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a b s t r a c t 

With the rapid development of wearable devices, there is an increasing demand for ultra-safe flexible lithium-ion 

batteries (LIBs) capable of delivering high energy density. Because it can provide the highest possible capacity of 

3860 mAh g -1 , lithium metal has drawn tremendous research attention. However, Li is a highly reactive metal that 

grows dendrites during the cycling of lithium-metal batteries (LMBs). To resolve the problem, we developed a new 

non-flammable elastic quasi-solid electrolyte (QSE), which can be polymerized in situ and whose composition 

is tailored to achieve high elasticity. Moreover, the incorporation of trimethyl phosphate (TMP) renders the 

electrolyte non-flammable. Thanks to the solid electrolyte interphase (SEI) formed, the LMB with QSE displays 

excellent cycling stability as it can be operated for 500 cycles, with a capacity retention of 94%. The corresponding 

symmetric cell cycled stably for more than 500 h. Scanning electron microscopy (SEM) and density functional 

theory (DFT) calculations reveal that fluoroethylene carbonate (FEC) is critical in forming the LiF-rich SEI that 

enables long-term cycling stability. In brief, a non-flammable, elastic, and stable QSE is reported for the first time, 

which is very promising in the application of the next-generation wearable devices. 
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. Introduction 

There is a tremendous demand for flexible batteries with the emerg-
ng applications of wearable devices, such as smartwatches, electronic
extiles, roll-up displays, wearable heaters, bio-electronic devices, and
oft robots [1] . While lithium-ion batteries (LIBs) are commonly used
n consumer electronics and electric vehicles, they can be further im-
roved in terms of flexibility, energy density, and safety. Among the
egative electrodes, lithium metal (LM) has the lowest electrochemi-
al potential (i.e. − 3.04 V vs. the standard hydrogen electrode) and the
ighest theoretical specific capacity (i.e. 3860 mAh g − 1 vs. 372 mAh
 

− 1 for graphite) [2] . However, due to the uneven plating and strip-
Abbreviation: AEA, adiabatic electron affinity; AIBN, azobisisobutyronitrile; AIP

MC, dimethyl carbonate; DEC, diethyl carbonate; DFT, density functional theory

onate; EIS, electrochemical impedance spectroscopy; EMC, ethyl methyl carbonate

nfrared spectroscopy; GCD, galvanostatic charge-discharge; HOMO, highest occup

is(fluorosulfonyl)imide; LiTFSI, lithium bis(trifluoromethylsulphonyl)imide; LM, lit

inear sweep voltammetry; LUMO, lowest unoccupied molecular orbital; MF, TMP/FE

EO, poly(ethylene oxide); PMMA, poly(methyl methacrylate); PVDF, poly(vinyliden

rolyte interphase; SEM, scanning electron microscopy; SSE, solid-state electrolyte; TB

GA, thermogravimetric analysis; TMP, trimethyl phosphate; TPP, triphenyl phospha
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ing of lithium during cycling, dendrites quickly form and penetrate
he separator of lithium metal batteries (LMBs), causing internal short
ircuits [3,4] . Furthermore, LM is highly active and reacts with the elec-
rolyte to form a solid electrolyte interphase (SEI) [5] . The growth of
ithium dendrites often cracks the SEI. Therefore, the newly exposed
ithium will continue to react with the electrolyte. This phenomenon
auses the material to detach from its bulk, leading to inactive or “dead ”
ithium [6] . As a consequence of this phenomenon, the anode utiliza-
ion, cycling efficiency, and cycling life of LMBs are typically not satis-
actory. Several strategies have been proposed to enhance the stability
f LM, including the growth of an artificial SEI [7–15] and the use of
lectrolytes with a high salt concentration [16–23] . For example, flu-
, adiabatic ionization potential; BA, butyl acrylate; CV, cyclic voltammetry; 

; DSC, differential scanning calorimetry; EA, ethyl acetate; EC, ethylene car- 
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roethylene carbonate (FEC) has been adopted as a film-forming ad-
itive to generate a lithium-ion conductive and electron insulating LiF
ayer on the LM surface [7,24] . The LiF-containing SEI typically shows
 uniform and compact morphology and leads to a significantly im-
roved cycling stability. The Hu group [16] introduced a new class of

solvent-in-salt’ electrolytes with high concentrations (7 M) of lithium
is(trifluoromethylsulphonyl)imide (LiTFSI). Such high concentrations
reatly improved the cycling life of the batteries because of the de-
ayed dendrite formation compared to the electrolytes with low con-
entrations of LiTFSI (1 M). Qian et al. [17] . prepared a 4 M lithium
is(fluorosulfonyl)imide (LiFSI)/1,2-dimethoxyethane electrolyte. The
esulting Li | Li symmetric cell with the electrolyte could cycle more
han 6000 cycles at 10 mA cm 

