the exchange correlations [51] .
or the self-consistent field (SCF) calculations, the orbital transforma-
ion (OT) with direct inversion of the iterative subspace (DIIS) energy
inimizer was used until the energy converged into 10 − 6 atomic unit

52] . The MD simulations were performed under the isothermal-isobaric
NPT)-isotropic ensemble using a canonical sampling velocity rescaling
CSVR) with a 10 fs time constant [53] . The external pressure was set to
 bar with a barostat time constant of 50 fs. The nuclei trajectories were
omputed with a time step of 0.5 fs. The MD simulations were carried
ut at 300 K with a temperature tolerance of 100 K for a total of 5000
teps (2.5 ps). After that, 10 structures with the lowest potential energies
n the last 1000 steps were selected for the geometric optimization. The
nitial structures of Li + with different solvent molecules for the MD sim-
lations were generated with the packmol package [54] to create cubic
oxes with 3D periodic boundary conditions and initial density of 1 g
m 

− 3 . Molar ratios of EC:PC:Li + = 7:6:1, 15:0:1, and 0:12:1 were used
o simulate the 1 M Li salt in solvent with EC:PC = 0.49 mL:0.49 mL,
.98 mL:0.0 mL, and 0.0 mL:0.98 mL, respectively. As each system con-
ained only one Li + , the total charge and spin multiplicity were set to 1.
he initial side length of the computational boxes for the system of EC,
C, and EC + PC mixture were taken to be 13.0 Å 12.7 Å and 12.7 Å,
espectively. 

Following MD simulation, a two-step geometric optimization was
erformed. First, the 10 structures selected from the above MD simu-
ations for each system were optimized with the Vienna ab initio sim-
lation package (VASP) [ 55 , 56 ] with a plane-wave basis set defined
y a kinetic energy cut-off of 400 eV. Second, the structure with the
inimum energy for each system was regarded as the initial config-
ration for further optimization in Gaussian 09 D.01 with the B3LYP
unctional [ 57 , 58 ]. VASP geometric optimization utilized the projector
ugmented wave (PAW) [59] pseudopotentials with valence-electron
onfigurations of 1 s 1 , 1 s 2 2 s 1 , 2 s 2 2 p 2 , and 2 s 2 2 p 4 for H, Li, C, and O,
espectively. The electron exchange-correlation was described using the
erdew-Burk-Ernzerhof (PBE) functional [51] . To simulate the system
ith one Li + , one electron was removed from each system to make the

ystem charging 1 |𝑒 |. Both the lattice parameters and the ionic positions
ere allowed to relax until the total energy converged to 10 − 5 eV. For

he calculations in Gaussian, the 6–31 ++ G(d, p) basis set was used for
i, C, O, and H atoms. To maintain consistency with the MD simulations,
he total charge was set to 1 |𝑒 | and the spin multiplicity was also set to
. To simplify the computations, only the solvent molecules that coordi-
ate with the Li + in a cut-off of 2.6 Å were modeled in the second step
eometric optimization. For EC or PC solvent, the Li + was coordinated
ith 4 O atoms either from EC or PC. For the mixed EC and PC solvent,

he Li + was coordinated with 4 O atoms from EC and 1 O atom from PC.
herefore, systems with a molar ratio of EC:PC:Li + = 4:0:1, 0:4:1, and
:1:1 were chosen to simulate the Li + in EC, PC, and the mixed EC and PC
olvents, respectively. After the geometric optimization in Gaussian, the
oordination environment for Li + with EC and PC remains unchanged,
hereas the Li + coordinates with 3 O atoms from EC and 1 O atom from
611 
C for the mixed solvent. All the optimized structures were confirmed
s stable with no imaginary vibrational frequencies. The Brillouin zone
as sampled only with Γ point for all the calculations. 

