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ABSTRACT

Due to the advantages of high energy density and improved safety properties,

Li metal batteries with gel polymer electrolyte (GPE) have drawn much atten-

tion in recent years. Herein, a novel gel thermoplastic polyurethane (TPU)

electrolyte filled with ultrafine hydrophilic–lipophilic TiO2 nanoparticles was

successfully prepared by using a phase separation technology. The gel elec-

trolyte can protect the battery against the leakage of liquid electrolyte by means

of its strong interaction with Li? and solvents. This kind of GPE shows an ionic

conductivity of 1.59 mS cm-1 and an electrochemical window of 4.3 V (vs. Li/

Li?) at room temperature. Robust TiO2 nanoparticles embedded into TPU

matrix can effectively block dendrite puncture and, besides, greatly improve the

thermal stability of GPE. The cycling performance, rate capability and

mechanical properties guarantee the reliability of the as-prepared GPE in Li-ion

batteries.

Introduction

Li-ion battery (LIB) has been recognized as an

appealing power source due to its high energy den-

sity and long lifespan [1–8]. However, a rapid growth

of energy density, accompanied by an aggressive

progress of volume reduction, brings serious safety

concerns to LIBs [9–11]. Due to the high ionic con-

ductivity and good compatibility with electrodes,

liquid electrolytes have played indispensable roles in

the field of electrochemical energy storage since the
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initial commercialization of LIBs more than 20 years

ago [12–14]. However, the use of liquid electrolytes is

plagued by a risk of leakage during the assembly and

use [11, 15–17]. Besides, the uneven currents through

the porous separators can induce the growth of

lithium dendrite, especially for the use of lithium

metal electrode [11, 16, 18, 19]. Thus, solid polymer

electrolyte without liquid solvents has been consid-

ered as a very promising approach to address safety

issues and restrain the dendrite growth [20, 21].

However, most of the solid polymer electrolytes

exhibited low ionic conductivity (10-8 to 10-5 S cm-1)

and a poor compatibility toward the electrode,

causing deterioration of cycling performance [12, 22].

The applications of solid polymer electrolyte were

also restricted by its poor mechanical property. For

this reason, gel polymer electrolytes (GPEs), incor-

porated the advantages of both liquid and solid

electrolytes, have attracted considerable attention as

they can function as not only separators but also

electrolytes [23–26]. Besides, due to the processability

of the polymer, GPEs can provide an

adjustable shape and height flexibility for the energy

storage device, which is promising for emerging

portable and wearable electronic devices [26–28].

Furthermore, the flexible and elastic GPEs can toler-

ate the volume changes of the electrode materials

during charging/discharging process [29–31]. Thus,

GPEs have become one of the most ideal alternatives

to various electrolytes for metal secondary batteries.

In recent years, stretchable, flexible and multifunc-

tional GPEs have been intensively studied [9, 32].

Song et al. summarized the methods for improving

the mechanical and electrochemical properties of

GPEs in the review paper [33]. Among them,

exploring new polymer materials with low cost, high

mechanical property and high absorption of liquid

electrolyte has attracted much attention in recent

years [34–36].

Generally, as the host materials, polymer matrix

provides the GPEs with high mechanical integrity.

Due to the high flexibility and spatial stability, ther-

moplastic polyurethane (TPU) possessed a two-phase

microstructure which is a favorable host material for

GPEs [37–40]. The soft phase in TPU can reduce the

combination of the cations and anions and further

boost the ion transportation in GPE; besides, the hard

segments endow GPE with high strength and good

film-forming capability [41–43]. Porous TPU/PVdF

GPE prepared by electrostatic spinning method

showed superior electrochemical stability and good

rate capacity in LIBs [41]. Nevertheless, it is still a

challenge to prepare TPU-based GPEs with long-term

cyclic stability. Compared with PVdF, hydrophilic–

lipophilic anatase TiO2 (ATO) is a promising alter-

native for developing TPU-based GPEs because of its

high dielectric constant, good chemical and thermal

stability [17, 24, 44]. In this study, we fabricated an

advanced ATO-TPU GPE for LIBs. The as-prepared

ATO-TPU composite polymer electrolytes show a

wide electrochemical window, high lithium-ion

transference number, remarkable cyclic stability and

good rate capability in LIBs.