− 2 . 
As discussed above, the unsatisfactory performance of LM causes

afety concerns. Therefore, improving the safety of LMBs has become a
ritically important area of research. Conventional liquid organic elec-
rolytes (LOEs), including dimethyl carbonate (DMC), diethyl carbon-
te (DEC), ethyl methyl carbonate (EMC), ethylene carbonate (EC), and
ropylene carbonate (PC), are flammable and may trigger a catastrophic
ailure if the heat supplied is excessive, an internal short circuit oc-
urs, or the battery is penetrated. Incorporating flame-retarding sol-
ents, such as trimethyl phosphate (TMP), triethyl phosphate (TEP),
ributyl phosphate (TBP), and triphenyl phosphate (TPP), into the elec-
rolyte improves the safety of the battery [25–28] . Among the various
ptions, TMP is particularly attractive because of its high dielectric con-
tant ( ɛ r = 21.26), ability to dissolve lithium salts even at high concen-
ration levels, low viscosity (2.32 mPa •s), and wide liquid temperature
indow ( − 46 – 197°C). However, TMP is unstable against LM and de-

omposes at a potential of 1.2 V vs. Li/Li + [29,30] . Moreover, using
MP does not fundamentally resolve the dendrite problem because TMP

s not able to form a stable SEI on LM [30] . 
A fundamentally different approach to improve the safety of batteries

s to employ a solid-state electrolyte (SSE). As is well known, the sur-
ace of solids, either ceramic or polymer, is not perfectly flat. The poor
olid-solid contact between SSE and electrodes can lead to excessively
igh resistances and limit the utilization of active materials [31,32] .
eplacing the SSE with a quasi-solid electrolyte (QSE) that contains a
olymer skeleton and a solvent can solve this challenge. QSEs combine
he advantages of solids with those of liquids, including reduced or no
eakage and better contact with electrodes [33–35] . Various polymers,
uch as poly(ethylene oxide) (PEO), poly(vinylidene fluoride) (PVDF),
olyacrylonitrile (PAN), and poly(methyl methacrylate) (PMMA) have
een used to prepare QSEs [36,37] . For example, Chen et al. [38] . made a
MP-based QSE with PMMA to reinforce the non-flammable electrolyte.
owever, PMMA is a rigid-chain polymer material that is poorly solu-
le in TMP, thus hindering its application in flexible electronics and
earable devices. Furthermore, there have been no reports on non-
ammable QSEs with outstanding elasticity, which is a necessary trait
f high-performance wearable devices. 

During the industrial production of batteries, electrodes and separa-
ors are stacked or rolled together, and the liquid electrolyte is injected
o infiltrate the separators. The batteries are then sealed to complete
he assembly before formation and degassing. In the case of QSE-based
atteries, there are two types of preparation methods. The first one is
alled solution casting, which involves the dissolution of a polymer in
olvents followed by casting and solvent evaporation [39] . The second
ethod is polymerization, during which the polymer precursors, cross-

inker, and initiator are mixed into a solvent and form a QSE upon heat-
ng [38,40,41] or UV treatment [42–47] . The complexity of these pro-
esses prolongs the fabrication period and increases costs. Additionally,
t is challenging to control the thickness of the QSEs. The combination
f these issues hinders the industrialization of QSE-based batteries. An
lternative to conventional procedures is to make QSE-based batteries
sing in situ polymerization, the process of which is exactly the same
s the traditional method except that the liquid precursor of the QSE
s used instead of liquid electrolyte. Therefore, QSE-based batteries can
630 
e prepared with the conventional process and equipment in this way,
aking it possible to produce QSE-based batteries at large scale and low

ost. Furthermore, the thickness of the QSE can be easily controlled by
djusting the separator thickness. 

In this work, we developed a new non-flammable elastic QSE based
n poly(butyl acrylate) (PBA) and fabricated using in situ polymeriza-
ion. The incorporation of TMP allowed the QSE to be non-flammable,
hile FEC allowed the formation of a stable SEI on LM. Following sol-
bility parameter theory, ethyl acetate (EA) was included to adjust the
olubility of PBA in the mixed solvent. The large butyl side group of
BA provided more free volume compared with methyl. The more free
olume made it easier for the polymer chains to move and, therefore,
ndowed the electrolyte with better flexibility and elasticity. The quasi-
olid nature of the electrolyte enabled a spatially even current distri-
ution, hampering the formation of dendrites. The LMB with LiFePO 4 

LFP) cathode and PBA20 electrolyte displayed a specific discharge ca-
acity of 166 mAh g − 1 at 0.2 C, and 153 mAh g − 1 at 1 C, as well as
table operation at 0.5 C for 500 cycles with only a 6% of capacity de-
ay over the whole testing period. The Li | PBA20 | Li symmetric cell
howed stable stripping/plating cycling for 500 h at 0.5 mA cm 

− 2 and
.5 mAh cm 

− 2 . Density functional theory (DFT) was used to analyze the
echanism of the stable cycling of the QSE-based batteries and revealed

he film-forming function of FEC in forming the stable LiF-rich SEI. We
lso made a pouch cell with a capacity of 5.4 mAh with this method.
ue to the elasticity of the electrolyte, the pouch cell could continue to

unction even if flexed and twisted. A ribbon-shaped battery was also
repared to show the flexibility of the electrolyte, which could operate
hen tied into a knot. The in situ polymerization method is compatible
ith the current production line of LIBs due to the low-viscosity liq-
id precursor, making it very easy to scale up. In this work, our battery
nd QSE achieved non-flammability and elasticity and provided a prac-
ical solution to the industrialization of QSE-based batteries with higher
afety. 

