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Abstract: 

In this paper, we develop a facile UV-derived in-situ dual-reaction to prepare a flexible 

poly(ethylene oxide) (PEO)-based solid polymer electrolyte (SPE), which is applied for ambient-

temperature all-solid-state lithium battery. By modifying the amorphous domain of PEO through cross-

linking with tetraglyme (TEGDME) and introducing a rigid linear oligomer of tetraethylene glycol 

dimethacrylate (TEGDMA) into the matrix, a SPE is obtained with high ionic conductivity (2.7 × 10
-4

 

S cm
-1

 at 24 °C) and enhanced mechanical strength. The as-prepared SPE shows superior 

electrochemical properties with decent lithium transference number of 0.56, wide electrochemical 

stability window above 5 V vs. Li
+
/Li and low interfacial resistance. By means of galvanostatic cycling 

studies in Li//Li symmetrical and LiFePO4//Li cells, we further demonstrate that the SPE exhibits 

excellent cycling performance with minimization of lithium dendrite formation. 

 

Keywords: solid polymer electrolyte; in-situ dual-reaction; all-solid-state lithium battery; interfacial 

resistance. 

 

1. Introduction 

Lithium-ion batteries (LIBs) are considered as attractive energy storage devices because of their 

light weight and high-energy density [1-3].
 
The conventional LIBs currently use liquid organic 

electrolytes that can cause the potential risk of electrolyte leakage, thermal runaway, or fire hazards 

under the conditions of misuse, short circuit, overcharging, or local overheating [4, 5]. In addition, the 

demand of practical large-scale and reliable devices has driven the development of Li metal anode, 

which has the highest theoretical capacity (3,829 mAh g
-1

) and lowest electrochemical potential (-3.04 

V vs. SHE). However, the liquid organic electrolytes have a lower unoccupied molecular orbital 

(LUMO) below the Fermi level of alkali-metal anodes [6]. Therefore, Li metal cannot be utilized 



because of the formation of dendrite that can expand across the traditional separator and cause thermal 

runaway by internally short circuit, leading to fire [7, 8]. These drawbacks have led to the development 

of all-solid-state Li-metal batteries [9-13], for which the use of liquid electrolytes is eliminated. Solid 

polymer electrolytes (SPEs) are compatible with Li-metal anode and effectively mitigate dendrite 

growth because SPEs are usually less reactive with Li metal [14]. However, their small electrical 

conductivity at room temperature and the high interfacial resistance are persistent obstacles to 

implementation [15, 16]. 

Poly(ethylene oxide) (PEO)-based SPEs have been studied for decades since the discovery of their 

fast-ionic conduction relying on the (-CH2-CH2-O-)n (-EO-) oligoether segmental motion [17, 18]. 

They benefit of a high dielectric constant (ε ≈ 5) and a strong Li
+
-ion solvating ability. Unfortunately, 

the ionic conductivity of PEO at room temperature, σiRT, is the order of 10
-7

 S cm
-1

, while the required 

value for practical applications would be 10
-4

 S cm
-1

. The fast ionic transport takes place in the 

amorphous phase above the glass transition temperature Tg but is still limited by the high degree of 

crystallinity as the melting point of PEO is about 65 °C [18, 19]. Therefore, the ordinary PEO-based 

electrolytes can only work at elevated temperature, and generally lose their moderate mechanical 

properties in the melting state where they become inhomogeneous inside the cell during cycles. 

Consequently, the development of a SPE with acceptable Li
+
-ion conductivity for use in all-solid-state 

lithium battery working at room temperature is highly requested. Growing research focuses on reducing 

the crystallinity to maintain the amorphous state of PEO-based SPEs. Many strategies have been tested, 

such as incorporation of ceramic or inorganic nanoparticles as fillers [20-24], introduction of room-

temperature ionic liquid [25], design of branched or star structures [26, 27], synthesis of copolymers 

[28-30] or single-ion conducting electrolytes [31, 32], use of new type of Li salts [33] and preparation 

of cross-linked polymers [34-39]. Nevertheless, the results at ambient temperature are still below the 

requirements for solid-state polymer electrolytes in lithium batteries, i.e. Li
+
 ion conductivity ≥ 10

-4
 S 



cm
-1

 at 25 °C and stable potential window ≥ 4.0 V vs. Li
+
/Li. Suitable SPEs meeting these requirements 

without sacrificing the mechanical properties are then needed for further development of all-solid-state 

Li metal batteries. 

With PEO-based polymers, the preferred salt is lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) because its Li
+
 cations supply the electro-active species in the electrolyte, and TFSI

-
 anions 

exert a plasticizing effect on the polymer [40]. A composite SPE consisting of PEO, LiTFSI, and 

tetraglyme (TEGDME) was successfully used as a protective layer between lithium metal and a water-

stable lithium ion-conducting glass ceramic [41]. It confirms a prior report that oxidative stability of the 

glyme molecules is enhanced by complex formation with LiTFSI [42]. The large increase of the 

conductivity obtained by introduction of the TEGDME also shows that TEGDME reduces the 

coordination of lithium ions with EO units by the high Mw PEO matrix, allowing the Li
+
 ions to 

decouple from the ion pairs. On another hand, triethylene glycol dimethacrylate (TEGDMA) is a di-

functional monomer commonly used as cross-linking agent, and forms between 30 and 50% of almost 

all the resins. These kinds of short monomers can be activated by UV-derived free radical 

photopolymerization, which is an eco-friendly, solvent-free and energy-efficient technology with low 

cost, and widely used in various fields because of its easily implement [43-45]. The UV-curing goes 

through a rapid process within minutes and easily obtains greatly improvements in different properties, 

while maintaining transparency and gloss. 