The interaction between the Li + and solvent molecules was calcu-
ated by the binding energy as Δ𝐸 𝑏 = 𝐸 complex − 𝐸 solvent − 𝐸 L i + , where
he 𝐸 complex is the energy of the solvent molecules and a single Li + 

ystem, 𝐸 solvent is the energy of the solvent molecules optimized at
he same level, and 𝐸 L i + is the energy of one Li atom with a charge
f 1. Zero-point energy (ZPE) corrections were also included in the
𝐸 𝑏 . Similarly, the enthalpy and free energy of solvation ( Δ𝐻 𝑠𝑜𝑙 and
𝐺 𝑠𝑜𝑙 ) at 298.15 K were also calculated following the same procedure,
𝐻 𝑠𝑜𝑙 = 𝐻 complex − 𝐻 solvent − 𝐸 L i + , and Δ𝐺 𝑠𝑜𝑙 = 𝐺 complex − 𝐺 solvent − 𝐸 L i + 

60] . 
All density functional theory (DFT) calculations were performed with

aussian 09. The 6–31 ++ G (d,p) basic set together with a hybrid B3LYP
unctional [57] were employed in all the computations. First, the struc-
ures of all molecules were optimized, and the structures were then used
o calculate the energy of the molecular orbitals. 

. Results and discussion 

.1. Physical and chemical properties 

This DSPE combines the advantages of SPEs and GPEs; its relative
erformance in comparison to general GPEs and SPEs is schematically
llustrated in Fig. 1 a. The DSPE membrane was prepared by solution
asting followed by solvent evaporation, as shown in Fig. 1 b. In addi-
ion to introducing dual salts in PVDF, commonly applied organic liquid
olvents with high dielectric constant such as cyclic EC and PC were in-
luded to increase the DSPE membrane’s ionic conductivity [61] . PC
as adopted due to its low cost, and high-boiling and low-freezing tem-
eratures [62] . FEC was added since it can enhance film formation and
ffectively suppress side reactions by generating a LiF-rich protective
ayer, thereby improving the electrochemical stability [ 24 , 63 ]. Details
egarding the preparation method can be found in the experimental
ection. The as-produced DSPE has an interconnected microstructure
 Fig. 1 c) with a thickness of 100 𝜇m ( Fig. 1 d) and is flexible and bend-
ble ( Fig. 1 e). EDX analysis of DSPE (Fig. S1) suggests a uniform distri-
ution of PVDF, LiTFSI, and LiBOB. In addition, the DSPE membrane ex-
ibits a tensile strength of 12.4 MPa and Young’s modulus of 23.3 MPa,
 value significantly higher than that of GPEs (Fig. S2) [25] . Moreover,
he DSPE membrane shows a strain to failure of ~261.8% ( Fig. 1 f). 

TGA was used to characterize the DSPE’s thermal stability. As shown
n Fig. 1 g, the membrane shows no weight loss up to 90 °C and < 20 wt.%
oss up to 290 °C. This weight loss is less than SPE with plastic crystal
lutaronitrile (35 wt.% at 200 °C) [64] . Furthermore, the low weight
oss demonstrates that the DSPE’s liquid content is significantly lower
han that of the reported PVDF-based GPEs (~50 wt.%) [44] , and there-
ore it suggests a significant liquid loss during drying. However, a lim-
ted amount of residual DMF, EC, and PC is likely present in the DSPE
embrane after drying at 100 °C for 2 h in a vacuum oven. Raman spec-

