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Abstract: Ionic gel electrolyte retains the characteristics of non-volatilization, non-flammability and
outstanding electrochemical stability of ionic liquid, and shows good electrochemical performance
combined with the excellent characteristics of different matrix materials, which is considered to be the
best choice to achieve high energy density and safety at the same time. In this paper, a flexible and self-
healing ionic gel electrolyte was prepared using a solvent-assisted method based on a zteric ion (ZI)
copolymer. Abundant hydrogen bonds and synergistic interaction of ions in the electrolyte system
endowed it with remarkable self-healing ability. An ionic conductivity of 9.06 × 10−4 S cm−1 at room
temperature was achieved. Moreover, the lithium-ion transference number was increased to 0.312.
The ionic gel electrolyte has a self-healing function which guarantees long-term tolerance during
charging and discharging. The capacity retention rate of the Li//LiFePO4 battery was 96% after
155 cycles at 0.1 C at 60 ◦C. This polymer electrolyte is expected to solve the problem of increasing
polarization, which is caused by the low lithium ions migration number in ionic liquid electrolyte.
And ultimately, it gave rise to a good rate performance.

Keywords: flexible electrolyte; flame-retardant; self-healing; gel electrolyte; lithium metal batteries

1. Introduction

Lithium-ion batteries (LIB) are applied in a variety of sectors on a wide scale, including
consumer electronics, electric vehicles, drones and aerospace, as consumers and businesses
demand more for range, cost and safety [1–3]. However, lithium metal batteries have
not been commercially applied until now. The utilization of lithium metal as a negative
electrode can enhance energy density but also introduces minor safety risks [4–7], which
are particularly associated with the formation of lithium dendrites. The highly active
lithium metal reacts with the aprotic solvent in the electrolyte to construct a solid electrolyte
interface (SEI) layer [8,9]. A consistent and robust SEI (Solid Electrolyte Interphase) layer
can effectively protect the surface of the negative lithium electrode, preventing the ongoing
occurrence of side reactions. However, the SEI film is usually of low strength and easily
breaks due to the uneven deposition of lithium ions, thus exposing more nucleation sites to
the electrolyte. In the convex part, due to the tip effect, it is easier to realize rapid deposition
of lithium, thus forming dendritic dendrites [10,11].

To solve the problem, researchers have proposed various solutions. But as is widely
known, lithium mental batteries have relied severely on electrolytes consisting of flammable
organic solvents (carbonates and ethers) and poor thermally stable lithium salts [12]. This
type of electrolyte not only has a narrow electrochemical window, limited operating tem-
perature, but also is prone to a number of safety problems, which will become a more
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serious issue in lithium metal batteries [13,14]. In addition, under extreme high- or low-
temperature conditions, the charging and discharging performance of lithium-ion batteries
are still a tremendous problem, which hinders the further development of lithium-ion
batteries [15].

In this case, the application of solid electrolytes not only can optimize the electro-
chemical performance and safety of next-generation lithium batteries, but also makes it
possible to guarantee the application of lithium metal anode to maximize energy den-
sity [16–18]. However, the actual performance of solid-state Li-metal batteries is hampered
by high resistance between lithium dendrites and metal electrodes/solid-state electrolytes
or grain boundaries, which limits the practical application of solid-state electrolytes. With
the intention of addressing the safety hazards of extremely poor, room temperature ionic
conductivity of solid polymer electrolytes, as well as poor mechanical strength and ther-
mal stability of gel electrolytes (organic solvents as plasticizers) [19], researchers have
developed a polymer matrix based ionic gel electrolytes (IGE). This polymer matrix has
good flexibility, suitable strength and retains the characteristics of being a non-combustible
and non-volatile ionic liquid, which can effectively enhance the safety of lithium metal
batteries [20,21].

Ionic liquids (ILs) consist of organic cations and organic/inorganic anions, and can
melt at temperatures below 100 ◦C or even at room temperature [22]. They can maintain
liquid over a wide temperature range and have non-flammability, non-volatility and
high thermal stability [23,24]. The most important feature is that they possess a wide
electrochemical stability window. ILs, which become absorbed and securely affixed to
various substrates, serve as the primary ionic conductors commonly employed in the
preparation of IGEs. This approach offers numerous advantages compared to using pure
ILs. Firstly, the rapid dissociation of charge carriers and the anchoring of anions enable
faster transport of lithium ions, which help to improve the rate performance. Secondly, due
to the hysteretic glass transition and higher thermal decomposition temperature, a wider
operating temperature range is achieved. At the same time, the solid properties of ILs
provide high mechanical strength and leakage resistance, as well as other unique functions
such as the ability to modify the ion deposition behavior of lithium metal cathodes.