In the present work, we have synthesized a cross-linked polymer formed from PEO, TEGDMA 

and TEGDME (hereafter called PTT) SPE that combines the synergetic properties of these different 

components with LiTFSI. The electrode/electrolyte composite was prepared by a novel in-situ UV-

derived dual-reaction that reduces the interfacial resistance and reinforces the performance of the 

electrochemical cell with LiFePO4 (LFP) cathode. A soft cross-linked polymer was obtained by the 

introduction of short chain organics to enhance the room-temperature ionic conductivity and 



mechanical strength at the same time. The as-introduced cognate monomers have different functions 

into the PEO matrix. They fabricate an internal cross-linking network and also form rigid linear chains 

by one-step UV-curing. Due to a disordered inner structure, the crystallinity of as-prepared SPE was 

reduced. These modifications resulted in enhanced ionic conductivity at ambient temperature. 

Moreover, the SPE product also prevents the formation of Li dendrite, owing to its improved 

mechanical strength. The interaction between Li
+
 and C=O polar group of TEGDMA after 

polymerization is beneficial to the dissociation of LiTFSI that enriches the fast charge carriers, such as 

free ions and ion pairs, in the SPE matrix [19]. Consequently, the ionic conductivity and lithium ion 

transference number should be enhanced by such structural features. 

 

2. Experimental section 

2.1. Materials 

Poly(ethylene oxide) (PEO), with different average molecule weights (10
4
 ≤ Mw ≤ 2 × 10

6
 g mol

-1
) 

(Sigma-Aldrich), tetraethylene glycol dimethacrylate (TEGDMA, Sigma-Aldrich) and tetraethylene 

glycol dimethyl ether (TEGDME, Sigma-Aldrich) were used as reactants. The precursor was along 

with bis(trifluoromethanesulfonyl)imide lithium salt (LiTFSI, Solvay) and photoinitiator 4-

methylbenzophenone (MBP, Aladdin). All the chemicals were used without any purification. 

2.2. Electrode/electrolyte composite Preparation 

The electrode/electrolyte LFP/SPE composite was prepared by a novel in-situ UV-derived dual-

reaction as follows. First, the reactants were mixed by stirring overnight at room temperature to get a 

homogenous precursor (blend) solution. Then, the precursor was successively coated onto the active 

LFP cathode previously deposited on aluminum foil, hot-pressed at appropriate stress (P ≈ 2 MPa) and 

heated at 80 °C for about 10 min with a polyethylene terephthalate (PET) film placed on the top. This 

film had two functions: (i) it protects the polymer membrane against moisture and (ii) it acts as scaffold 



of the liquid precursor before the completed in-situ synthesis. At this stage, the electrode/electrolyte 

composite was a sample in the form of sandwich in the sequence Al/LFP/PTT-SPE/PET. Similar 

layered architecture Teflon plate/PTT-SPE/PET was prepared by characterization of the polymer 

membrane. During the hot-pressing process, the precursor changed from white liquid to transparent and 

viscous state, and uniformly overspread the LFP electrode. The precursor was later exposed under a 

500 W Hg lamp (CEL-M500, Beijing China Education Au-light co., Ltd) to initiate the in-situ dual-

reaction for 15 min. The UV light with a main wavenumber of 365 nm was provided, and the radiation 

exposure energy was about 150 mW cm
-2

. Then, the transparent and homogeneous mixture turned into 

a solid-state membrane. The in-situ cured PTT-SPE was adherent to the surface of LFP in integrality, 

and non-tacky to plastic film (Fig. S1).  

2.3. Electrochemical measurements 

Electrochemical tests were realized using coin-type cells (CR2025) as an assembly of LiFePO4 

(LFP)-based cathode, solid polymer electrolyte (or liquid-state electrolyte with PE separator) and 

metallic lithium foil as anode. The positive electrode was fabricated by drying a slurry of LiFePO4: 350 

carbon: poly(vinylidene fluoride) (PVdF) = 80: 10: 10 wt.% deposited on aluminum foil at 120 °C in 

vacuum oven overnight. The active electrode material loading was 1.5 ± 0.2 mg cm
-2

. All cells were 

assembled in an Ar-filled glove box (Mikrouna Super, O2 and H2O content < 0.1 ppm). Galvanostatic 

charge-discharge tests were performed on a LAND CT2001A battery testing system. The cyclic 

voltammograms (CV) of full cells were carried out on a P4000 electrochemical workstation at a scan 

rate of 0.1 mV s
-1

 in the potential range 2.5—4.3 V. The electrochemical impedance spectroscopy (EIS) 

tests were measured by a P4000 workstation in the range of 1 MHz—0.01 Hz. The interfacial stability 

between SPE and metallic Li was checked by monitoring the evolution of the impedance values of a 

symmetrical cell assembled by Li metal non-blocking electrode with time at room temperature under 

OCV conditions. The stability of the polymer electrolyte was investigated using the symmetric SS//SS 



cell under OCV conditions. The electrochemical stability window (ESW) was measured in two-

electrode cells by cyclic voltammetry at a scan rate of 0.1 mV s
-1

. The anodic linear sweep voltammetry 

(LSV) was carried out from OCV to 6 V vs. Li
+
/Li with a stainless steel (SS) working electrode and Li 

metal as the counter and reference electrodes. Cu foil and Li metal were taken for the cell configuration 

for a CV scan from OCV to -0.2 V vs. Li
+
/Li. All the cells for tests were used without any elevated 

temperature pre-treatment and all the tests were measured at room temperature. After cycling, the cells 

were disassembled in the glove box for further post-mortem characterization. 