ra show a shift from 658 to 673 cm 

− 1 , suggesting that residual DMF is
rapped within the DSPE membrane and forms [Li(DMF) x ] + , which may
e beneficial for the cell performance [44] . Peaks corresponding to free
C and PC are not observed in the Raman spectra (Fig. S3), indicative of
ound solvents in the DSPE membrane. Weight loss in the 290–350 °C
ange corresponds to the decomposition of LiBOB and LiTFSI [35] . TGA
esults also demonstrate a low weight percentage of Li salts (27.7 wt.%)
elative to a highly concentrated dual-salt electrolyte (52.3 wt.%) [18] .
ow content of Li salts may contribute to reducing costs. We schemati-
ally illustrate the weight percentage of each component in Fig. S4 and
ist the key parameters in Table S1. In sharp contrast, a commercial liq-
id electrolyte containing 1.0 M LiPF 6 in EC/DMC/EMC is unstable at
 slightly elevated temperature, e.g., a weight loss of ~40% can be ob-
erved when the temperature increases from 23 °C to 58 °C (Fig. S5). In
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Fig. 1. (a) Radar maps of the strengths of 
the DSPE membrane in comparison to SPEs 
and GPEs. (b) A schematic diagram of the 
preparation of the DSPE membrane. (c) Top- 
view and (d) cross-sectional SEM images of the 
DSPE membrane. (e) Optical photos of the free- 
standing, flexible and bendable DSPE mem- 
brane. (f) Stress-strain and (g) TG curves of the 
DSPE membrane. 

Fig. 2. (a) Temperature-dependent conductiv- 
ity of the DSPE membrane. (b) XRD patterns 
and (c) FTIR spectra of DSPE and PVDF. Opti- 
mized structures for Li + with different solvent 
molecules: (d) EC:PC; (e) EC; and (f) PC. 

s  

g

3

 

f  

i  

t  

t  

t  

a  

°  

r  
hort, this novel flexible and bendable solid-like DSPE not only possesses
ood mechanical properties but also exhibits high thermal stability. 

.2. Ionic conductivity and Li + transference number 

Batteries need electrolytes with high ionic conductivity to facilitate
ast charge/discharge rates required in high power applications. The
612 
onic conductivity of DSPE derived from the Nyquist plots measured be-
ween − 20 and 100 °C (Fig. S6) are shown in Fig. 2 a. The ionic conduc-
ivity of DSPE is as high as 0.73 mS cm 

− 1 at 20 °C, significantly higher
han that of common SPEs (Fig. S2). In addition, the DSPE membrane
chieves 0.16 mS cm 

− 1 at − 20 °C, and reaches 1.93 mS cm 

− 1 at 100
C. It is worth noting that the nonlinear ionic conductivity-temperature
elation (ln( 𝜎T) vs. 1/T) suggests that conduction involves ionic hop-
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Fig. 3. Plating and stripping behavior of (a) 
the symmetric Li|DSPE|Li cell at 0.2 mA cm 

− 2 

and 0.2 mAh cm 

− 2 , and (b) the symmetric 
Li|DSPE|Li and Li|liquid electrolyte|Li cells. 
Top-view SEM images of the LMA after cycling 
in the (c) Li|DSPE|Li and (d) Li|liquid elec- 
trolyte|Li cells. (e) Cyclic voltammogram of the 
Li|DSPE|SS cell. 
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ing motion coupled with relaxation/breathing and segmental motion
f polymeric chains [ 23 , 65 , 66 ]. Therefore, the identified ionic conduc-
ion mechanism of DSPE in this work differs from that of GPEs. In GPEs,
he solvated Li-ions play a dominant role in determining conductivity,
hile the polymer chains rarely take part in the transportation of Li + 

44] . The activation energy ( 𝐸 a ) of the DSPE membrane, which is fi-
ally calculated using the VTF empirical relation [ 46 , 64 ], is 0.039 eV,
s lower than that of general SPEs, indicating a fast Li + migration (Fig.
7). 