. Experimental section 

Preparation of the QSEs. The QSEs were prepared by in situ poly-
erization. Firstly, LiFSI was dissolved in EA/TMP/FEC (EMF) (4:3:3

y volume) mixed solvent to form a 5 M LiFSI/EMF solution. Then, the
utyle acrylate (BA) monomer (20 wt.% – 50 wt.%, with 0.2 mol%
f poly(ethylene glycol) dimethacrylate as cross-linker) was mixed
ith the solution to form the precursor solution. Azobisisobutyronitrile

AIBN) was dissolved in it as the thermal initiator. The precursor solu-
ion was injected into a glass mold with a silicone spacer. Finally, the
SE was obtained by heating the precursor at 70°C for 12 h. The ob-

ained QSEs were denoted as PBA20 – PBA50, where the number was
he weight percentage of PBA in the QSEs (20 wt.% – 50 wt.%). All of
he chemicals were purchased from Sigma-Aldrich. 

Materials characterizations. Scanning electron microscopy (SEM)
as performed on JEOL-6390. The LMs were rinsed with DMC and nat-
rally dried in the glove box before the SEM measurement. Fourier
ransform infrared spectroscopy (FTIR) was performed on Bruker AL-
HA Spectrometer. X-ray photoelectron spectroscopy (XPS) was per-
ormed on an Axis Ultra DLD instrument. Differential scanning calorime-
ry (DSC) tests were carried out on a differential scanning calorime-
er (Q1000, TA). Thermogravimetric analysis (TGA) was carried out
n a thermogravimetric analyzer (Q5000, TA). The uniaxial tensile
ests were conducted on a UTM-I2 universal testing machine following
he ASTM D412 standard. The QSE samples were cut into the size of
0 mm × 5 mm × 1 mm and tested with a crosshead speed of 50 mm
in − 1 . At least five specimens were tested for each composition. 

Electrochemical measurements. Unless specified, all electrochem-
cal measurements were carried out in the 2032-type coin cells. LFP,
uper P conductive carbon, and PVDF at the weight ratio of 8:1:1 were
arefully ground with mortar and pestle for 20 min. After that, N-methyl
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o  
yrrolidone was added, and the mixture was magnetically stirred for 4 h
o form a homogeneous slurry. Next, the slurry was cast on aluminum
oil with a doctor blade. The slurry-coated foil was then dried in an oven
t 80°C for 24 h to obtain the positive electrode. The mass loading of
FP was set at ~2 mg cm 

− 2 . The LFP cathode was cut into discs with a
iameter of 12 mm for further use. 2032-type coin cells were assembled
n an Ar-filled glovebox (H 2 O < 0.01 ppm, O 2 < 0.01 ppm, Mikrouna,
hina). A Celgard 2400 membrane was used as a support for the precur-
or solution. 50 𝜇L of the precursor were dropped on the Celgard 2400
embrane. After the coin cells were sealed with a crimper (MSK-160D,
TI corporation, China), they were taken out of the glovebox and heated

n an oven at 70°C for 12 h. Finally, the Li | QSE | LFP batteries were
ooled to room temperature. A Li | QSE | LFP pouch cell was prepared by
 similar method except that an aluminum-plastic film was used as the
attery casing. Li | Li symmetric cells were prepared with an identical
ethod except that LFP was replaced by a Li chip. The Li chip used in

his work had a diameter of 14 mm and a thickness of 0.4 mm. A ribbon-
haped LIB with a graphite anode, an LFP cathode and heat-shrinkage
ube as the battery casing was also prepared to highlight the flexibil-
ty of the electrolyte. The galvanostatic charge-discharge (GCD) tests
f the batteries were carried out on a CT2001A battery testing system
Wuhan LAND Electronic Co.Ltd., China). Electrochemical impedance
pectroscopy (EIS), linear sweep voltammetry (LSV) and cyclic voltam-
etry (CV) tests were carried out with an electrochemical workstation

VSP-300, BioLogic, France). The scan rate used for the LSV and CV tests
as 5 mV/s. 2032-type coin cells with stainless steel (SS) as the work-

ng electrode and Li chip as the counter and reference electrode were
nalyzed by LSV and CV tests. The transference number of lithium ion
 𝑡 𝐿 𝑖 + ) in the electrolytes was estimated using a Li | Li symmetric cell
onfiguration following a previously reported method [48] . A small po-
arization potential of 10 mV was applied to the symmetric cell, and EIS
ests were carried out before and after the current reached a steady-state
2 h of relaxation time). The 𝑡 𝐿 𝑖 + was obtained using 

 𝐿 𝑖 + = 

𝐼 𝑠𝑠 
(
Δ𝑉 − 𝐼 0 𝑅 0 

)

𝐼 0 
(
Δ𝑉 − 𝐼 𝑠𝑠 𝑅 𝑠𝑠 

) (1)

here ΔV is the polarization potential, I 0 is the initial current, I ss is
he steady-state current, and R 0 and R ss are the initial and steady-state
harge transfer resistances, respectively. 