Copolymers have attracted wide attention as substrates for ionic gel electrolytes
because of their ability to bind corresponding homopolymers. Researchers can design
the structure of different types of block copolymers to obtain polymer substrates with a
different physical and chemical nature. Among them, the zwitterion (ZI) segment is an
“inner salt” that binds a pair of cations and anions together through covalent bonding. It
possesses equal amounts of positive and negative charges, resulting in a massive molecular
dipole moment. Prominent ion–dipole interaction has the ability to boost the dissociation
of lithium salt [25,26].

In this paper, the copolymer network, imidazole-based ionic liquid (EMIMTFSI) and
LiTFSI were combined by a solvent-assisted physical mixing method to prepare a flexible,
flame-retardant and self-healing ionic gel electrolyte (SHIGE). The abundant hydrogen
bonds in the SHIGE system, along with the synergistic interaction between the ZI segment
and the ionic pair of the ionic liquid, provide it with a good self-healing ability. At the same
time, the ionic liquid in the SHIGE system helps decrease the crystallinity of the polymer
and promotes the movement of the polymer segments and has enhanced safety compared
to a traditional liquid electrolyte. ZI monomer can promote the dissociation of lithium salt
and improve the transport of Li+ in the electrolyte system. Its uniform arrangement can
effectively regulate the distribution of lithium flux to achieve a homogeneous deposition of
Li+ and avoid the composition of lithium dendrites. The above unique properties give the
ZI copolymer-based SHIGE a remarkable electrochemical performance, and it is expected
to be a promising flexible electrolyte material.
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2. Materials and Methods
2.1. Materials

Poly(propylene glycol) bis(2-aminopropyl ether) (PEA, D-400, average Mn ~400),
2-isocyanatoethyl methacrylate (IEM,98%), Poly(vinylidene fluoride) (PVDF),
2,2,2-trifluoroethanol (TFEA, 99.5%), [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
(SBMA, 97%), Poly(vinylidene fluoride) (PVDF, Mw ~180,000), 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM TFSI, 99%) and bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI, 99%) were purchased from Aladdin. 1-Methyl-2-pyrrolidinone (NMP)
and hydroxyacetone (HPLC) were purchased from Sinopharm. Azobisisobutyronitrile
(AIBN, 99%) was purchased from Macklin. Lithium iron(II) phosphate (LFP) and acetylene
black (AB) were purchased from Canrd.

2.2. Synthesis of the D-IEM

A total of 0.6 mmol D-400 and 2-isocyanatoethyl methacrylate (IEM) were firstly
dissolved in 10 mL hydroxyacetone, and then the former was added to the latter drop by
drop under an ice bath. The termination of the amino groups was realized through the
high reactivity of the isocyanate group and the amino group. Nitrogen blowing removed
excess hydroxyacetone solvent to obtain D-IEM with double bonds at both ends.

2.3. Synthesis of Bisexual Ionic Copolymers

The obtained D-IEM was dissolved in 80 mL TFEA with 0.48 mmol amphoteric
ion monomer [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) (SBMA), and 2 wt %
(monomer base) AIBN was added. After heating and stirring under nitrogen protection at
65 ◦C for 24 h, a light yellow viscous solution was obtained, which was exposed to air to
terminate the polymerization. Subsequently, the reaction solution was added to deionized
water to precipitate the resulting bisexual ionic copolymer, which was redissolved in a
small amount of TFEA to remove impurities, and then reprecipitated in deionized water.
Finally, the polymer sample was vacuum lyophilized.

2.4. Synthesis of Self-Healing Ionic Gel Electrolyte (SHIGE)

A total of 1 M LiTFSI was dissolved in ionic liquid (EMIM TFSI) by magnetic stirring in
a glove box (H2O < 0.1 ppm, O2 < 0.1 ppm) overnight until the solution was homogeneous
and clear. A certain amount of the polymer sample was dissolved in TFEA, which was then
added to the ionic liquid dissolved in lithium salt, and the solution was injected into the
PTFE template and dried at 60 ◦C for 6 h after stirring, and further dried at 100 ◦C for 12 h
under vacuum to obtain homogeneous SHIGE membranes.