Experimental section

Materials

N,N-dimethylformamide (DMF, AR), acetone (AR),

hydrophilic–lipophilic anatase TiO2 (ATO) were

purchased from Shanghai Macklin Biochemical Co.,

Ltd. TPU was purchased from Shanghai BASF Poly-

urethane Co., Ltd. Liquid electrolyte (1 M LiPF6 in

ethylene carbonate (EC)/dimethyl carbonate

(DMC) = 1:1, v/v) was purchased from Suzhou

Ganmin Chemical Reagent Co., Ltd. Commercial

polypropylene (PP) separator was purchased from

Celgard, China.

Preparation of ATO-TPU GPE

The preparation process of ATO-TPU GPE is shown

in Scheme 1. ATO-TPU membrane was prepared by a

phase inversion technique, and ATO-TPU GPE was

further obtained by absorbing an amount of liquid

electrolyte. In a typical procedure, 2.0 g TPU granule

was dissolved in mixed solvents contained 10 ml

DMF and 10 ml acetone. Then, 0.3 g ATO was dis-

persed into the solution at room temperature under

vigorous stirring to form a transparent and viscous

solution. The obtained solution was quickly cast onto

a clean and flat glass plate and then immediately

transferred into deionized water to complete the

phase inversion process. After being dried at 60 �C
for 12 h, the prepared membrane was immersed into

a liquid electrolyte (1 M LiPF6 in ethylene carbonate

(EC)/dimethyl carbonate (DMC) = 1:1, v/v) for 1 h

to form ATO-TPU GPE. The illustration of the phase

inversion process is presented in Scheme 2. During
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this process, the ATO-TPU membrane undergoes

rapid diffusion between the organic solvents and

non-solvent deionized water. The position of solvent

molecules is gradually occupied by water molecules,

and a wet and white ATO-TPU membrane is formed.

When the membrane is dried at 60 �C, the water

molecules in the membrane are slowly evaporated

and small uniform pores are created. As a compar-

ison, TPU GPE has been also prepared by the same

procedure without ATO added. The thickness of all

the GPE membranes was controlled at * 56 lm.

More details related to the characterization of the

materials and the electrochemical tests were pro-

vided in Supporting Information.

Results and discussion

XRD patterns and FTIR spectra of the samples are

presented in Fig. 1. The FTIR spectra of PP, TPU and

ATO-TPU in Fig. 1a show a series of characteristic

absorption peaks in the whole wavenumber range

3900–600 cm-1. The absorption peaks at 2915 cm-1,

2845 cm-1, 1465 cm-1 and 716 cm-1 are the stretch-

ing vibration of C-H bond in PP frame, indicating

that commercial separator is polymerized from

propylene. For the prepared TPU and ATO-TPU

membranes, the FTIR spectra are the same kind,

suggesting a weak effect of anatase TiO2 on the

structure of TPU. The characteristic absorption peaks

that appeared at 3330 cm-1 can be assigned to the N–

H groups in TPU chains; besides, the peaks at

1720 cm-1 and 1100–1280 cm-1 are related to the

vibration of C=O and C–O–C groups. Figure 1b pre-

sents the XRD analysis of ATO, ATO-TPU and TPU

membranes. The XRD pattern of the TPU membrane

Scheme 1 The preparation

process of ATO-TPU GPE.

Scheme 2 The related

illustrations of the phase

inversion method.
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exhibits a broad peak at 2h angles around 20�, indi-
cating some degree of crystallinity. All the diffraction

peaks of ATO can be assigned to anatase TiO2 (JCPDS

89-4921). With the addition of ATO, the diffraction

peak of ATO can be clearly observed in the XRD

pattern of ATO-TPU membrane. Therefore, it is

concluded that ATO-TPU composites are successfully

prepared.

