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a b s t r a c t

Thermoplastic polyurethane (TPU) consists of a hard segment and a soft segment, where the former

affords mechanical strength and thermal stability, while the latter provides a possibility of good ionic

conductivity by promoting dissociation of ions from the lithium salt. Thus, TPU attracts a wide interest

recently as a promising polymer electrolyte for solid-state lithium batteries. However, the relatively low

ionic conductivity of TPU still restricts its actual applications due to the aggregation of polymer chains,

which greatly reduces the dissociation of lithium salts. Herein, a strategy to address this challenge was

adopted by in situ polymerization poly(ethylene glycol diacrylate) (PEGDA) in fully dispersed TPU. Hence

a stretchable solid-state electrolyte (denoted as TELL and the contrast sample was denoted as TLL) with

high ionic conductivity of 7.18 × 10−4 S/cm was obtained at room temperature. The Li+ transference num-

ber is 0.85 in Li|TELL|Li cell and can stably undergo charge-discharge cycles for 1400h at a current density

of 0.1mA/cm2, while the contrast sample is short-circuited after 634h of cycling. The LiFePO4|TELL|Li cell

achieves a capacity retention of 78.93% after 200 cycles at 2 C. The LiFePO4|TLL|Li cell only gains the

capacity retention of 51.9 % after 50 cycles at the same current density. So, the method adopted here may

provide a new approach to realize a flexible solid-state electrolyte with high ion-conductivity.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of lithium-ion batteries is getting more and

more attention with the current demand for portable devices and

electric vehicles [1,2]. In the pursuit of higher energy density, the

use of lithium metal anodes instead of the existing widely used

graphite anodes is considered a viable option [3,4]. However, bat-

teries using lithium metal as the anode produce lithium dendrites

derived from the uneven deposition of lithium during electrochem-

ical cycling [5,6]. In batteries using liquid organic electrolytes, den-

drites can penetrate the polypropylene diaphragm causing the bat-

tery to short-circuit, which can lead to a fire or even an explosion

[7,8]. Concerns about the safety of lithium metal anodes limit the

prospects for large-scale application of lithium metal anode in to-

day [9,10].
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To overcome the safety issues caused by reactive lithium metal,

the utilization of solid-state electrolytes instead of liquid-state

electrolytes containing flammable organic solvents are viewed as

an attractive option [11,12]. Solid-state electrolytes with ideal me-

chanical properties and free of flammable organic solvents can bat-

ter resist the puncture of Li dendrites, addressing concerns about

the safety of lithium batteries [13,14]. The development of solid-

state electrolytes can be mainly divided into two parts: Li+ con-

ductive polymers and Li+ conductive ceramics [15,16]. Ceramic

solid-state electrolytes offer high Li-ion conductivity, high electro-

chemical stability, and resistance to dendrite puncture, but they

are fragile and have poor interphase contact with the electrodes

[17,18]. Polymer SSEs have good formability and allow good inter-

phase contact with the electrodes, but the low ionic conductivity

at room temperature (RT) limits their application [19,20]. Compos-

ite solid-state electrolytes (CSSE) inherit the advantages and dis-

advantages of both polymer electrolytes and ceramic electrolytes

[21,22]. The development of polymer materials with high RT ionic
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conductivity is necessary to obtain CSSE with favorable ionic trans-

portation [23]. The RT ionic conductivity of the polymer portion in

CSSE can be significantly enhanced by optimizing strategies such

as structural design of polymers, multiple polymer composite, and

the polymer in salt [24,25].

Thermoplastic polyurethane (TPU) is an engineering plastic

with good flexibility, physical properties and chemical stability.

TPU usually have a two-phase structure: A hard segment con-

sisting of diisocyanates or polyisocyanates and a soft segment

consisting of long-chain glycols [26]. Hard segments provide

mechanical properties and thermal stability, soft segments provide

limited ionic conductivity. TPU-based CSSEs for lithium-metal

batteries (LMB) have received a lot of attention due to the

various advantages of TPU. As an example, Tao et al. [27] pre-

pared a solid polymer electrolyte (SPE) containing poly(ethylene

oxide) (PEO), thermoplastic polyurethane (TPU), and lithium

bis(trifluoromethanesulfonimide) (LiTFSI). The results show that

the blending of TPU and PEO in SPE matrix significantly reduces

the crystallinity and promotes the dissolution of lithium salt.