FT calculations 

All DFT calculations were carried in Gaussian 09 with a hybrid
3LYP functional [49] and 6–31 ++ G (d,p) basis set [50] . The molec-
lar structures of different electrolyte components were first optimized.
ext, the energy of molecular orbitals was obtained using the optimal
olecular structures. The highest occupied molecular orbital (HOMO)

nd lowest unoccupied molecular orbital (LUMO) were visualized with
aussView 5.0.9 [51] . 

. Results and discussion 

.1. Physical and chemical properties of the electrolytes 

When phosphorus-containing chemicals are heated, a polymeric
orm of phosphoric acid is formed, leading to a char layer, which shields
he material from oxygen [52] . Phosphates, such as TMP, TEP, TBP, and
PP, have been incorporated into liquid electrolytes to make them non-
ammable [25,26] . In this work, by incorporating TMP into the QSE
recursors, we obtained non-flammable QSEs after in situ polymeriza-
ion. The schematics in Fig. 1 outline the experimental process. We chose
A as the monomer because the butyl side group is relatively large com-
ared with methyl. Its larger volume reduced the intermolecular inter-
ction between PBA polymer chains. Moreover, larger side groups pro-
ided more free volume for PBA and improved the ability of the polymer
o trap the solvent molecules. The glass transition temperature (T g ) of
631 
BA and PMMA were measured with DSC, as shown in Fig. 2 b-c. From
he DSC curves, we estimated the T g of PBA to be − 23°C, a value signifi-
antly lower than that of PMMA (105°C) [53] . According to free volume
heory [54] , the free volume ratio of a polymer depends inversely on T g .
he DSC results of PBA and PMMA indicate that the larger volume of
he butyl group compared to the methyl group endows PBA with lower
 g than PMMA. This result is consistent with the theory [54] . The differ-
nce of T g indicates that PBA is rubber at room temperature (RT) while
MMA is a plastic material. We could also observe that PBA without
ross-linking could flow at RT, while PMMA is rigid and brittle, behav-
ng as an “organic glass ” (Figure S1). 

Following solubility parameter theory, the closer the solubility pa-
ameter, 𝛿, of the polymer to that of the solvent, the better will be the
olubility of the polymer in the solvent [55] . In detail, we can write 

𝑘 = 

𝜌

𝑀 

∑
𝐺 (2)

here M is the molar mass of the molecule, 𝜌 is the density, and ΣG is
he sum of the molar attraction constants of all groups making up the
olecule [56] . The solubility of the mixed solvent can then be calculated

s 

𝑀 

= 

∑

𝑖 

𝛿𝑖 𝜑 𝑖 (3) 

here 𝛿M 

is the solubility parameter of the mixed solvent and 𝜑 i is the
olume fraction of the i th component. The solubility parameters for each
olvent, as well as the polymer, are listed in Table S1. The solubility pa-
ameters of TMP and FEC were calculated using (2) as 19.95 MPa 1/2 and
9.47 MPa 1/2 , two values significantly higher than that of PBA (18.80
Pa 1/2 ), indicating that they are poor solvents for PBA. In order to dis-

olve PBA, we incorporated EA into the solvent. The resulting EMF sol-
ent had a solubility parameter of 19.08 MPa 1/2 . The latter value is
loser to that of PBA, implying that PBA has good solubility in EMF. Fig-
re S3 shows that without the addition of EA, the TMP/FEC (MF) mixed
olvent could not dissolve PBA very well, and phase separation occurred
fter polymerization. In contrast, the PBA/EMF mixture was uniform,
ndicating PBA’s excellent solubility in EMF. As is known, the solvent
n QSEs based on a polymer skeleton serves as plasticizer [57–59] . Fur-
her, the solvent molecules are trapped by the polymer network. Better
olubility of the polymer in the solvent produces a stronger interaction
etween the two. Therefore, the QSE can accommodate more solvent,
ompared to the case where the polymer is poorly soluble in the solvent.
t should be noted that we also included 0.2 mol% of poly(ethylene gly-
ol) dimethacrylate as the cross-linker to stabilize the polymer skeleton.
he lower content of the cross-linker was not sufficient to keep the skele-
on stable, while higher amounts made the electrolyte brittle. SEM was
sed to characterize the morphology of the polymerized QSE supported
y Celgard separator (see Figure S4). The SEM images show smooth and
ompact morphology, which is beneficial for the uniform deposition of
i. 