The pore structure determines the adsorbed

amount of liquid electrolyte in GPEs. The surface

morphologies of the TPU and ATO-TPU membranes

were observed with scanning electron microscopy

(SEM), as shown in Fig. 2a–d. A large number of

pores can be observed on the surface of TPU and

ATO-TPU membranes, which facilitates the uptake of

liquid electrolyte in the polymer matrix. As shown in

Fig. 2a, b, in the absence of the ATO, the surface of

the TPU membranes is smoother than that of the

ATO-TPU membranes and the pores in the TPU

membrane are large-sized and unevenly distributed,

which is detrimental to the uptake of liquid elec-

trolyte [25]. ATO nanoparticles can be readily iden-

tified in the SEM images of ATO-TPU membranes,

which is in agreement with the XRD results. In order

to further investigate the distribution of ATO

nanoparticles, energy-dispersive X-ray (EDX) map-

ping analysis was performed. The analyzed area is

presented in Fig. 2e, and the corresponding elements

(C, O, Ti and N) mapping pictures are displayed in

Fig. 2f. The uniform distribution of Ti and O over the

entire area of the material indicates a successful dis-

tribution of ATO over the entire surface of the com-

posite film.

Figure 3a shows the stress–strain profiles of the

TPU and ATO-TPU membranes at room temperature.

The TPU and ATO-TPU membranes show a tensile

strength of 7.15 MPa and 19.20 MPa, with an elon-

gation-at-break value at 340.86% and 408.33%,

respectively. Although the tensile strength of the PP

membrane reaches 108.52 MPa, however, the elon-

gation at break is only 54.01% (Fig.S1a). Uniformly

dispersed ATO nanoparticles constructed an inor-

ganic framework in the ATO-TPU membrane, even-

tually, leading to a compromise between the

mechanical strength and ionic conductivity. Fig-

ure 3b displays the TG and DSC curves of the TPU

and ATO-TPU membranes. The decomposition tem-

perature of the TPU and ATO-TPU membrane is

about 300 �C, which could satisfy the safety require-

ment of LIBs. No notable endothermic peak can be

seen before 300 �C for the TPU and ATO-TPU

membranes, while the commercial separator shows

two characteristic endothermic peaks at 146.58 �C
and 486.16 �C (Fig.S1b), relating to the melting and

decomposition of PP, respectively. The crystallinity of

PP calculated from DSC analysis is * 68.5%. As a

comparison, the crystallinity of TPU and ATO-TPU

membranes is * 45.6% and 41.5%, respectively. The

thermal shrinkage of the membranes was estimated

by measuring their change in size after being sub-

mitted to heat treatment at various temperatures for

0.5 h. As can be seen from Fig. 3c, the TPU and ATO-

TPU membranes exhibit excellent thermal stability

up to 180 �C, while the PP membrane undergoes

impressive shrinkage with the color varying from

white to transparent at 180 �C, indicating the TPU

3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600

C-H

C-H

C-O-CC=O C-H

C-H

C-H

N-H C-H

C-H

).u .a (
e cn at ti

msnarT

Wavenumber (cm-1)

 TPU
 ATO-TPU
 PP

C-H

N-H

C=O C-O-C

C-H

(a)

10 20 30 40 50 60 70 80

In
te

ns
ity

 (a
.u

.)

2θ (Degree)

ATO-TPU membranes

TPU membranes 

(b)

ATO

Figure 1 a FTIR spectra of PP, TPU and ATO-TPU membranes.

b The XRD patterns of ATO, TPU and ATO-TPU membranes.
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and ATO-TPU membranes have better thermal sta-

bility than the PP membrane.

Sufficient electrolyte uptake is necessary to provide

high ion conductivity in GPEs. The liquid electrolyte

uptake capability of the PP, TPU and ATO-TPU

membranes is displayed in Fig. 4a, b. The enlarged

area of the ATO-TPU membrane after uptaking liq-

uid electrolyte is significantly higher than that of the

PP membrane. The ATO-TPU membrane exhibits an

electrolyte uptake of 259%, which guarantees the

high ionic conductivity. The AC impedance results of

PP, TPU and ATO-TPU GPEs are shown in Fig. 4c.