3. Results and discussion 

3.1.  In situ dual-reaction 

First, we explored the appropriate molecule weight Mw of PEO and the formulation of the SPE 

ternary blend that permit to obtain a homogeneous solution in 3 mL acetonitrile (ACN), which is a 

prerequisite to form a uniform membrane. The best solution ability was obtained for Mw = 10
5
 g mol

-1
, 

while the condition of reaction suggests the ratio of reactants PEO: TEGDMA: TEGDME = 2:1:2 wt.% 

with appropriate amounts of LiTFSI (EO: Li = 24:1). TEGDMA is a short monomer and will thus 

confer mechanical flexibility that provides resistance to fracture and accommodates volume changes 

during cycling. It will also form relatively good adhesion to electrodes (the reason why it enters in the 

composition of resins). On another hand, the tetraglyme molecule will act as a plasticizer that can 

soften the polymer and improve ion transport in the polymer phase [46], following the general trend 

that the introduction of low molecular weight oligomer ethers as plasticizer increases the ionic 

conductivity of PEO-based polymers [47]. 



 

Fig. 1. (a) Diagram of inter-crosslinking structure of PTT-SPE. (b, c) SEM images of PTT-SPE 

membrane. (d, e) Photographs of the PTT-SPE (2:1:2) film under stretching mode.  

As evoked in the Experimental Section, an original method, i.e. in-situ UV-derived dual-reaction, 

has been developed to prepare the PTT-SPE membrane through crosslinking and polymerization. Fig. 

1a shows the schematic procedure of the in-situ reaction process involved in the synthesis of cross-

linked blend electrolyte. The homogenous solution composed of the reactants above mentioned was 

first poured onto LFP cathode and treated by hot-pressing to solidify the thermoplastic PEO and 

transform the fluid precursor into a curable layer. Then, the in-situ dual-reaction occurred directly on 

the surface of the electrode. Under UV exposure, the -C=C- groups of TEGDMA induce self-

polymerization and form a linear oligomer, PTEGDMA. Meanwhile, the photoinitiator is activated to 

attract protons from methylene groups of PEO and TEGDME (may be TEGDMA as well), thus 

generating free radical chains with active domain. An active site can link to another, belonging to the 

same -EO- chains or to other ones. This induces the rearrangement of PEO chains, the cross-linking of 

PEO and TEGDME, and the oligomerization of TEGDME. The PTEGDMA intersperses through the 

cross-linked polymer matrix and generates a rigid framework for the soft substrate. As a result of the 

interpenetrative architecture and the existence of oligomers, the PTT-SPE film is mainly amorphous in 

nature, shows excellent flexibility and good mechanical strength.  



Further details on the preparation of PTT-SPE are given in the electrode/electrolyte preparation 

section. The electrode/electrolyte composite was easy to handle and displayed excellent flexibility (See 

Fig. S1). We assume that the PTT-SPE membrane can fit the LFP particle shape during the melting 

process to form an optimum interface after in-situ UV-curing process (see Fig. S2a). The cross-

sectional field emission scanning electron microscopy (FESEM) and corresponding energy dispersive 

spectroscopic (EDS) mapping images of the LFP/PTT-SPE/Li metal assembly are shown in Fig. S2(b-

e). We observe a rugged interface between PTT-SPE and LFP, which ensures an efficient contact. 

Furthermore, the interface between the PTT-SPE membrane and the Li metal anode demonstrates a 

good adhesion with reduced interfacial resistance. As designed, a highly amorphous phase of PTT-SPE 

can facilitate the segmental removal at ambient temperature, thus providing a high ionic conductivity 

and excellent electrochemical performance, as shown below. Furthermore, the in-situ formation of the 

LFP/PTT composite results in a reduced interfacial impedance due to a tight contact, which is the key 

parameter for the cell kinetics [48]. In addition, the flexible and robust PTT-SPE film can provide both 

a good compatibility with Li metal and a minimization of the Li dendrite formation to obtain a long-

term cycle life. 

Further investigation of the PTT-SPE microstructure was performed by FESEM. As shown in Fig. 

1(b, c), the surface of PTT-SPE membrane is rough without pores or voids. It has a continuously 

wrinkled texture like rolling hills, which may be derived from the crosslinking domains between the 

polymer chains. Moreover, the highly compact microstructure indicates the SPE film is homogeneous 

without separated parts. This is attributed to the good solubility of PEO and Li salt in TEGDMA and 

TEGDME, which contain the same -EO- backbone as PEO [19]. The pictures in Fig. 1(d, e) 

demonstrate that the transparent PTT-SPE membrane can be stretched and turn back to the original 

shape after releasing the force. The overall morphology illustrates a highly flexible and elastic film, 

which should be beneficial to the contact of SPE with electrodes.  