In addition to the general contribution of Li salts, the relatively high
onic conductivity of DSPE could be ascribed to the phase transition
f PVDF. The phases of PVDF are dependent on the molecular chain
onformation, which is strongly influenced by fabrication processes (e.g.
echanical and thermal), and polymer composition [67] . As shown in

ig. 2 b, the pristine PVDF powder is in its 𝛼-phase with characteristic
RD peaks at 18.2°, 20.0°, and 26.4°. Meanwhile, the most prominent
eak of DSPE occurs at 20.1° and the intensity of the other two peaks
ecreases significantly, indicating a phase transition from the nonpolar 𝛼
o the polar 𝛽/ 𝛾 phase(s) [ 68 , 69 ]. FTIR spectra ( Fig. 2 c) further confirm
he 𝛼 to 𝛽/ 𝛾 phase transition by the disappearance of 763 cm 

− 1 and 975
m 

− 1 bands ( 𝛼-phase) [70] , and the appearance of the 840 cm 

− 1 and
234 cm 

− 1 phases [ 70 , 71 ]. 
Ideal electrolytes possess high Li salt solubility in non-aqueous sol-

ents. To investigate the solubility of EC, PC, and the combination of
C and PC with Li + , ab initio simulations were used to calculate the en-
halpy of solvation and the Gibbs free energy. As shown in Table S2, the
nthalpy of solvation, Δ𝐻 𝑠𝑜𝑙 , for these three different systems is neg-
tive, implying that all these complexes can dissolve Li salts and the
ormation of Li-carbonate is thermodynamically favorable. The Δ𝐻 𝑠𝑜𝑙 

or the EC and PC mixture has the lowest value, implying that the com-
ination of EC and PC has higher solubility for Li salts compared to
C and PC alone. The free energies, Δ𝐺 𝑠𝑜𝑙 , computed for all three dif-
 t  

613 
erent systems are also negative, suggesting that the solvation process
s exothermic and spontaneous. Among the investigated solvents, the
inary mixture of EC and PC has the lowest free energy of solvation
 Fig. 2 d-f and Table S2) [60] . Therefore, the combination of EC and PC as
olvents effectively solvates Li salts, enhancing the ionic conductivity of
SPE. 

Li + transference number , t L i + , is a critical factor for Li + transporta-
ion in polymer electrolytes [72] . From the EIS and direct current po-
arization curves in Fig. S8a, the t L i + of DSPE is 0.56, a value higher
han that of typical GPEs and SPEs ( t L i + < 0.5) [ 25 , 72 ], and much higher
han that of the commercial 1.0 M LiPF 6 in EC:DMC:EMC (1:1:1, vol.%)
 t L i + = 0.24, Fig. S8b). The low Li + transference number of liquid elec-
rolytes is due to the preferential solvation of Li + over its counterion,
esulting in a bulky solvation shell around Li + [72] . Conversely, the
esidual solvents in DSPE are limited, which may lead to a greatly shunk
olvation shell around Li + , thus enhancing the Li + transference number.
urthermore, PVDF in DSPE acts as more than just a solid matrix for the
olvents and salts, as the polymeric chains may influence the short-range
i + mobility and thus transference number [73] . Moreover, the size of
alt anions (e.g. TFSI − ) in DSPE is relatively large compared to that of
F 6 − . 

.3. Compatibility with electrodes and battery performance 

To assess the compatibility of DSPE with Li metal, a Li/Cu cell with
SPE and a Li/Cu cell with 1.0 M LiPF 6 in EC:DMC:EMC (1:1:1, vol.%)

iquid electrolyte were compared (Fig. S9). The first cycle CE reaches
78% in the Li|DSPE|Cu cell, increasing to ~93% and remaining sta-
le over 100 cycles. In contrast, the Li|liquid electrolyte|Cu cell shows
 relatively low average CE of ~82%, decreasing to 70% after 100 cy-
les. The initial results indicate that the Li/DSPE interface is more stable
han that of the Li/liquid electrolyte. Furthermore, Li stripping/plating
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Fig. 4. (a) Cycling performance of the 
Li|DSPE|LFP cell at 0.5C at 23 °C. (b) Rate 
performance of the Li|DSPE|LFP cell at 23 
°C. (c) Typical charge/discharge curves of 
the Li|DSPE|LFP cell at different C-rates. (d) 
Top-view and (e) cross-sectional SEM images 
of the Li-metal electrode of the Li|DSPE|LFP 
cell after cycling. 
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easurements were conducted using a symmetric cell configuration. Re-
arkably, the Li|DSPE|Li cell has a stable voltage response over 700 h
ith a capacity of 0.2 mAh cm 