The ATO-TPU GPE exhibits an ionic conductivity of

1.59 mS cm-1 at 25 �C, which can be attributed to the

unique blending structure of TPU and the

lipophilicity of TiO2 [24, 41]. In addition, the

interaction of nanoparticles with the polymer hinders

the polymer chain organization [45]. Low crystal-

lization is favorable for enhancing the ionic conduc-

tivity of the polymer electrolyte [46, 47]. In contrast,

the PP separator shows a low electrolyte uptake of

72% and further exhibits an ionic conductivity of 0.56

mS cm-1 at 25 �C. The temperature dependence of

ionic conductivity of PP, TPU and ATO-TPU is

illustrated in Fig. 4d. In the temperature regime

between 20� and 80 �C, the ionic conductivity

increases linearly with the temperature, which is

consistent with the Arrhenius relationship. Linear

sweep voltammetry (LSV) was used to measure the

electrochemical stability of the separators and GPEs.

Figure 4e displays the electrochemical stability of PP,

TPU and ATO-TPU GPE. The ATO-TPU GPE shows

Figure 2 SEM images of

a and b TPU, c and d ATO-

TPU membranes. e SEM

image of the analyzed area,

f the corresponding elements

(C, O, Ti and N) mapping of

the selected area.

2478 J Mater Sci (2021) 56:2474–2485



good oxide stability up to 4.3 V. With the voltage

over 4.3 V, the current firstly increases and then

decreases rapidly, which can be ascribed to the

reversible Li deposition on the surface of stainless

steel electrode [48, 49]. After that, the subsequent

increase in current is associated with the decompo-

sition of electrolytes [50, 51]. Compared with PP, the

TPU matrix greatly increases the decomposition

voltage of the electrolytes in the GPE. The results

indicate that the ATO-TPU GPE can be compatible

with most of the cathode materials. The Li? trans-

ference number (tLi
?) is pivotal for the electrochemical

performance of LIBs. The tLi? of PP, TPU and ATO-

TPU GPEs obtained by chronoamperometry com-

bined with EIS tests is shown in Fig. 4f and Fig.S2. As

summarized in Table S1, obviously, the tLi? of ATO-

TPU GPE was much higher than that of PP and TPU

GPE. Due to the strong interaction between the

polyurethane and polar electrolyte solvents, high

electrolyte uptake can be obtained in TPU-based

GPE, which can promote the Li-ion diffusion in GPE.

The interconnected pores created by the lipophilic

TiO2 nanoparticles provide abundant channels for

ion transport. As shown in Table S2, the addition of

ceramic filler to the polymer matrix creates space

charge layer at the filler–polymer interface which

assists in ion transport [19]. Besides, TiO2 nanopar-

ticles create localized amorphous regions in TPU

matrix and thus enhance the Li? ions transport in the

amorphous polymer electrolyte.

The charge/discharge profiles of the testing cells

with PP separator, TPU and ATO-TPU GPEs in the

first cycle are depicted in Fig. 5a. The testing cell with

the ATO-TPU GPE delivers the highest discharge

capacity at 0.2 C rate and 25 �C. The cycling perfor-

mance of the testing cells was evaluated by measur-

ing the discharge capacity operating at 0.2 C for both

charge and discharge in the same potential range

(Fig. 5c). The testing cell with ATO-TPU GPE shows

excellent cycling performance up to 100 cycles than

the PP and TPU GPE, which can be ascribed to its

good compatibility toward liquid electrolyte.
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Figure 5b and Fig.S3 depict the charge/discharge

curves of LIBs with PP, TPU and ATO-TPU GPEs at

different C-rates. In Fig.S3, the testing cell with PP

separator exhibits a discharge capacity of

141 mAh g-1 and 117 mAh g-1 at 0.2 C and 2 C,

respectively. By contrast, a remarkable increase in

discharge capacities of the cell assembled with ATO-

TPU GPE at 0.2 C can be observed. The cell with
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Figure 4 a Liquid electrolyte wettability of the TPU and ATO-

TPU membranes measured by soaking in liquid electrolyte for

10 min. b Electrolyte uptake of the TPU and ATO-TPU

membranes. c AC impedance spectra of the PP, TPU and ATO-

TPU GPEs in stainless steel/GPE/stainless steel system. d Ionic
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ATO-TPU GPE can deliver a high discharge capacity

of 137 mAh g-1 even at a rate of 2.0 C. Besides, the

voltage plateau in the charge/discharge curves of the

cell with ATO-TPU GPE at different rates is highly

overlapped, indicating the polarization can be

neglected. As clearly shown in Fig. 5d, the cell with

ATO-TPU GPE exhibits enhanced rate capability

from 0.1 to 2.0 C compared with the cells with PP

separator and TPU GPE. The enhanced rate capabil-

ity of ATO-TPU GPE can be mainly attributed to the

high ionic conductivity.