The introduction of TPU also improves the mechanical and elec-

trochemical stability of SPEs. Among the obtained SPEs based

on TPU/PEO = 1:3 ratio exhibits desirable ionic conductivity

(5.3×10−4 cm−1) and electrochemical stability (higher than 5V

related to Li+/Li) at 60 °C. Zou et al. [28] introduced TPU as an

ion-conducting framework in flexible electrodes and electrolyte

materials. The application of this all-from-one strategy can effec-

tively reduce the interfacial impedance in lithium metal batteries.

Studies have shown that the functional groups of TPUs (-C=O,

-NH and -C-O-C- groups) contribute to lithium-ion transport. The

obtained TPU-based solid electrolytes have excellent flexibility

and high ionic conductivity, and the ionic conductivity can reach

1.20×10−4 S/cm at room temperature.

Herein, we presented a strategy for the modification of the TPU-

PEGDA CSSEs which contained LLZTO ion conductor and LiTFSI (de-

noted as TELL, and the contrast sample without PEGDA denoted

as TLL). First, we introduced PEGDA into the TPU-NMP solution.

The results of static potential and molecular dynamics simula-

tions indicate that PEGDA at this point are adsorbed around the

hard domain of TPU through hydrogen bonding interaction. Fur-

ther, the UV irradiation (λ = 365nm) was employed to make in-

dividual PEGDA molecular to form cross-linked PEGDA networks

in situ. As shown in Scheme 1, cross-linked PEGDA networks re-

main adsorbed around TPU via hydrogen bonding interaction. The

PEGDA network adsorbed on the TPU chains via hydrogen bond-

ing can improve the ionic transport of the TPU matrix, it also can

weaken the interactions between TPU chains and enhance the flex-

ibility of the CSSE, and obtain better interfacial contacts. Thus, an

optimized solid-state electrolyte (denoted as TELL) containing TPU,

PEGDA, LiTFSI and Li6.5La3Zr1.2Ta0.5O12 (LLZTO) was well designed

Scheme 1. The interaction mechanism between TPU and PEGDA in the matrix of

CSSE.

Fig. 1. Electrostatic potential spectra of (a) TPU molecule and (b) PEGDA molecule.

Optimized DFT structure and intermolecular interaction energies for TPU/TPU in (c)

TLL and (d) TELL. Snapshots of MDS trajectories of (e) TLL and (g) TELL. Radial dis-

tribution functions and coordination numbers of MDS trajectories of (f) TLL and (h)

TELL.

as shown in Scheme 1. The optimized TELL electrolyte was assem-

bled into a lithium symmetric battery that could be stably cycled

for 1400h at 0.1mA/cm2, its ionic conductivity was 0.718 mS/cm

and Li+ transference number was 0.85. In situ generated PEGDA

ionic conductive network in TPU-based CSSE provides a new ap-

proach for solving the poor ion-conductivity and flexibility of TPU

in SSLMBs.

The mechanism of interaction between TPU and PEGDA

molecules was first elucidated by analyzing the static potential.