− 2 at a current density of 0.2 mA cm 

− 2 

 Fig. 3 a). Moreover, the Li|DSPE|Li cell is stable in cycling for more
han 250 h with a current density of 1.0 mA cm 

− 2 and a capacity of 1.0
Ah cm 

− 2 . In contrast, as shown in Fig. 3 b, when the current density in-
reases to 1.0 mA cm 

− 2 , the voltage of the symmetric cell containing the
iquid electrolyte with 1.0 M LiPF 6 in EC:DMC:EMC (1:1:1, vol.%) and
elgard 2400 membrane as the separator greatly increases after 150 h,
nd the cell short-circuits after 196 h. The excellent stability of the DSPE
embrane is likely due to the formation of a uniform, dense, and sta-

le interface between LMA and DSPE, as revealed by the SEM image
f LMA after cycling ( Fig. 3 c). However, when the liquid electrolyte is
sed, the SEM image presents cracks and loose Li on the surface of LMA
 Fig. 3 d). 

To determine the electrochemical window of DSPE, CV of Li|DSPE|SS
as performed from − 1.0 to 5.0 V at a scan rate of 1 mV s − 1 . No ox-

dation current is observed when the voltage exceeds 4.5 V vs. Li/Li + 

 Fig. 3 e). Although the oxidation and reduction peaks do not overlap in
he initial cycles due to the gradual formation of SEI, they overlap from
he third cycle onwards, indicating reversible Li stripping/plating after
orming a stable SEI layer. 

To further evaluate the electrochemical performance, Li|DSPE|LFP
atteries were assembled. At 23 °C and at a current density of 0.5C, the
i|DSPE|LFP battery, which is operated between 2.5 and 4.2 V, has an
nitial CE of 94.9% and an initial specific discharge capacity of 151 mAh
614 
 

− 1 ( Fig. 4 a). The battery maintains an average CE of 99.9% in subse-
uent cycles and a discharge capacity of 143 mAh g − 1 with a capac-
ty retention of 94.7% after 500 galvanostatic charge/discharge cycles
 Fig. 4 a). The battery also demonstrates outstanding rate performance,
.e., a discharge capacity of 160 mAh g − 1 at 0.2C, 151 mAh g − 1 at 0.5C,
44 mAh g − 1 at 1C, 130 mAh g − 1 at 2C, and 123 mAh g − 1 at 3C ( Fig. 4 b,
). When the current density is subsequently returned to 0.5C, the 151
Ah g − 1 capacity is recovered with limited capacity loss over 100 cy-

les. The Li|DSPE|LFP battery has better CE, cycling stability, and rate
erformance, compared to single-salt Li|LiTFSI-PE|LFP and Li|LiBOB-
E|LFP batteries (Fig. S10). 

The enhanced stability could be related to the suppression of Al dis-
olution by the introduction of LiBOB to the DSPE membrane [40] .
SV of Li|LiTFSI-PE|Al (Fig. S11a) shows current generation at 4.4 V,
hereas the LSV curve of Li|DSPE|Al exhibits no current response up to
.0 V. Furthermore, after 100 LSV cycles, clear cracks are observed on
he Al surface of the Li|LiTFSI-PE|Al cell (Fig. S11b), while no visible
racks are observed for the Li|DSPE|Al cell (Fig. S11c). The suppression
f Al corrosion in the Li|DSPE|Al cell is further supported by EDX (Fig.
11d, e), from which a limited Al signal is observed for DSPE, while an
vident Al signal is detected for LiTFSI-PE. 