CV curves of the testing cell with ATO-TPU GPE in

the first three cycles are presented in Fig. 5e. A set of

symmetrical and sharp anodic/cathodic peaks can be

observed, which indicates excellent electrochemical

reversibility in the cycling. AC impedance spectra of

the fully charged cells after the 1st and 100th cycles

were measured (Fig. 5f, Fig.S4 and Fig.S5). It can be

concluded that ATO-TPU GPE strongly hampers the

increase in the electrochemical reaction resistance.

Schematic diagrams of the testing cells with PP and

ATO-TPU GPE are shown in Fig. 6a, b, respectively.

As far as we know, Li dendrites grew in an uncon-

trollable manner may penetrate through the PP sep-

arator and result in the inner short circuit of the cells.

Thus, the double-side coating method has been

employed to improve the mechanical properties and

thermal stability of the commercial separators. In this

work, the ATO nanoparticles in TPU GPE can effec-

tively resist the penetration of Li dendrites due to the

high crystallinity and stiffness of ATO. A Li/Li

symmetric cell was assembled with ATO-TPU GPE to

evaluate the effect of ATO-TPU GPE on suppression

of Li dendrite growth. As shown in Fig. 6c, a rela-

tively high overpotential can be observed over the

first few tens of hours for the PP, TPU and ATO-TPU
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GPE due to the activation and increasing surface area

in the cathode during the Li stripping/plating pro-

cess. For the cell assembled with PP separator, a

stable potential can be obtained in the range of 100 h

to 450 h. After 450 h, the testing cell shows a fluctu-

ation in the potential, which was caused by the

uncontrollable growth of Li dendrites and the short

circuit from the destruction of PP separators. The cell

with TPU GPE is more susceptible to the Li dendrites

growth due to the low strength of TPU GPE. Testing

cell assembled with ATO-TPU GPE showed high

potential stability up to 1000 h, indicating that the

ATO-TPU GPE has higher strength than the PP and

TPU GPE.

The cycling performance of the testing Li/LiFePO4

cells with PP, TPU and ATO-TPU GPE at a high

temperature of 60 �C was further investigated. As

shown in Fig. 7, a capacity fluctuation is observed in

the cell assembled with PP separator in 50 cycles.

Good cycling performance can be obtained in the cell

with ATO-TPU GPE. The specific discharge capaci-

ties at 1st and 50th cycles are 145 mAhg-1 and

139 mAhg-1, respectively, with a capacity retention

of 95%. The electrochemical behavior of the testing

cell is consistent with the results shown in Fig. 4d.

The ATO-TPU GPE has a potential for wide-scale

application in high-temperature LIBs due to its high

ionic conductivity, good thermal stability and high

resistance toward Li dendrite growth.

Conclusion

GPE based on TPU and ATO was successfully pre-

pared by an easy phase separation technique. ATO-

TPU GPE exhibits superior thermal stability, high

strength and excellent interface stability to lithium

metal electrode. ATO-TPU GPE displays lower volt-

age polarization and longer valid cycle life than the

conventional liquid electrolyte. The testing cell with

ATO-TPU GPE shows excellent cycling performance

and rate capability with nearly 100% Coulombic

efficiency in the first 100 cycles. Besides, good elec-

trochemical performance can be achieved at a high

temperature of 60 �C. The results indicate that ATO-

TPU GPE could be a promising candidate for LIBs

with higher safety.
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Figure 7 Cycling performance of the testing Li/LiFePO4 cells

with the PP, TPU and ATO-TPU GPE at a high temperature of

60 �C.
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