The magnitude of its value reflects the charge distribution of

molecule and electrostatic potential in the molecule [29]. The cal-

culation of the electrostatic potential of the molecules was car-

ried out by DMol3 module [30]. The maximum positive poten-

tial (0.09927 a.u.) for the TPU molecule was located by the H

atoms connected with the N atoms in hard segment, and the max-

imum negative potential was located around the O atoms in the

C=O of the hard segment of TPU (Figs. 1a and b). In the PEGDA

molecule, the maximum negative potential was distributed around

C=O groups, which was larger than that of TPU. The static po-

tential difference between molecules lead to the difference of in-

termolecular interaction. Thus, the interaction between the PEGDA

and TPU molecules may be realized through the formation of hy-

drogen bonds. In addition, density functional theory (DFT) calcu-

lations were also performed to estimate the interactions between

TPU molecules in TLL and TELL. As shown in Figs. 1c and d, the

calculated results showed that the interaction between two TPU

chains in TELL (Eint = −4.05 eV) was significantly weaker than that

in TLL (Eint = −2.66 eV). This suggested that the interactions be-

tween TPUs in the matrix are weakened after the introduction of

PEGDA molecules. To further explore the hydrogen bonding in-

teraction between PEGDA network and TPU in electrolyte matrix,

the solution environment of polymer precursor was investigated

by molecular dynamics simulations (MDS). MDS snapshots of TELL

and TLL precursors are shown in Figs. 1e and g, which provide

insights into the hydrogen bonding interaction between PEGDA

and TPU network. The radial distribution function (RDF) is used

to compute statistical average structural properties of molecules

in these systems. In the control TLL system, a strong intensity of

the OO=C-TPU and HH-N-TPU peak (Fig. 1f) suggests the tight hydro-

gen binding between the hard domains of TPU. In contrast, the
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Fig. 2. (a) FT-IR spectra of pristine PEGDA, pristine TPU, TLL and TELL with the

wavenumber range of 500–4000 cm−1, and (b) 3400–3200 cm−1 region of infrared

spectra of TPU, TLL and TELL samples. (c) EIS profiles of TELL with different PEGDA

content and (d) Columnar comparison of ionic conductivity.

peak for OO=C-TPU and HH-N-TPU exhibits an enhanced peak inten-

sity within TELL (Fig. 1h), and another peak for OO=C-PEGDA and

HH-N-TPU shows up accompanied by decreasing coordination num-

ber between OO=C-TPU and HH-N-TPU (0.4), suggesting the addition

of PEGDA promotes more hard domains of TPU to generate hydro-

gen bonds with both TPU and PEGDA network. This enhanced hy-

drogen bonding interaction can provide both upgraded mechanical

properties and exceptional ionic transference performance.

Fourier transform infrared spectroscopy (FTIR) was used to

prove the polymerization of PEGDA in TELL electrolytes. As shown

in Fig. 2a, the absorption bands due to the stretching vibration of

C=C at 1637 cm−1 disappeared in the cross-linked polymer ma-

trix of TELL, indicating that vinyl groups from PEGDA have reacted

mostly during UV-initiated polymerization. More importantly, the

peak shift of the -NH group was more significant in TELL elec-

trolyte (from 3322.19 cm−1 to 3320.39 cm−1) than in TLL elec-

trolyte (from 3322.19 cm−1 to 3321.25 cm−1), which suggests that

PEGDA produces more hydrogen-bonding interactions with the

TPU (Fig. 2b) [31]. A nuclear magnetic resonance hydrogen spec-

troscopy (1H NMR) has been added to determine the conversion

of PEGDA after UV-irradiation. As exhibited in Fig. S1 (Support-

ing information), peak a of 5.83ppm and 6.42ppm and peak b of

6.15ppm are the hydrogen in the C=C bond environment of PEGDA

[32]. After UV irradiation, the intensity of peaks of hydrogen in the

C=C bond environment was significantly reduced, proving the suc-

cessful polymerization of PEGDA in the TELL matrix after UV irra-

diation.

To analyze the effect of PEGDA on the ion-conduction behavior

of composite solid-state electrolytes (CSSE), the ionic conductivity

of CSSE with different PEGDA content (denoted as TELLX, where X

present the weight ratio of PEGDA to TPU) were obtained by elec-

trochemical impedance spectroscopy (EIS) test. The EIS curves of

TELL0, TELL5, TELL15, TELL 25 and TELL35 (the mass of PEGDA is

0, 5, 15, 25, 35 wt% of the mass of TPU, respectively) are presented

in Fig. 2c, and the calculated results are shown in Fig. 2d, corre-

sponding circuit model applied in impedance in fitting is shown in

Fig. S2 (Supporting information). It is obvious that the ionic con-

ductivities of CSSE are obviously influenced through the introduc-

tion of PEGDA. Specifically, TLL exhibits a significantly lower ionic

conductivity of 0.312 mS/cm than TELL25, which exhibits the high-

est ionic conductivity of 0.718 mS/cm comparing to other CSSEs.