The critical role of LiBOB in DSPE not only suppresses the Al corro-
ion but also guides the formation of a uniform and stable SEI layer,
hich contributes to enhanced CE and cycling stability [ 40 , 61 ]. As

hown in Fig. S12a, b, the thickness of the SEI layer on the Li-electrode
urface of the Li|LiTFSI-PE|LFP cell is ~162 𝜇m. Further, the SEI layer is
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Fig. 5. (a) XPS of the SEI layers from the 
cycled (200 cycles) LMAs of the Li|DSPE|LFP, 
Li|LiTFSI-PE|LFP, and Li|LiBOB-PE|LFP 
cells. (b) Highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular 
orbital (LUMO) energies of the polymer (VDF), 
lithium salts (LiTFSI and LiBOB) and solvents 
(DMF, EC, PC, and FEC). (c) TOF-SIMS depth 
profiles of the LMA of Li|DSPE|LFP after 20 
cycles. (d) 3D distribution of the SEI layer 
on the cycled LMA. (e) A schematic to show 

the main chemicals formed on the surface of 
cycled LMA. 
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overed with mossy Li, implying lack of compactness and overall poor
uality. In contrast, both the Li|DSPE|LFP and Li|LiBOB-PE|LFP cells
orm a uniform and stable SEI after cycling, characterized by the rela-
ively dense and thin Li-electrode surfaces (i.e. ~87 𝜇m and ~95 𝜇m)
 Fig. 4 d, e & Fig. S12c, d). These results indicate that the addition of
iBOB prevents the formation of mossy dendrites on the Li-electrode
urface and thus the formed SEI layer contributes to improved cycling
tability [42] . 

To further understand the superior cycling stability of the battery
ith DSPE, and to determine the composition of the SEI formed at the

nterface between Li and DSPE, XPS is obtained on the as-cycled LMA.
s shown in Fig. 5 a, the C 1 s XPS spectra of SEI layers after cycling
MA with DSPE and LiBOB-PE are similar. The main C 1 s which peaks
t 284.8, 286.4, and 289 eV can be assigned to the C 

––C/C 

––H, C 

––O-
, and C = O bonds [18] . The C = O species (e.g. ROCO 2 Li, and Li 2 CO 3 )
re dominant in the SEI layer after cycling LMA with DSPE, and their
mount is higher than that of the SEI layer with LiTFSI-PE. In addition,
reatly decreased C-F peak intensity can be observed after cycling LMA
ith DSPE compared to that of LMA with LiTFSI-PE, suggesting the re-
uction of LiTFSI from DSPE is dramatically inhibited due to the prior
eduction of BOB 

− anions [ 38 , 74 ]. Further, B-O (192.2 eV) and B-F/Li-
-O (193.4 eV) species in B 1 s can be detected in both cycled LMAs
f DSPE and LiBOB-PE, confirming that LiBOB participates in the for-
ation of SEI [61] . It has been reported that inorganic Li-B-O species

riginating from the reduction of LiBOB promote the electrochemical
nd chemical stability of the SEI layer, thus improving cycling stability
 61 , 75 ]. 
615 
The appearance of LiF (684.7 eV) in the F 1 s spectra ( Fig. 5 a) sug-
ests the decomposition of FEC and/or LiTFSI. After cycling LMA with
iBOB-PE, LiF formation (684.7 eV) at the SEI is due to FEC decom-
osition. However, both FEC and LiTFSI are believed to contribute to
he creation of LiF in the DSPE and LiTFSI-PE cells. As widely recog-
ized, the generated LiF can function as an effective component in the
EI layer, which contributes to the passivation of Li and the inhibition of
endrite growth [ 13 , 63 , 74 ]. Moreover, the decreased C-F 3 (689.0 eV)
eak intensity of the DSPE cell against the LiTFSI-PE cell suggests that Li-
OB inhibits the decomposition of LiTFSI, thereby maintaining the high
onductivity of the electrolyte. The O 1 s spectra show reduced lithium
xide intensity (530.5 eV) in the SEI layer with DSPE and LiBOB-PE,
ompared to the SEI layer with LiTFSI-PE. This suggests lithium oxide
ormation from the reaction between LiTFSI and Li. Moreover, the den-
ity functional theory calculation also suggests that LiBOB tends to be
referentially reduced according to the lowest LUMO energy among the
nvestigated solvents and salts ( Fig. 5 b). 