FTIR was used to verify the polymerization of BA, see Fig. 2 a. The
A monomer showed intense absorption peaks at 1628 cm 

− 1 , 974 cm 

− 1 ,
nd 810 cm 

− 1 , corresponding to the C 

= C stretch, = CH 2 wag, and = CH
ag [60–62] . After polymerization, however, these peaks almost disap-
eared, as can be seen in the spectrum of PBA, indicating the successful
ompletion of the polymerization process. We also found that the car-
onyl group of BA appeared at lower wavenumber (1721 cm 

− 1 ) than
hat of PBA (1728 cm 

− 1 ) because of the hybridization of the C 

= C 

–C 

= O
onds, which lowered the electron cloud density around C 

= O [63] .
his phenomenon further confirmed the conversion from BA to PBA.
TIR tests of the PBA/EMF QSE, BA/EMF precursor, and individual elec-
rolyte components were also carried out (see Figure S5). The absorption
eak of CH 2 –CH in BA at 1628 cm 

− 1 was detected for the BA/EMF pre-
ursor (before polymerization). The other two peaks at 974 cm 

− 1 and
10 cm 

− 1 were indistinguishable because they overlapped with those of
ther electrolyte components. However, these three peaks disappeared
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Fig. 1. Schematic of the battery assembly. The precursor solution was dropped on the Celgard separator support. The battery was then sealed and heated to allow 

the polymerization. 
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n PBA/EMF QSE after polymerization, indicating BA’s complete con-
ersion into PBA. 

Fig. 2 d shows the typical stress-strain curves of the QSEs for various
BA concentrations. The tensile properties, including tensile strength,
oung’s modulus, strain at break, and toughness of the PBA-based elec-
rolytes, are displayed in Fig. 2 e. When PBA content increased from
0 wt.% to 50 wt.%, the tensile strength increased monotonically from
6.38 ± 2.69 kPa to 100.14 ± 10.20 kPa, reflecting the reinforcing effect
f the polymer. Interestingly, the tensile strength of PBA20 was higher
han that of PBA30 and PBA40 and close to that of PBA50. Such a higher
trength can be attributed to the higher mobility of the polymer chain
egments in PBA20 because of the higher solvent content (80 wt.%).
he molecular chains can easily align under load so that the stress is
istributed evenly along these chains, allowing a higher total stress be-
ore failure. The same mechanism is also reflected in an increased slope
f the stress-strain curve of PBA20 in the range of 500% – 600% of strain
n Fig. 2 d. The Young’s moduli of the electrolytes, which were calculated
ccording to the initial slopes of the stress-strain curves, also increased
onotonically from 40.00 ± 11.77 kPa to 95.14 ± 7.30 kPa with in-

reasing PBA content, see Fig. 2 e. Notably, the strain at break of PBA20
eached 646%, indicating the outstanding elasticity of the PBA-based
lectrolyte. As mentioned above, the large butyl group provided more
ree volume for the chain segments to relax. Therefore, the molecular
hain of the polymer could be stretched along the direction of the load.
hanks to this property, the toughness of the PBA-based electrolytes,
t  

632 
alculated by integrating the area under the stress-strain curves of ten-
ile tests, also improved [64–66] . The toughness of PBA20 was as high
s 219.41 ± 30.97 kJ m 

− 3 . Such a high toughness value makes the elec-
rolyte a promising candidate for flexible batteries. Video S1 demon-
trates the stretchability of the QSE. 

.2. Electrochemical performances 

The conductivities of the electrolytes with various PBA contents in
he range of 0°C to 90°C were measured by clamping the electrolytes
etween two SS plates. As shown in Fig. 3 a-b, the electrolyte conductiv-
ty decreases with increasing PBA content. This trend can be understood
sing Physico-chemical intuition. Within the electrolyte, PBA serves as
 physical skeleton that confines the solvent molecules. Concomitantly,
he solvents not only act as the plasticizers but also dissolve and dis-
ociate the Li salt and promote the movement of the polymer chains.
he last two traits greatly benefit the transportation of Li + . Therefore,
he conductivities increase with increasing solvent concentration. As a
esult, PBA20 has the highest ionic conductivity (3.3 × 10 − 4 S cm 

− 1 

t 30°C vs. 1.23 × 10 − 3 S cm 

− 1 at 30°C of the LOE, i.e., 1 M LiPF 6 in
C:DEC:EMC = 1:1:1 vol.%) among the materials studied. The conductiv-
ty follows the Arrhenius equation: 

( T ) = 𝜎0 𝑒 
− 𝐸 𝑎 ∕ 𝑘 𝐵 𝑇 (4) 

here 𝜎(T) is the conductivity at temperature T, 𝜎0 is the preexponen-
ial factor, E is the activation energy, and k is the Boltzmann constant.
a B 
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Fig. 2. (a) FITR spectra of BA and PBA. DSC curves of (b) PMMA and (c) PBA. (d) Stress-strain curves of PBA-based electrolytes with different polymer contents and 

(e) corresponding mechanical properties. 