2.5. Characterization of Ionic Gel Electrolyte

The surface morphology of SHIGE membranes and lithium anode before and after
cycling was observed using a field emission scanning electron microscope (FESEM, MAIA3
LMH, Brno, Czech). Fourier transform infrared spectrometer (Nicolet iS50, Yingmei, Shan-
nxi, China) was used to test the D-400, IEM and the synthesized D-IEM with a wave
number of 650–4000 cm−1, and the test mode was selected as attenuated total reflection
(ATR). The thermogravimetric curves were obtained using a simultaneous thermal ana-
lyzer (STA449F5, NETZSCH, Selb, Germany) in a nitrogen atmosphere at a ramp rate of
10 ◦C min−1 from room temperature to 500 ◦C. The Tg of SHIGE was tested by Differential
Scanning Calorimeter (DSC250, TA, New Castle, Amarica) at a ramp rate of 10 ◦C min−1

from −80 ◦C to 60 ◦C.

2.6. Electrochemical Measurements

Electrochemical impedance spectroscopy (EIS) was performed using a pristine elec-
trochemical workstation with SHIGE as the electrolyte and two stainless steel electrodes
assembled into a CR 2016 type button cell with a temperature interval from 20 ◦C to 80 ◦C
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and a frequency range from 105 Hz to 10−1 Hz for interfacial impedance measurements.
Ionic conductivity σ of the SHIGE membrane can be calculated from Equation (1):

σ =
L

R × S
(1)

where L is the thickness of the quasi-solid electrolyte sheet, R is the measured impedance,
and S is the contact area between the quasi-solid electrolyte and the stainless steel electrode.

Arrhenius equation:

σ(T) = A · exp(
−Ea

kT
) (2)

where σ is ionic conductivity, Ea is activation energy, A is pre-exponential factor, k is gas
constant and T is thermodynamic temperature.

A CR 2016 type button cell, assembled with a stainless steel electrode as the working
electrode and a lithium metal anode electrode as the counter electrode, was used to perform
linear scanning voltammetry (LSV) measurements of SHIGE at 60 ◦C with a scan rate of
1 mV s−1 in the potential interval of 0 V to 6 V.

Lithium symmetric cells of type CR 2016, which was mounted with lithium metal
anode and SHIGE, were tested for AC impedance and constant potential polarization at
60 ◦C. Li-ion migration number can be calculated by Equation (3) as followed:

t+Li
=

Is(∆V − I0R0)

I0(∆V − IsRs)
(3)

where ∆V is the direct current polarization voltage (10 mV), I00 and Is are the initial and
steady currents during polarization, respectively, and R0 and Rs are the impedances before
and after polarization, respectively.

Further the lithium ion conductivity of SHIGE can be calculated from the following
Equation (4):

σLi+ = σ · tLi+ (4)

where σLi
+ is the lithium ion conductivity, σ is the overall SHIGE conductivity, and tLi

+ is
the lithium ion mobility number.

2.7. Self-Healing and Fire-Resistant Test

After cutting the SHIGE membrane into four pieces, the degree of healing was ob-
served at different times and recorded by optical photographs. The flame retardant per-
formance were tested by directly igniting the SHIGE samples with a lighter for 3 s and
recording the burning phenomena by optical photographs.

2.8. Lithium Battery Manufacturing and Performance

LiFePO4 (80 wt%), carbon black (10 wt%) and PVDF (10 wt%) were mixed well
and then stirred with appropriate amount of 1-methyl-2-pyrrolidinone (NMP) dropwise.
Subsequently, the slurry was coated on aluminum foil and dried in a vacuum oven at
110 ◦C for 12 h. LiFePO4/SHSPE/Li (CR2016) button-type cells were assembled using
LiFePO4, SHSPE and lithium metal anode in an argon-filled glove box (H2O < 0.1 ppm,
O2 < 0.1 ppm). Constant-current charge/discharge and cycling performance were tested at
25 ◦C using a battery test system (Neware Electronic Co., Ltd., Shenzhen, China) at 4 to 2 V
potential.

3. Results and Discussion

As shown in Figure 1a, it is clear to see the process of preparing SHIGE-GPE by radical
polymerization. In the beginning, the addition of the terminal radicals of D-400 and IEM in
acetone under an ice bath obtain the precursor D-IEM, and then the precursor D-IEM is
dissolved together with SBMA in TFEA. Furthermore, AIBN is used to initiate polymeriza-
tion to construct the ultimate cross-linked network SHIGE at 65 ◦C. The SEM image of the



Batteries 2023, 9, 452 5 of 12

SHIGE membrane (Figure 1b) demonstrates the homogeneity and flatness of its surface,
which endow it the ability to make good contact with the electrode interface. Furthermore,
the uniform distribution of elements such as C, N, O, F and S in the corresponding EDS
spectra (Figure 1c–g) proves the successful preparation of the polymer SHIGE with homo-
geneous dispersion of its components, which is crucial for the Li+ migration during the
assembly and charging/discharging of Li-ion batteries.