When the content of PEGDA was added to 35 wt%, TELL35 shows a

reduced ionic conductivity. To further optimize the ion-conduction

behavior of CSSE, the ionic conductivity of CSSE with different

LLZTO fillers were also obtained. As shown in Fig. S3 (Supporting

information), TELL SSE with 25 wt% LLZTO inorganic filler shows

a higher ionic conductivity of 0.704 mS/cm. Slight differences in

ionic conductivity test results can be attributed to systematic er-

rors. When added in smaller amounts, inorganic fillers do not pro-

vide significant assistance for ion transport. Instead, the inorganic

filler agglomerates, reducing the amount of inorganic filler that can

effectively participate in ion transport. In this case, the prepared

CSSE without PEGDA and the CSSE with optimized PEGDA compo-

nent was chosen for the further investigation.

The effect of the introduction of PEGDA on the microstructures

of CSSEs were also studied by the comparison between TLL and

TELL electrolytes. The surface and cross-sectional morphology of

TLL and TELL were observed using scanning electron microscopy

(SEM). As shown in Figs. 3a and b, the TLL membranes reveal a

porous structure while the TELL membranes show a flat surface

without obvious hole structures. This indicates that the agglomer-

ation of hard segments inside the TPU matrix after PEGDA mod-

ification is improved. The cross-section EDS mappings in Fig. 3c

demonstrate that the C, N, O, F, S, La, Zr and Ta elements are uni-

formly distributed in TELL membranes, indicating the successful

preparation of a uniform solid-state electrolyte. Atomic force mi-

croscope (AFM) was utilized to investigate the effect of PEGDA net-

work on the polymer matrix of CSSEs. As shown in Figs. 3d and e,

the TELL membranes have a lower surface roughness (115 nm) than

that of TLL (232nm). The flat and smooth surface is considered to

be the prerequisite of the excellent interface contact.

Considering the abovementioned results, the interaction be-

tween the cross-linked PEGDA network and TPU could promote

the interfacial compatibility between CSSE and lithium metal cath-

ode. X-ray diffraction (XRD) was employed to further study the

successful composite between LLZTO ceramic particles and poly-

mer matrix. As shown in Fig. 3f, XRD spectra of TELL and TLL ex-

hibit the diffraction peaks, which are consistent with Li5La3Nb2O12

(PDF#45–0109), showcasing that the LLZTO ceramic particles are

successfully composited in the electrolyte polymer matrix. The

stress-strain curves of TELL demonstrate a tensile strength of

1.96MPa (which higher than 1.30MPa of TLL) and superior stretch-

ability (maximum strain of 721%, which higher than 333% of TLL),

insuring intimate contact between electrolyte and electrode for as-

sembly LMBs. According to differential scanning calorimetry (DSC)

curves, the glass transportation temperature (Tg) of TELL is about

−38.87 °C, lower than that of TLL (−34.34 °C), demonstrating TELL

clearly has a lower Tg, corresponding to lower crystallinity, which

could benefit lithium-ion migration in CSSEs. Thermogravimetric

(TG) indicates the good thermal stability of TELL electrolyte (Fig. S4

in Supporting information).

The EIS curves ranging from 30 °C to 80 °C were collected and

are shown in Figs. 4a and b to obtain the diffusion data of Li+

in SSE, respectively. The ionic conductivity of TLL and TELL with

the temperatures ranging from 30 °C to 80 °C was calculated ac-

cording to formular 1 and the results were shown in Table S2

(Supporting information). Notably, the ionic conductivity increases

with increasing temperatures correspondingly, and TELL can main-

tain higher conductivity in a wider temperature range comparing

to TLL. As shown in Fig. 4c, ionic conductivities of TLL and TELL

were 0.32 and 0.71 mS/cm at a temperature of 30 °C, respectively.
The correlation both temperature and ionic conductivity were cal-

culated via the Arrhenius equation (Fig. 4d). The activation energy

(Ea) of TELL (0.21 eV) is smaller than that of TLL (0.24 eV), showing

the enhanced transport of lithium ions in TELL, which is consis-

tent with the trend of the above ion conductivities. Li+ transfer-

ence number (tLi+ ) is an important parameter of battery perfor-

mance, and a higher tLi+ reduces interfacial polarization and pro-

motes even lithium-ion deposition [31]. The tLi+ of TELL electrolyte

3



H. Li, H. Hou, D.-H. Liu et al. Chinese Chemical Letters 37 (2026) 111020

Fig. 3. SEM images of the surfaces of (a) TELL and (b) TLL electrolyte. (c) Scanning electron microscope image of the cross section of TELL CSSE and EDS mapping image.