Fig. 3. Electrochemical properties of the PBA-based QSEs. (a) EIS curves of PBA-based QSEs with various PBA contents clamped between stainless steel spacers. (b) 

Conductivities of the electrolytes as a function of temperature. (c) Nyquist plots of the EIS of fully discharged Li | PBA | LFP LMBs. (d) CV and (e) LSV curves of the 

PBA20 electrolyte with SS as working electrode and Li chip as the counter and reference electrode. (f) Charge-discharge profiles of the LMBs with QSEs. 
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t 0°C, the conductivity of PBA20 was 1.3 × 10 − 4 S cm 

− 1 . When the
emperature was increased to 90°C, the conductivity was measured to
e 1.8 × 10 − 3 S cm 

− 1 . The E a of a conventional liquid electrolyte is
nly 0.09 eV, while the E a of PBA20 is 0.25 eV, a significantly higher
alue. The higher PBA content in the QSE leads to higher E a ( Table 1 ).
he reason for this is that the movement of polymer chains requires
633 
onsiderably higher energy than small-molecule solvents. Therefore, the
onductivity is more sensitive to temperature. The CV curve in Fig. 3 d
hows the reversible plating and stripping of Li on the anode, as indi-
ated by the anodic peak at − 0.59 V and the cathodic peak at 0.50 V,
espectively. Fig. 3 e shows the LSV curve of the QSE, indicating that the
SE was electrochemically stable below 4.27 V. The current drastically
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Fig. 4. Electrochemical performance of the LMs. (a) Rate capabilities of the LMBs with LFP as the cathode and LOE, PBA20, and PBA20/EM as the electrolyte. (b) 

EIS curves of Li | PBA20 | LFP battery after different cycles. 𝑡 𝐿 𝑖 + of the symmetric cells with (c) conventional LOE and (d) QSE. Long-term cycling stability of the (e) 

LMBs and (f) symmetric cells with LOE and QSE. 
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ncreased at higher voltages, likely because of the decomposition of the
olypropylene support as suggested in the literature [67–69] . 

The electrochemical performance of the PBA-based QSEs was eval-
ated using 2032-type LMBs. EIS tests were carried out to get the R ct 

see Fig. 3 c), and the curves were fitted with an equivalent circuit (Fig-
re S7 and Table S2). The LMB with PBA20 QSE had the lowest charge
ransfer resistance (126.3 Ω). As shown in Fig. 4 a and Figure S8, the Li
 PBA20 | LFP LMB delivered a high capacity of 166 mAh g − 1 at 0.1 C,
pproaching the theoretical capacity of LFP (170 mAh g − 1 ). The capac-
ty was 166 mAh g − 1 at 0.2 C, 161 mAh g − 1 at 0.5 C, and 153 mAh g − 1 

t 1 C, see Fig. 4 a. Even at a high rate of 3 C, a capacity of 114 mAh g − 1

as retained. When the current density went back to 0.5 C, the capacity
emained 159 mAh g − 1 . The excellent rate capability was a result of the
634 
lectrolyte’s high ionic conductivity and small thickness (25 𝜇m, equal
o that of the Celgard support). This is also evidenced by the charge-
ischarge profiles in Figure S9. The overpotential of the Li | PBA20 |
FP is only 46 mV at 0.1 C, and 154 mV at 1 C, in agreement with the
ow bulk resistance of about 7.4 Ω observed in EIS graphs. This value
as even lower than the overpotential measured for the conventional
OE, 65 mV at 0.1 C, see Fig. 3 f. The low overpotential is likely due to
he in situ polymerization that lowers the R ct [70] . 

The low overpotential of the QSE-based LMBs could also be due to
he high lithium ion transference number ( 𝑡 𝐿 𝑖 + ). As anions migrate to-
ard a different electrode compared with Li ions (i.e., toward the cath-
de/anode when the battery is charging/discharging), a concentration
radient builds up. In turn, such a gradient slows the migration of Li
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Fig. 5. Optical and SEM images of the LMs and 

separators cycled with LOE (a, b, e, f) and QSEs 

(c, d, g, h). 
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Fig. 6. XPS Li 1 s spectra of the LMs cycled in LOE and PBA20 electrolytes. 
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D  
ons and increases the overpotential. To verify the impact of 𝑡 𝐿 𝑖 + , we
easured the 𝑡 𝐿 𝑖 + of the symmetric cells with conventional LOE and
SE, see Fig. 4 c-d. The result shows that the 𝑡 𝐿 𝑖 + in LOE was only 0.24,
hile it reached 0.63 in the QSE, suggesting that concentration gradient

ffects are reduced. The high 𝑡 𝐿 𝑖 + of the QSE could be attributed to two
actors: 1) the polymer skeleton could limit the movement of anions;
71] 2) the Li + cations were less solvated with high salt concentration
ompared to low salt concentration, leading to higher Li + mobility [16] .