3.2.  Characterization of the PTT-SPE solid electrolyte 

First, the soluble test described in the Supporting Information shows that the gel content of the 

PTT-SPE membrane after polymerization is about 52 wt.% (see Fig. S3) in good agreement with the 

expected value of 50% according to the synthesis parameters. Fig. S4 shows the FTIR spectra of the 

PTT-SPE membrane before and after UV radiation. In the high-wavenumber region, the absorption 

bands at 3432 and 2877 cm
-1

 are attributed to the stretching vibration of -OH terminal group in PEO 

and to the C-H stretching vibration, respectively. The band associated with the stretching vibration of 

the C–O–C group (from -EO- chains) is located at 1106 cm
-1

. The spectrum of polymeric components 

remained nearly the same with the precursor, so that the UV irradiation had no effect on the vibrational 

properties of the main polymeric chains above mentioned. However, as shown in Fig. 2a, we observe 

the disappearance of the vibration peak at 1655 cm
-1

 (assigned to the stretching of the C=C on 

methacrylate) and the concomitant growth of the band at 1200 cm
-1

 (assigned to the stretching of 

aliphatic C-C), which give evidence of the full conversion of the TEGDMA monomer by reactions 

[49]. In addition, the C=O vibration mode has shifted from 1718 to 1729 cm
-1

 in the process, which is 

another indication that TEGDMA underwent self-polymerization to form a linear PTEGDMA by UV 

irradiation and has been successfully introduced into the cross-linking structure. Note that the new 

peaks marked by “*” symbols in the spectrum after UV irradiation are associated to aromatic C=C 

stretching modes of the photoinitiator: 4-methylbenzophenone (MBP) (see Fig. S4). The other 

structures in the range 1100-1350 cm
-1 

and circa 1060 cm
-1

 are associated to stretching vibrations of 

TFSI
-
 [44]. 



 

Fig. 2. Characterizations of the PTT-SPE membrane. (a) FTIR spectra of precursor (without 

photoinitiator) and PTT-SPE (with photoinitiator, MBP). The “*” symbols are C=C stretching modes of 

MBP. (b) XRD patterns of PTT-SPE, neat PEO-SPE and LiTFSI powder. (c) DSC curve and (d) TGA 

profile of the PTT-SPE film.  

The structural properties of SPE films were studied by XRD (see Fig. 2b). The XRD spectrum of 

PEO-SPE is characterized by two sharp diffraction peaks at 2θ = 18.9
o
 and 23.1

o
, suggesting a highly 

crystalline phase of the neat PEO-SPE that originates from an ordering of polyether chains. These two 

peaks have a much smaller intensity in the PTT-SPE spectrum, which indicates a high degree of 

amorphization and confirms the beneficial effect of the blend. The crystallization of original PEO main 

chains was reduced, owing to the cross-linking and the disordered network formed by the UV-derived 



dual-reaction. Moreover, there are no peak related to LiTFSI, which means a high degree of 

dissociation and distribution of Li salt in the polymeric host. These results suggest an improved 

polymeric segmental motion at ambient temperature. 

The differential scanning calorimetry (DSC) response in Fig. 2c shows that the glass transition 

temperature Tg is lower in the PTT-SPE where Tg = -78 °C, against -35 °C in the original PEO-SPE 

[51]. For a PEO/LiTFSI electrolyte, the usual molar ratio EO/Li
+
 = 20 is adopted since it affords 

relatively high ionic conductivities. However, even in this case, Tg was still -45 °C [52], while a low 

value of Tg is the key factor for a high ionic conductivity of a polymer system used as electrolyte, 

especially at ambient temperature where a high degree of amorphous phase is requested. In order to 

further study the thermal stability of PTT-SPE, TGA measurement was carried out in the range 25-600 

°C (Fig. 2d). The absence of weight loss indicates the stability of the electrolyte membrane is up to 120 

°C. The first sharp decrease of 35.9 wt.% until ca. 300 °C is associated with the evaporation and 

degradation of TEGDME and TEGDMA components. The second step after ca. 300 °C with 52.6% 

weight loss is mainly due to the decomposition of cross-linked PTT-SPE electrolyte and photoinitiator. 

The final weight appears to be 11.5% is the residual of carbon under N2 atmosphere. Taking the 

experimental error into consideration, the overall weight loss of 88.5% is consistent with the 

composition of PTT-SPE membrane.  

3.3.  Electrical and electrochemical properties and stability 



 

Fig. 3. Electrical and electrochemical characterizations of PTT-SPE membrane. (a) Arrhenius plot of 

the ionic conductivity of PTT-SPE (2:1:2) and PEO-SPE (Mw = 10
5
 g mol

-1
). (b) Linear fit of ln (σi) 

using the VTF model with T0 = 175 K. (c) Chronoamperometry curve showing the time-dependence 

response of 10 mV d.c. polarization for a symmetric Li/PTT-SPE/Li cell at room temperature. Inset 

shows the complex impedance response before and after the d.c. polarization. (d) Nyquist plots of the 

interfacial resistance with time for PTT-SPE using the Li/PTT-SPE/Li symmetric cell. (e) 

Magnification of the high-frequency region of the interfacial resistance. (f) Impedance measurements 

of electrolyte stability using a symmetric SS/PTT-SPE/SS cell. (g) Schematic representation of the 

SPE/electrode interface. (h) Electrochemical stability window (ESW) determined from anodic and 

cathodic scan of PPT-SPE. 