Figure 1h shows the FT-IR test results of D-400, IEM, and the synthesized D-IEM.
The absorption peak at 2260 cm−1 of the wave number corresponds to the isocyanate
group of IEM, while in D-IEM this peak has almost disappeared, proving the successful
reaction of the -N=C=O group of IEM with the amino group on D-400 [27]. The absorption
peak located at 1718 cm−1 represents the stretching vibration of the C=O bond, while the
corresponding D-IEM wave number at 1632 cm−1 proves the successful retention of the
C=C double bond. The absorption peaks at wave numbers 1100 cm−1 and 1150 cm−1 are
on account of the stretching vibration of the C-O-C bond, while the absorption peak located
at 1560 cm−1 is due to the deformation vibration of the secondary amide N-H bond on the
D-IEM.

Figure 1i shows the FT-IR spectra of SHIGE membrane. The absorption peaks located
at 1720 cm−1 and 1632 cm−1 is in accord with the C=O and C=C bonds of the monomer,
respectively, and it can be seen that SHIGE has no absorption peak for the C=C bond,
which proves the complete polymerization of the monomer. The absorption peak located at
1043 cm−1 is attributed to the stretching vibration of the -SO3- group on the SBMA monomer
molecule, and the spectrum of SHIGE also exhibits a subordinate peak corresponding to
the -SO3- group. Meanwhile, the peaks of SHIGE at 1330 cm−1 and 1347 cm−1 consistent
with the out-of-plane stretching vibration and in-plane stretching vibration of -SO2

−-,
respectively. Combined with the strong peak of the asymmetric stretching vibration of
S-N-S at 1051 cm−1 of the wave number, the gelation of TFSI− containing-ionic liquids is
strongly demonstrated. The successful preparation of the cross-linked network is highly
favorable for constructing the continuous transmission path of lithium ion flux (Figure 1j).

As shown in Figure 2a, the SHIGE membrane exhibits transparent and homogeneous
capability and possesses impressive flexibility. The self-healing ability of SHIGE membrane
was inspected, and Figure 2b shows the degree of self-healing at different times. After
being cut into four pieces, SHIGE membranes achieved partial self-healing within 15 min at
60 ◦C, with only shallow dents on the section. And after 30 min of self-healing, the scratches
on the surface of SHIGE membrane completely disappeared and returned to the initial
state, confirming its remarkable self-healing ability, which is closely related to the structure
of the polymer backbone. Firstly, the abundant hydrogen bonds on the backbone have
good self-healing ability. And secondly, the sulfonic acid radical groups on the backbone
also show a strong inter-ionic interaction force in the high ionic concentration environment.
Therefore, the SHIGE membrane achieves excellent self-healing function which is combined
with the accelerated movement of polymer chain segments at 60 ◦C.
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Figure 1. (a) Graphical synthetic route of the SHIGE. (b) SEM image and (c–g) corresponding EDS
surface scan elemental distribution spectra of SHIGE membrane surface. (h) D-400, IEM and D-IEM.
(i) FT-IR spectra of D-IEM, SBMA, EMIMTFSI and SHIGE. (j) The schematic of the SHIGE internal
simplified structure.



Batteries 2023, 9, 452 7 of 12Batteries 2023, 9, x FOR PEER REVIEW 8 of 13 
 

 
Figure 2. Optical photograph of (a) flexible SHIGE membrane. (b) Self-healing process of SHIGE 
membrane at 60 °C. (c) TGA curve and (d) DCS of SHIGE. Digital photographs of SHIGE. (e) Ex-
posed to a flame. (f) After fire. 

It is well known that liquid electrolytes are prone to leakage, which can further lead 
to safety incidents such as battery combustion or explosion accidents [28]. However, ionic 
gel electrolytes that use ionic liquids as plasticizers can avoid the risks to a great extent 
compared with the use of organic solvents. To evaluate the safety of SHIGE membrane in 
battery applications, the thermogravimetric curves obtained using a simultaneous ther-
mal analyzer are shown in Figure 2c. It can be seen that the samples only start to decom-
pose at a temperature of 230 °C, confirming that the SHIGE membrane can maintain ex-
cellent thermal stability over an extremely wide temperature range, demonstrating the 
excellent ionic liquid retention capability of a SHIGE membrane even under high temper-
ature conditions. In addition, we performed a DSC test. It is obvious from Figure 2d that 
the Tg of SHIGE is −0.2 °C, which means the material has excellent flexibility. A fire-

Figure 2. Optical photograph of (a) flexible SHIGE membrane. (b) Self-healing process of SHIGE
membrane at 60 ◦C. (c) TGA curve and (d) DCS of SHIGE. Digital photographs of SHIGE. (e) Exposed
to a flame. (f) After fire.