Interestingly, the specific capacities of the QSE-based batteries in-
reased during the first a few cycles. The same phenomenon has been
bserved in other systems, including gel-like electrolytes [72–75] . We
onjecture that such an increase is due to the fact that interfacial re-
istance between electrode and electrolyte decreased upon cycling. To
nvestigate this hypothesis, we carried out EIS tests of the LMB after
ifferent cycles, and compared them with the newly prepared battery
efore cycling, as shown in Fig. 4 b. The R ct was reduced significantly af-
er 12 cycles of operation and was virtually unchanged after that. These
esults can be easily rationalized by noting that the molecular chains
ove slowly during the cycling, enabling better contact between the

lectrolyte and the electrode, thus allowing better utilization of cathode
aterial. 

Long-term cycling stability of the QSE-based LMBs was also charac-
erized by GCD (results displayed in Fig. 4 e-f). As a reference, the LMB
ith conventional LOE showed a stable capacity within the first 170

ycles and started to decay after that. After 500 cycles, only 20% of
he capacity was retained, along with an average coulombic efficiency
f 98.7%. In contrast, the QSE-based LMBs were able to remain stable
ycling for 500 cycles, with 94% of capacity retention and an average
oulombic efficiency higher than 99.9%. The capacity decay of PBA-
ased QSE-based LMB was only 0.012% per cycle. Our work showed
utstanding cycling performance compared to recent studies on QSE-
ased LMBs (see Table S3). Li | Li symmetric cells were also prepared
o assess the cycling stability of LM in different electrolytes, as shown
n Fig. 6 f. A short circuit occurred after 238 h of plating and stripping
hen LOE was adopted, while stable cycling for more than 500 h was
chieved for QSE. 

The electrochemical results imply that the LOE continuously reacted
ith the electrolyte, causing a low coulombic efficiency and a decreased
ischarge capacity. The continuous reaction led to an uneven deposition
f lithium on LM damaging the SEI and to the exposure of “fresh ” lithium
hat continuously reacted with the electrolyte. The polymer skeleton of
he QSE facilitated the uniform plating and stripping of lithium as illus-
rated in the schematics of Fig. 5 i-j [76–78] . To verify that, we observed
he morphologies of the LMs and separators both optically and by SEM,
ee Fig. 5 . The LM surface with the LOE showed dark deposition spots,
hich were also found on the separator. In addition, the separator was
ry, implying that the LOE was consumed by the continuous reaction
ith LM. The SEM further allowed us to observe that dark spots were
o  

635 
orous and unevenly distributed, likely a mixture of reaction products
nd dead lithium. In contrast, the surface of LM cycled with the QSE
as clean and free of black spots, and no deposition was found on the

eparator. SEM showed a clean and dense LM surface, suggesting that
he plating and stripping of Li occurrend uniformly for the battery with
he QSE. 

XPS was carried out to characterize the LMs cycled in LOE and PBA20
lectrolytes as shown in Fig. 6 . As can be seen, LiF formed on the LM
fter cycling in PBA20 QSE. Combined with the SEM result above, we
bserved that the LiF-rich SEI created by FEC was compact and robust.
he SEI formed in LOE also contained LiF due to the decomposition
f LiPF 6 . However, it was very porous and could not prevent the con-
inuous reaction between the LM and the carbonate-based electrolyte.
oreover, organic component ROCOLi was also found in the SEI as a re-

ult of the decomposition of carbonates, which contributed to the porous
orphology of the LM surface [79] . 

.3. DFT calculations 

In order to probe the mechanism of stable cycling for QSEs, we used
FT to analyze the components of QSE and LOE. The HOMO and LUMO
f EA, TMP, FEC, FSI − , and PBA unit were calculated, as shown in Fig. 7 a



G. Zhou, X. Lin, J. Liu et al. Energy Storage Materials 34 (2021) 629–639 

Fig. 7. DFT calculations of (a) the HOMO, LUMO, (b) AEA, and AIP of different QSE components. 

Fig. 8. Demonstration of non-flammable and flexible batteries based on QSE. (a) Flammability test of the QSE. (b) Ribbon-shaped QSE-based battery could light an 

LED light when tied into a knot. (c) The QSE-based pouch cell continued to work when folded, cut out and exposed to fire. 

Table 1 

Bulk resistance, thickness, conductivity, and activa- 

tion energy of different electrolytes at room tempera- 

ture. 

R b Thickness Conductivity E a 
( Ω) ( 𝜇m) (S cm 

− 1 ) (eV) 

PBA20 7.4 25 4.2 × 10 − 4 0.25 

PBA30 10.1 25 3.1 × 10 − 4 0.26 

PBA40 21.0 25 1.5 × 10 − 4 0.30 

PBA50 49.4 25 6.3 × 10 − 5 0.34 

LOE 2.68 25 1.2 × 10 − 3 0.09 

a  

s  

t  

f  

l  

T  

L
 

t  

Table 2 

HOMO, LUMO, AEA, and AIP of different elec- 

trolyte components. 