Fig. 3 presents the electrical and electrochemical properties of the as-prepared PTT-SPE 

membrane in terms of Li
+
-ion transference number, compatibility of the SPE film with the Li-metal 

anode and electrochemical stability window (ESW). As shown in Fig. 3a, the Arrhenius plot 

demonstrates the thermal activation of the ionic conductivity in the temperature range from 24 to 70 

°C. A remarkable high ionic conductivity value of σi = 0.27 mS cm
-1

 is measured at ambient 

temperature (T = 24 °C) for the as-prepared PTT-SPE membrane, which is 30 times higher than that of 

pristine PEO-SPE. This high conductivity of the PTT-SPE at room temperature implies a fast-ionic 

mobility, which is attributed to the disordered structure of interlinked polymer substrate with reduced 

crystalline phase. It's worth mentioning that the ionic conductivity of PTT-SPE is lower than that of 

PEO-SPE when the temperature gets higher than the melting point of PEO-SPE (59.6 °C, seen in Fig. 

S5). This is reasonable because the PTT-SPE has a less mobile nature at high temperature after 

crosslinking compared with pristine PEO-SPE. This is another evidence to prove that the PTT-SPE has 

occurred the UV-derived dual-reaction. In order to study the conduction mechanism inside the PTT-

SPE, the ionic conductivity behavior was fitted using the Vogel-Tamman-Fulcher (VTF) equation: 

𝜎 = 𝐴𝑇−1/2exp[−
𝐸𝑎

𝑅 𝑇 − 𝑇0 
] 

              (1) 

where A is the pre-exponential factor, which is related to the number of charge carrier, Ea is the 

activation energy, R is the ideal gas constant and T0 is an equilibrium glass-transition temperature 

related to Tg (also named Vogel temperature). Using Eq. (1), the best fit by linear regression of ln σi (T) 

vs. T-T0 (Fig. 3b) is obtained with T0 = 175 K (correlation coefficient R
2
 = 0.997). It provides a value 

of the activation energy Ea of 4.88 kJ mol
-1

 (50 meV), which matches well with the high ionic 

conductivity and the low glass-transition temperature. At the Vogel temperature T0 ≈ 175 K, the 

viscosity of the SPE goes to infinity; it corresponds to the state where the segmental conductivity drops 

to zero. Note T0 = 175 K = -98 °C is 20 °C below Tg. This is a typical difference observed in such 



systems characterized by a critical slowing down of the motion of the viscosity. It comes from the fact 

that the DSC measurements detect Tg by the change in heat capacity associated to the freezing of the 

segmental motion. This is thus a Tg measured at the time scale of the laboratory measurements, while 

T0 is measured by extrapolation as the temperature of the freezing in the infinite time limit. 

The transference number for Li
+
 ions (tLi+) was determined from the combination of the 

chronoamperometry and electrochemical impedance spectroscopy (EIS) measurements before and after 

application of a d.c. polarization, according to the formula displayed in the section devoted to the 

methods (Supplementary). tLi+ and the EIS spectra are reported in Fig. 3c. tLi+ equals 0.56 for the PTT-

LiTFSI-SPE system at ambient temperature, a good value that can be compared with data found in the 

literature (Table 1). A large value of tLi+ is requested for applications in batteries, as a low tLi+ would 

generate concentration gradients of ions and cause cell polarization that lead to a premature failure of 

batteries. Furthermore, a low tLi+ may induce the growth of Li dendrite and raise safety issues. Lu et al. 

[53] theoretically analyzed the Li dendrite formation and predicted the reduced growth using an 

electrolyte with high value of tLi+, which is here mainly due to the strong Li salt solvating ability of 

PTT-SPE and the improved Li
+
 mobility. Generally, Li

+
 can be present as free ions, co-existing with ion 

pairs and aggregates in the polymer substrate. This result also demonstrates that redundant ion pairs, or 

free ions and neutral ion pairs are absent in PTT-SPE. Due to the presence of C=O groups of 

PTEGDMA, the coordination between Li
+
 and O atom of -EO- chains is weakened, which accelerates 

the motion of Li
+
 in the SPE matrix. The transference number of as-prepared PTT-SPE film is greater 

than that of PEO/LiTFSI blend SPEs, and comparable with that of a traditional liquid electrolyte 

system [54]. For comparison, the high-molecular weight PEO/LiTFSI (Mw = 5 × 10
6
 g mol

-1
) with 

EO/Li
+
 = 20 by mole exhibits an ionic conductivity of 1 × 10

-5
 S cm

-1
 at 25 °C, a Li

+
 transference 

number = 0.33 and an interface resistance much higher than the PEO/LiFSI system [42]. The σi value 

of our PTT-SPE film is twice that of the ethylene oxide-based polymer (σi = 0.14 mS cm
-1

 with Tg = -58 



°C) reported by Nair et al. [55] For this material the VTF analysis provided an activation energy of 6.04 

kJ mol
-1

. The single-ion BAB triblock copolymers investigated by Bouchet et al. [56] exhibits 

unprecedented tLi+ > 0.85 but the ionic conductivity is only 1.3 × 10
-5

 S cm
-1

 at 60 °C. Jinisha et al. [57]
 

showed that a lithium enriched poly(ethylene oxide) (PEO)/poly(vinyl pyrrolidone) (PVP) blend 

polymer exhibits high σi of 1.13 mS cm
-1

 at 25 °C and tLi+ of 0.33 but the electrochemical stability is 

limited at 4.8 V vs. Li
+
/Li. Further comparison with the data found in the literature [55-60] reported in 

Table 1 on PEO-based SPEs shows that the present result is the best compromise between tLi+ and σi. 