AFM images of (d) TELL and (e) TLL CSSE. (f) XRD patterns of TLL and TELL electrolyte. (g) Stress-strain curve images of TELL and TLL CSSE. (h) Differential thermal analysis

images of TLL and TELL electrolyte.

Fig. 4. EIS profiles of (a) TELL and (b) TLL under different temperature. (c) Columnar comparison of Rct and ionic conductivity of TLL vs. TELL. (d) Arrhenius plots of the ionic

conductivities of the solid polymer electrolytes from 30 °C to 80 °C. The chronoamperometry profiles of Li symmetric cells with (e) TELL and (f) TLL. Inset shows the Nyquist

plots before and after polarization.

was calculated to be 0.85, while that of TLL was 0.82 (Figs. 4e and

f). The improved tLi+ in TELL is benefited from the introduction of

the PEGDA network, which improves the aggregation of polymer

chains in the matrix. The improved matrix is more homogeneous

and better bonded to the fillers, allowing LLZTO fillers to partic-

ipate more efficiently in Li+ transport. Thus, TELL electrolyte ex-

hibits a low energy barrier for ion migration. While the Li+ in the

TLL mainly travel through the pathway composed of dispersed and

discontinuous -[EO]- unit on the soft domain of TPU and dispersed

LLZTO fillers, thus resulting in a high activation energy.

The effect of PEGDA network on the interphase stability as

Li stripping/plating was investigated in Li symmetrical batteries.

EIS test was conducted to examine the interface stability between

TLL/TELL and lithium anode. The corresponding impendence fit-

ting results and the circuit model are shown in Figs. S5, S6 and

Table S1 (Supporting information), which exhibits that Li|TELL|Li

cell have an interfacial impedance of 216.8 �, which is signifi-

cantly lower than that of Li|TLL|Li cell (299.3 �). This result may

be attributed to the introduction of PEGDA, which improve the in-

terphase contact in both electrolyte and the Li anode. The criti-

cal current densities of symmetric lithium cells were tested from

0.1mA/cm2 to 1.0mA/cm2 and the time is 1 h for each plating and

stripping (Fig. 5a). The TLL electrolyte exhibits a sharp potential

decrease at 0.8mA/cm2. In comparison, the TELL does not appear a

potential drop until 1.0mA/cm2, indicating that the enhanced ionic

conductivity and mechanical strength contribute to the deposition

of Li+. The symmetric Li|TLL|Li cell exhibits an overpotential of

39.7mV under a current density of 0.1mA/cm2 and occurs a short-

circuit after 634h cycling, which is probably caused by the low

ionic conductivity of TPU matrix (Fig. 5b). With the introduction
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Fig. 5. (a) Galvanostatic cycling curve and (b) cycling performances of Li||Li symmetric cell with TELL and TLL. XPS spectra of (c) C 1s (d) O1s and (e) F 1s in Li metal anode

cycled with TLL and TELL after 100h.

Fig. 6. (a) Cycling performance of Li||LFP cells at 2 C with TLL and TELL electrolytes. (b) Rate performance of Li|TLL|LFP and Li|TELL|LFP cells. Galvanostatic discharge/charge

voltage profiles of (c) Li|TELL|LFP cell and (d) Li|TLL|LFP cell. (e) Galvanostatic discharge/charge voltage profiles of Li|TELL|LFP cell at different rates.