To further analyze the composition of the SEI layer, TOF-SIMS was
erformed ( Fig. 5 c). The intensity of detected Li − gradually increases
ith the sputtering time and tends to stabilize after ~100 s, demon-

trating the formation of an SEI layer on the cycled LMA. Within the SEI
ayer, a series of compounds of interest can be detected: (i) F − for LiF;
ii) LiO 

− /LiCO 3 
− /CO 3 

− for Li oxides/carbonates/organic carbonates;
iii) BO 2 

− /BO 

− from LiBOB; (iv) CH 2 
− for the organic species; and (v)

 

− /SO 3 
− /CF 3 − from LiTFSI. The high intensities of F − , BO 2 

− /BO 

− , and
iCO 3 

− /CO 3 
− suggest that LiF, Li-B-O species, and carbonates/organic

arbonates are dominant in SEI composition, in line with the XPS re-
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Fig. 6. Cycling performance of the 
Li|DSPE|LFP cell (a) at 1C at 70 °C and 
(b) at 0.5C at − 10 °C. (c) Cycling performance 
of the Li|DSPE|LFP cell at a wide temperature 
range (from − 10 to 80 °C) at 1C. (d) Typical 
charge/discharge curves of the Li|DSPE|LFP 
cell at different operating temperatures. (e) EIS 
of the Li|DSPE|LFP cell evaluated between − 10 
and 80 °C before and after cycling (recorded at 
23 °C). 
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ults. Other organic species (CH 2 
− ) appear on the top surface of the SEI,

ndicating that the polymer has minimal influence on SEI formation. The
elatively low intensity of the S − /SO 3 

− /CF 3 − signals verify that LiTFSI
ecomposition is inhibited in the DSPE. The corresponding 3D spatial
istribution of the SEI layer on the cycled LMA is shown in Fig. 5 d.
ollowing the analysis of the XPS and TOF-SIMS data, the main compo-
itions in the SEI are reported in Fig. 5 e. 

To demonstrate the feasibility of the DSPE membrane over a wide
emperature range, the high- and low-temperature performance of
he Li|DSPE|LFP batteries were further investigated. At 70 °C, the
i|DSPE|LFP battery exhibits an initial specific discharge capacity of
65 mAh g − 1 and a high CE of 95.5% at 1C ( Fig. 6 a). The battery is sub-
equently cycled 300 times, with a capacity retention of 92.9%. i.e., a
pecific discharge capacity of 153.3 mAh g − 1 after 300 cycles. The corre-
616 
ponding voltage plateaus from charge-discharge curves suggest negligi-
le polarization (Fig. S13a) with the total resistance of the Li|DSPE|LFP
attery showing a slight increase after cycling (Fig. S13b). The slight in-
rease in resistance indicates that the formed interphase between Li and
SPE facilitates charge transfer [75] , likely because of the formation of

norganic LiF and Li-B-O species from the reduction of FEC, LiTFSI, and
iBOB. By comparison, the Li/LFP battery with the commercial liquid
lectrolyte (1.0 M LiPF 6 in EC: DMC:EMC (1:1:1, vol.%) fails to operate
t 70 °C (Fig. S13c, d). This failure is attributed to electrolyte decompo-
ition and is reflected in the greatly increased resistance from 165 to 528
after 14 cycles (Fig. S13e). Moreover, SEM image of the LMA from the
SPE cell following 300 cycles at 70 °C, demonstrates a visually smooth