 

Table 1. Room temperature electrical properties of several solid polymer electrolytes with different 

plasticizers. 

Solid polymer electrolytesa Room temperature ionic conductivity (S cm-1) Transference number Ref. 

PEO-(Al-silicate)-LiTFSI 

PEO-PEGDA-DVB-LiTFSI 

PEO-LiTFSI (EO/Li+ = 20) 

EO-BDM-DPG-LiTFSI 

P(STFSILi)-PEO- P(STFSILi) 

PEO-PVP-LiNO3 

PEO-MIL-53(Al)-LiTFSI 

PVdF-PEGDEME-imide 

PEO-PDEC-PTEC-LiTFSI 

PEO-TEGDMA-TEGDME 

4.43 × 10-5 

3.0 × 10-6 

1 × 10-5 

1.4 × 10-4 

1.3 × 10-5 @60 °C 

1.13 × 10-3 

1.29 × 10-5 

1.21 × 10-4 

1.12 × 10-5 

2.7 × 10-4 

0.50 

0.21 

0.33 

0.45 

>0.85 

0.33 

0.34 

0.27 

0.39 

0.56 

[22] 

[39] 

[52] 

[55] 

[56] 

[57] 

[58] 

[59] 

[60] 

This work 

a
acronyms: PEGDA, poly(ethylene glycol) diacrylate; DVB, divinylbenzene; BDM, dimethacrilic 

oligomer; DPG, dimethyl polyethylene glycol; P(STFSILi), poly(styrene trifluoromethane-

sulphonylimide of lithium); PVP, poly(vinyl pyrrolidone); MIL-53(Al), aluminum 1,4-

benzenedicarboxylate; PVdF, poly(vinylidene) fluoride; PEGDEME, poly(ethylene glycol) dimethyl 

ethers; PDEC, poly(diethylene glycol carbonate); PTEC, poly(triethylene glycol carbonate). 



 

To further understand the interfacial stability of PTT-SPE with Li metal, the Li/PTT-SPE/Li 

symmetric cell was tested by monitoring the impedance response at ambient temperature under OCV 

conditions as a function of time. As shown in Fig. 3d (and magnification of the high-frequency region 

in Fig. 3e), the a.c. impedance spectra exhibit an incomplete arc of circle in the high-frequency region 

and a depressed semicircle at medium frequencies, which are associated with the resistance of the solid 

polymer electrolyte (RSPE) and the reaction resistance at the electrolyte/electrode interface (RE), 

respectively [61]. The equivalent circuit models for fitting the Nyquist diagrams are shown in Fig. S5 

and the results are listed in Table S3. The fresh cell exhibits a RSPE of 65 Ω and a RE of 487 Ω. After 

one day, the RSPE increases to 80 Ω, the resistance of the solid-electrolyte interphase (RSEI) equals to 

249 Ω, and the RE drops to 379 Ω due to the wetting process of electrolyte membrane to Li metal and 

the formation of passivation layers. This indicates a decreasing reaction resistance by the formation of a 

favorable interface between PTT-SPE and Li metal. The aging of the PTT-SPE membrane was studied 

using a blocking symmetric cell with stainless steel (SS) electrode. Results presented in Fig. 3f show a 

good stability of the membrane resistance at ca. 22 ± 3 Ω after 5-day test.  

As described by several authors [23, 62], PEO with high Mw tends to tangle with other chains, 

which results in void spaces and limited contact points between PEO and the electrode surface. The 

non-uniform interfacial area can facilitate the growth of Li dendrite, because the Li
+
 ions are deposited 

or stripped through contact points. However, oligomers with smaller size can fill into voids (seen in 

Fig. 3g). As a result, the effective contact area between electrode and electrolyte is greatly improved. 

The formation of a thick and uncontrolled SEI layer can lead to a dramatic and continuous increase of 

cell impedance [60], whereas the reduced shift of the resistance observed in the figure is characteristic 

of a good compatibility of the PTT-SPE towards Li metal. Moreover, a large electrochemical stability 

window (ESW) of PTT-SPE is expected for the modified segment structure, as well as the existence of 



end groups such as -CH3 (TEGDME) and methacrylate (PTEGDMA) that can reduce the contact 

between the electrode and unstable -EO- chains and -OH terminal groups of PEO [19]. To confirm this 

hypothesis, the cyclic cathodic voltammogram of Li//Cu cells and the linear scan voltammogram of 

Li//SS cells were recorded in the voltage range from OCV to -0.2 V vs. Li
+
/Li and from OCV to 6 V vs. 

Li
+
/Li, respectively. As shown in Fig. 3h, the profile of the cathodic scan shows a superior reversibility 

for lithium plating and stripping, and the PTT-SPE is stable up to 5.38 V vs. Li
+
/Li according to the 

anodic curve. There are no redundant peaks in the curve, which gives evidence that the cross-linked 

polymer and oligomers have well blended and merged together. Among the recent reports, the PEO-

aluminosilicate composite exhibits an ESW of 4.6 V [22], the ethylene oxide-based/BDM/DPG 

polymer displays an anodic stability window of 4.7 V at 25 °C. The ESW obtained by this work is the 

best result of a solid-state PEO-based polymer electrolyte and an appealing result for practical battery 

application. 