HOMO LUMO AEA AIP 

(eV) (eV) (eV) (eV) 

EA − 7.62 − 0.30 − 0.52 + 9.85 

TMP − 8.07 − 0.35 − 0.41 + 9.57 

FEC − 8.90 − 0.65 − 0.28 + 10.95 

FSI − − 4.26 + 3.09 − 2.42 + 5.66 

H-BA-H − 7.59 − 0.30 − 0.44 + 9.52 

EC − 8.39 − 0.61 − 0.29 + 10.55 

DEC − 4.26 3.09 − 2.42 + 5.66 

EMC − 8.08 − 0.25 − 0.51 + 10.22 

PF6 − − 5.40 + 4.07 − 5.17 7.90 

f  

f

𝐴  

𝐴  
nd Table 2 . FEC was computed to have the lowest LUMO among all
tudied compounds. This result implies that FEC is the most susceptible
o reduction at the anode [80–82] . The reduction of FEC leads to the
ormation a LiF-rich SEI which is Li + -conducting and electron-insulating
ayer [7,24,83–85] . Therefore, using FEC prevents the reaction between
MP and LM. In turn, this leads to the stable cycling of the QSE-based
MBs. 

To further prove the effect of FEC, we calculated the adiabatic elec-
ron affinity (AEA) and adiabatic ionization potential (AIP) of the dif-
636 
erent electrolyte components, see Fig. 7 b. AEA and AIP are defined as
ollows: [86] 

𝐸𝐴 = 𝐸 𝑀 

− 𝐸 𝑀 

− (5)

𝐼𝑃 = 𝐸 + − 𝐸 (6)
𝑀 𝑀 
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here E M 

, 𝐸 𝑀 

− and 𝐸 𝑀 

+ are the energies of a component and the corre-
ponding anion and cation, respectively.The higher the AEA, the more
apable a compound is to be reduced [86] . FEC has the highest AEA
mong all the components, corresponding to the highest tendency to
e reduced by LM, which is consistent with the frontier orbital analysis
esult. 

We also calculated the HOMO, LUMO, AEA, and AIP of the LOE com-
onents, with the results listed in Table 2 . Due to the highest LUMO and
owest AEA of PF 6 

− , LiF was formed after the decomposition of EC, DEC
nd EMC. Therefore, instead of forming a compact LiF-rich SEI layer, the
urface of the LM after cycling in LOE was porous. It has been reported
hat the decomposition of carbonates, such as EC and DMC, leads to the
egregation of LiF in the organic matrix to form an inhomogeneous and
orous SEI [79,87] , which is consistent with our SEM and DFT results. 

.4. Non-flammable and flexible batteries 

To demostrate the high safety of the QSE, we carried out a qualita-
ive flammability test by exposing the electrolyte to the flame originat-
ng from a lighter with butane as fuel. The electrolyte was not ignited
 Fig. 8 a and Video S2), demonstrating its non-flammability and high
afety. In contrast, the conventional LOE caught fire immediately (Fig-
re S10 and Video S3). 

To demonstrate the feasibility of making flexible batteries with the
BA20-based QSE, we prepared the pouch cell and ribbon-shaped bat-
eries shown in Fig. 8 . The in situ polymerization method is compatible
ith the current industrial production techniques because the liquid pre-

ursor can be easily infiltrated into the separator, which allowed us to
cale up and make batteries of different shapes following the processes
ypical of LIB production. As shown in Fig. 8 b, the ribbon-shaped bat-
ery can power an LED light even when tied into a knot. The pouch cell,
hich had a capacity of 5.4 mAh, can work if folded, cut out, and ex-
osed to a flame ( Fig. 8 c), proving its outstanding flexibility and safety.
n contrast, pouch cells with LOE and PBA20/MF as electrolyte stopped
orking when they were bent (see Figure S11, Video S5 and Video S6),
emonstrating the significance of designing elastic polymer electrolyte.

. Conclusions 

We developed a new QSE with high elasticity and non-flammability.
he electrolyte showed excellent stretchability, with a strain at break
igher than 600% when 20 wt.% of PBA was incorporated. The conduc-
ivity of PBA20 electrolyte reached 4.2 × 10 − 4 S cm 

− 1 at 23°C, and the
verpotential of the Li | PBA20 | LFP LMB was as low as 46 mV at 0.1
 as a result of the good interfacial contact with the electrodes brought
y the in situ polymerization method. Thanks to the high concentration
i salt and the addition of FEC, the QSE-based LMB cycled stably 500
imes at 0.5 C with a final 94% capacity retention. The mechanism of
he stable cycling was demonstrated by DFT calculation, which proves
he significance of FEC in forming the SEI protecting layer on the an-
de, enabling the reversible plating and stripping of Li for more than
00 h. A ribbon-shaped battery and a pouch cell were also prepared
o prove the feasibility of making flexible batteries with our QSE. The
BA-based electrolyte achieved non-flammability and elasticity simulta-
eously, which shows potential for the next-generation wearable devices
n the future. 
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