urface (Fig. S13f). In contrast, the liquid electrolyte cell shows severe
i dendrite growth after 14 cycles at 70°C (Fig. S13g). 
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Low-temperature measurements of the Li|DSPE|LFP battery have a
etained discharge capacity of 79 mAh g − 1 after 300 cycles at − 10 °C at
.5C ( Fig. 6 b). Furthermore, the cycling performance of the Li|DSPE|LFP
attery is continuously evaluated between − 10 and 80 °C at 1C, and
he outstanding cycling stability is recorded ( Fig. 6 c). The 1C cycles at
 10, 0, 10, 20, 30, 40, 50, 60, 70, and 80 °C lead to specific discharge
apacities of 62, 96, 117, 136, 149, 156, 160, 161, 162, and 163 mAh
 

− 1 , respectively ( Fig. 6 d). When the temperature returns to 23 °C, the
i|DSPE|LFP battery retains a specific discharge capacity of 131 mAh
 

− 1 . The corresponding resistance increases slightly from 127 to 165 Ω
 Fig. 6 e). 

The excellent extended temperature operation of the developed
SPE can be ascribed to several factors. At high temperatures, the rela-

ively stable operation of the as-prepared LMBs is due to the presence of
hermally stable LiTFSI and LiBOB salts within a temperature-resistant
olymer (PVDF) matrix. Moreover, along with the effective passivation
nd protection of the Al current collector, the addition of LiBOB salt
eads to the formation of a uniform and stable SEI layer, as shown in
ig. S13f. Furthermore, high-boiling point (b.p.) solvents (i.e. PC, b.p.
42 °C, and DMF, b.p. 153 °C), instead of conventionally used solvents
i.e. DMC, b.p. 90 °C, and EMC, b.p. 108 °C), were used for the prepa-
ation of the DSPE membrane, ensuring high stability at high operating
emperatures. At low temperatures, the increased stability and capacity
riginate from the high Li + conductivity of the DSPE membrane. 

Finally, pouch cells with DSPE were prepared and evaluated. The
i|DSPE|LFP pouch cell delivers an initial discharge capacity of 149
Ah g − 1 (0.35 mAh cm 

− 2 ) at 0.5C with an initial CE of 98.9%, and
 discharge capacity of 147 mAh g − 1 after 50 cycles (Fig. S14a). The
ail penetration (Video S1) and corner-cutting (Video S2) tests on the
ouch cell demonstrate their improved safety over conventional liquid
lectrolyte Li-ion batteries. There is no detectable smoke or electrolyte
eakage after penetration. The pouch cell can consistently power an LED
ven after bending, corner-cutting, and nail penetration test (Fig. S14b-
), further indicating the improved safety behavior. 

. Conclusion 

We have developed a solid-like DSPE for LMBs capable of stable op-
ration over an extended temperature range. The resulting DSPE com-
ines the thermal stability/safety of SPEs and high ionic conductivity of
PEs, reaching ionic conductivity of 0.16, 0.73, and 1.93 mS cm 

− 1 at
 20, 20, and 100 °C, respectively. This DSPE enables the Li/LFP battery

o achieve a high initial discharge capacity of 151 mAh g − 1 at 0.5C, a
igh rate performance of 123 mAh g − 1 at 3C, and excellent long-term
tability with a retained capacity of 143 mAh g − 1 after 500 cycles at
.5C at 23 °C. This battery simultaneously demonstrates an extremely
table cycling performance over a wide operating temperature range
between − 10 °C and 80 °C). These excellent results can be mainly at-
ributed to the proper formulation of the dual salts with mixed solvents
n the polymer matrix, the consequent formation of a stable LiF-rich SEI
ayer containing conductive Li-B-O-based species, and the stabilization
f the Al current collector. This work consequently offers a new strategy
or the development of practical LMBs. 
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