of PEGDA, the initial overpotential decreases to 17.7mV and grad-

ually increases to 62.9mV after 1400h, indicating that the addi-

tion of PEGDA decreases the overpotential and improves the cycle

stability. SEM images of TLL and TELL from symmetric Li batteries

are shown in Figs. S7a and b (Supporting information). It is worth

noticing that the electrolyte from Li|TLL|Li after cycling for 100h

shows a rough and shattered surface, suggesting the serious side

reaction as cycling. In contrast, for the TELL CSSEs from Li||Li cells,

the electrolytes maintain a smooth surface. This could be con-

cluded that the continuous TPU-PEGDA networks provide a fast Li+

transport route and promote the uniform deposition of Li+. X-ray
photoelectron spectroscopy (XPS) tests were utilized to analyze the

composition of the Li metal anode surface in Li||Li symmetric cells

after 100h cycling. The C1s spectra consist of same species such

as C-C/C-H (∼284.8 eV), C-O (∼286.8 eV), O-C=O (∼288.6.0 eV) and

C-F (∼289.7 eV) in both cell with TLL and TELL electrolytes. And

the O1s spectra consist of same species such as C-O (∼532.2 eV)

and O-C=O (∼533.9 eV) [33]. The organic components found on

the surface of lithium metal electrodes indicate that the electrolyte

forms a good interfacial contact with the lithium metal clicks dur-

ing the cycling process. Furthermore, the peak assigned to LiF in

the F 1s spectrum of Li metal anode cycled with TELL electrolyte

revealed a higher intensity compared to that with TLL electrolyte,

suggesting that stable and conductive organic-inorganic composite

SEI generated at the surface between lithium anode and TELL elec-

trolyte. This result explains why Li symmetrical batteries with TELL

electrolyte possess a longer cycle life.

To assess the utility of TLL and TELL, Li|CSSE|LFP (LFP is

LiFePO4) cells were assembled adding ∼5 μL liquid electrolyte and

electrochemically tested at 2 C (1 C=170 mAh/g) at 25 °C (Fig. 6a).

The Li|TELL|LFP cell was first activated with one cycle at 0.1 C,

and the discharge-specific capacity maintained at 97.38 mAh/g at

2 C after 200 cycles, yielding a capacity retention of 78.93%. How-

ever, the capacity of the Li|TLL|LFP has significantly dropped to

50.6 mAh/g after 50 cycles and retained capacity only 51.9% due

to an unstable Coulombic efficiency. In addition, a stable potential

curves are achieved during cycling with a low increase of overpo-

tential from 0.20V to 0.25V (Fig. 6b), which suggests the superior

cycling stability of TELL over the TLL (large overpotential of 0.50V

to 0.85V) in Li|CSSE|LFP (Fig. 6c). And we also tested the cycle

and rate performance of the cells without liquid electrolyte under

RT and 60 °C. As shown in Figs. S8 and S9 (Supporting informa-

tion), all cells could not be charged and discharged properly, this

could be caused by poor interfacial contact between the electrodes

5
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and electrolyte. Furthermore, Fig. 6d reveals that the Li|TELL|LFP

enabled specific capacities of 150.4, 148.9, 143.9, 137.5, 126.5 and

100.4 mAh/g at 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 C, respectively. Notably,

when the current density was recovered to 0.1 C, the specific ca-

pacity values were close to the original capacity at 0.1 C, indicating

that the Li|TELL|LFP cell has an excellent reversibility. An obvious

plateau with low polarization is observed in Fig. 6e, which could

be attributed to the high ionic conductivity of TELL SSE.

In conclusion, a superior TPU-based CSSE with fast ionic con-

ductive and electrochemistry performances are successful designed

via UV irradiated cross-linked PEGDA network. TPU has an ex-

cellent mechanical property, which can effectively resist lithium

dendrites. PEGDA has a good interfacial contact with Li. PEGDA

molecules are in situ adsorbed around the TPU molecules with

hard segments through hydrogen bonding interactions, the PEGDA

network is in situ generated by UV light treatment. The introduc-

tion of PEGDA weakened the hydrogen-bonded coordination be-

tween TPU and embedded into the periphery of the TPU molecules,

providing a fast pathway for lithium-ion migration. So, the de-

signed TELL CSSE displayed a high ionic conductivity of 0.718

mS/cm and a high ionic transference number of 0.85. Li|TELL|Li

symmetric cell exhibited a stable charge-discharge cycling over

1400h, LFP|TELL|Li cell exhibited decent rate performance and sta-

ble cycling performance.
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