 

Fig. 4. LFP//Li cell performances: (a) Representative charge/discharge profiles and (b) cycle 

performances at different rates with PTT-SPE. (c) The long-term cycle performances of PTT-SPE, PTT-

pre (without UV irradiation) and PEO-SPE at 0.1 C. (d) The EIS tests of a cell with PTT-SPE before 

and after 100 cycles at 0.1 C. (e) The voltage profiles of Li//Li symmetric batteries with PTT-SPE and 



liquid electrolyte (1 M LiTFSI in EC/DMC) at different current density. All the measurements were 

carried out at ambient temperature. 

The electrochemical performances of PTT-SPE membranes were investigated by assembling full 

cells including LiFePO4 as cathode and Li-metal foil as anode. The representative galvanostatic charge-

discharge profiles and cycling behavior of LFP/PTT-SPE/Li cells investigated at different C-rates under 

ambient temperature conditions are plotted in Fig. 4(a, b). The voltage polarization increases with the 

increasing C-rate due to the limited Li
+
-ion transport kinetics. The typical plateaus and a rather limited 

polarization demonstrate a good reversible process (Fig. S8). As shown in Fig. 4a, the charge-discharge 

profiles of the LFP/PTT-SPE/Li cell at different C-rates in the range from 0.05 C to 1 C show the good 

electrochemical features with specific discharge capacities of ~160 and ~60 mAh g
-1

 at 0.05 C and 1 C 

rate, respectively. The cycle ability of LFP//Li cells assembled with PTT-SPE, PTT-pre and PEO-SPE 

were tested at 0.1 C (Fig. 4c) over 100 cycles. After 3 cycles, a slight increase of the specific capacity 

from 136 to 140 mAh g
-1

 for the LFP/PTT-SPE/Li cell is attributed to the cell formation. The capacity 

retention after 100 cycles is 98.8%. To the contrary, the cells of PTT-pre and PEO-SPE show poor 

performances with low capacity and rapid capacity fading. In order to further compare the outstanding 

cell performances of PTT-SPE with a solid-state polymer electrolyte of room temperature, a SPE 

composed of PEO and TEGDME (weight ratio = 1:1) was prepared and tested at 0.05 C for 100 cycles. 

As shown in Fig. S9, the capacity of LFP/PTT-SPE/Li cell increases from 151 to 160 mAh g
-1

 after a 

few cycles due to the cell formation. Then, this value does not change over 100 cycles. To the contrary, 

the capacity of the LFP/PEO+TEGDME (1:1)/Li cell changes dramatically, it decreases continuously at 

a rate of 2% per cycle after about 10 cycles. The outstanding cell performances of PTT-SPE 

membranes at ambient temperature is the synergetic effect of the disordered microstructure with low 

crystalline polymeric phase, a fast motion of chain-segment of polymer electrolyte, and the high value 

of tLi+. In addition, the restricted inner resistance at the optimum interfaces between electrolyte and 



electrodes as well as the limited overpotential are beneficial for the reduced polarization. The EIS tests 

of a full cell before and after 100 charge-discharge cycles at 0.1 C were carried out to elucidate the 

mechanism of capacity fading. As shown in Fig. 4d and Table S4, the RSPE increases from 31 to 151 Ω 

after cycling. The additional semicircle arising in the high-frequency region with a value of 206 Ω is 

attributed to the SEI resistance RSEI. A slight decrease of RE from 1476 to 1295 Ω indicates a 

satisfactory interfacial characteristic upon cycling, since the results imply a relatively stable component 

within a full cell. However, the gradually increased RSEI resistance demonstrates that the formation of 

SEI might still be the dominant reason for the capacity fading at 0.1 C rate. 

It was reported that Li//Li non-blocking symmetric cells provide a more representative platform to 

describe the behavior of Li metal anodes [48, 63, 64]. When electrolytes are not compatible with 

metallic Li, or when the current distribution is not uniform as a result of inhomogeneous surface 

contact, the undesired formation of solid electrolyte interphase (SEI) can consume some amount of 

active Li
+
 ions and cause the growth of lithium dendrite [62]. An examination of the resistance of PTT-

SPE against Li growth and analysis of the dendrite formation was conducted by the strip-plate test of 

Li//Li symmetric cells at different current densities. Fig. 4e displays the cell polarization as a function 

of time for a Li/PTT-SPE/Li symmetric cell. Stable voltage profiles are observed with low 

overpotential ΔE < 0.5 V at 0.05 and 0.1 mA cm
-2

 without short circuit during the galvanostatic 

polarization tests. At 0.2 mA cm
-2

, the overpotential in the charging process dramatically increases and 

leads to a possible short circuit phenomenon, which indicates a critical current density has been 

reached. Typically, at a large current density, the Li
+
 ions preferentially penetrate in the grain 

boundaries and voids of the solid electrolyte, where it could provide a superior reaction kinetics for Li 

dendrite growth [62]. However, in the present work, the potential shows a reversible tendency when the 

current density is decreased again. This result illustrates that the overpotential is mainly due to the 

limited kinetics of the PTT-SPE membrane, which causes the polarization of the cell at large current 



density under ambient temperature. During the following galvanostatic cycling, the cell delivers a flat 

and stable voltage plateau even after 400 h, showing a highly reversibility and feasibility for Li 

dendrite inhibition. For comparison, the Li/liquid electrolyte/Li cell shows a short circuit after cycling 

for about 110 h. 

 

Fig. 5. Cross-sectional and plane SEM images of Li-metal anode and LFP/PTT composite after 100 

charge-discharge cycles: (a-d) LFP/PTT-SPE/Li cells cycles at 0.1 C. (e-h) LFP/PTT-SPE/Li cells 

cycles at 0.2 C. (i-l) LFP/PEO+TEGDME (1:1) SPE/Li cells cycles at 0.1 C. 

To further explore the ability of PTT-SPE membrane to hinder the Li dendrite growth in a full 

solid-state cell, the morphology of the cell components was investigated after cycling at 0.1/0.2 C rate. 

The SEM images are presented in Fig. 5. The inset photograph of Fig. 5a and Fig. 5e shows that the Li 

metal maintains its metallic luster after cycles. The cross-sectional view of the Li anode (Fig. 5a) 

shows a dendrite-free morphology with a smooth surface (Fig. 5b) for the cells tested at 0.1 C. This 

result indicates that Li
+
 ions have been uniformly deposited on the surface of the anode with a 



homogenous distribution at low current, due to the ultra-soft membrane with an optimum interface. 

Fig. 5c shows that the LFP/PTT composite keeps its integrity after cycles and there is no cleavage 

fracture at the electrolyte/electrode interface. Moreover, the microstructure of PTT-SPE surface keeps a 

lamellar morphology as pristine without any damage or phase separation (Fig. 5d). For the cells cycled 

at a higher current density, the surface of Li metal could maintain a commendable smoothness, even 

though a small amount of Li particles is growing. However, the morphology of PTT-SPE makes a 

change from reticular to wrinkled appearance, but still holds a homogenous distribution. For 

comparison, the SEM images of the PEO+TEGDME SPE system have been collected (Figs. 5i-l). After 

100 charge-discharge cycles at 0.1 C rate, the Li metal turns to dark and the color of electrolyte 

membrane changes dramatically. A thick layer of lithium was formed on the top of Li anode, and the 

surface of Li metal becomes rough because of the deposited (or dead) Li and Li dendrite. In addition, 

the morphology of the PEO+TEGDME (1:1) SPE membrane becomes inhomogeneous and is separated 

into different parts. It is assumed that the morphology change of SPE membrane is because of the 

degradation of unstable composition, which is related to the continues formation of SEI or cathode 

electrolyte interphase (CEI), leading to the capacity fading. The above results demonstrate a better 

dimensional stability and resistance against Li dendrite growth because of the compact PTT-SPE film, 

thus improve the safety of batteries. 

 

Fig. 6. Photographs for the LFP/PTT-SPE/Li soft package full cell that powers a blue LED under 

various condition: (a) free-bending, (b) bending, (c, d) cutting. 



Finally, in order to investigate the mechanical behavior of PTT-SPE, soft package cells consisting 

of LFP/PTT composite and Li anode were assembled. As shown in Fig. 6, the flexible cell is able to 

light up a commercial blue light-emitting diode (LED) lamp under both free-bending and bending 

conditions. The lamp was even still running after cutting a corner. Overall, the PTT-SPE shows an 

attractive practical prospect of solid-state lithium batteries working at ambient temperature. 

 

4. Conclusion 

We used a novel free radical photo-polymerization process to prepare a flexible solid polymer 

electrolyte (PTT-SPE) consisting of PEO matrix, TEGDME crosslinker and TEGDMA rigid monomer. 

This one-pot synthesis process is ″green″ in the sense that it is free of solvent, so that various issues 

related to the residual solvents, side reactions about interfacial stability or thermal runaway, can be 

avoided. For the same reason, it is also cheaper than conventional synthesis processes.  

This SPE prepared via a facile UV-derived in-situ dual-reaction leads to a highly disordered 

structure, with a decrease of the crystallinity of PEO by the cross-linking reaction. Simultaneously, the 

formation of linear oligomer through self-polymerization of TEGDMA could preserve the mechanical 

strength of the SPE without sacrificing the ionic conductivity. The SPE was prepared in-situ on the 

electrode surface, which reduced the interfacial resistance. As a result, the SPE shows a high ionic 

conductivity of 0.27 mS cm
-1

 at 24 °C with a Li
+
-ion transference number of 0.56 and an outstanding 

electrochemical stability window extending up to 5.38 V vs. Li
+
/Li. The glass temperature was 

decreased to -78 °C. The ionic conductivity of the PTT-SPE membrane obeys the VTF law with an 

activation energy of 4.88 kJ mol
-1

, which reflects the excellent properties of our solid polymer. The 

study of Li//Li symmetrical cells demonstrates the compatibility of this SPE with lithium, and a stable 

voltage profile over 400 h. The enhanced mechanical strength of PTT-SPE effectively hindered the 

formation of lithium dendrite. The high performance of the PEO-TEGDME-TEGDMA solid electrolyte 



was tested using LFP/PTT-SPE/Li cells at room temperature; specific discharge capacities reached 

values of ~160 mAh g
-1

 at 0.05 C, stable over 100 cycles, and ~60 mAh g
-1

 at 1 C rate. Finally, post-

mortem SEM analysis of the SPE-based cells shows the absence of dendrite at the surface of the 

lithium metal anode after 100 charge-discharge cycles at 0.1 C. These results show that this low cost 

and scalable synthesis process used to prepare this new composite opens a new route to advance in the 

conception and realization of new solid polymer electrolytes for electrochemical energy storage. 
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