It is well known that liquid electrolytes are prone to leakage, which can further lead to
safety incidents such as battery combustion or explosion accidents [28]. However, ionic
gel electrolytes that use ionic liquids as plasticizers can avoid the risks to a great extent
compared with the use of organic solvents. To evaluate the safety of SHIGE membrane in
battery applications, the thermogravimetric curves obtained using a simultaneous thermal
analyzer are shown in Figure 2c. It can be seen that the samples only start to decompose
at a temperature of 230 ◦C, confirming that the SHIGE membrane can maintain excellent
thermal stability over an extremely wide temperature range, demonstrating the excellent
ionic liquid retention capability of a SHIGE membrane even under high temperature
conditions. In addition, we performed a DSC test. It is obvious from Figure 2d that the Tg
of SHIGE is −0.2 ◦C, which means the material has excellent flexibility. A fire-resistant test
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was also conducted on SHIGE. It is clear from Figure 2e,f, even after being exposed to fire
for 3 s, the SHIGE retains its initial shape, demonstrating its outstanding flame retardant
properties. This property provides a higher safety guarantee for lithium batteries in the
charge and discharge process.

A high ionic conductivity has the capacity to weaken the internal resistance of the
batteries and boost their rate capabilities. As shown in Figure 3a,b, the EIS spectrum of
the SHIGE membrane demonstrates its impedance profile at different temperatures, which
in turn reflects its ability to transport lithium ions at distinct temperatures. It can be seen
that the impedance of SHIGE decreases with increasing temperature and exhibits high
ionic conductivity over an extensive temperature range, with 7.78 × 10−4 S cm−1 at 20 ◦C,
9.06 × 10−4 S cm−1 at 25 ◦C, and 2.62 × 10−3 S cm−1 at 60 ◦C. Furthermore, according to
the Arrhenius equation, the activation energy (Ea) of SHIGE can be calculated as 0.243 eV.
This elevation originates from the acceleration of the polymer chain segment movement by
increasing the temperature. Meanwhile, the unique structure of the amphoteric monomer
SBMA allows it to disrupt the ionic environment consisting of lithium ions and anions
in the system and promotes the dissociation of lithium salts, ultimately enhancing the
migration of lithium ions. In addition, the interactions between Li+ and the abundant ether–
oxygen bonds and O=C-O in SHIGE, along with the liquid phase in the free volume, render
efficient conduction paths. Moreover, the combination of these factors thus makes the
SHIGE membrane possess high room-temperature ionic conductivity, which ensures good
ion transport capability and lays the foundation for its application in lithium secondary
batteries.
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tivity. (c) LVS curve. Lithium ion mobility number of (d) pure ionic liquids EMIMTFSI and (e) SHIGE.
SEM images of (f) the constant current cycling curve and (g) the enlarged plot of the voltage curve near
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(i) recovered lithium anode after 100 h of cycling of the Li|SHIGE|Li symmetric cell.
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To verify the electrochemical stability of the SHIGE membrane to the lithium metal
anode, a Li|SHIGE|SS cell was assembled to measure the LSV curve of SHIGE together
with the result, as shown in Figure 3c. It can be seen that SHIGE membrane has a wide
electrochemical window, and its decomposition potential exceeds 4.2 V. Its decomposition
peak located around 4.5 V may be caused by the decomposition of the TFEA solvent
remaining in the SHIGE membrane during the preparation process, but the decomposition
potential exceeding 4.2 V can ensure its matching with the lithium iron phosphate cathode
and avoid the decomposition of SHIGE membrane.

For Li-ion batteries, achieving a higher Li+ mobility number of the electrolyte is
a precondition for high-power output capability and an essential approach to suppress
superfluous anion migration [29]. A lower Li+ mobility number tends to induce the growth
in Li dendrites by generating space charge fields on the anode surface. On the contrary, a
high Li+ transfer number is highly competent in shrinking the concentration polarization
during the charging–discharging process. The Li|SHIGE|Li symmetric cell was assembled
and tested, as shown in Figure 3d,e. Moreover, we further calculated by Equation (2)
that the lithium ion migration number of pure ionic liquid EMIMTFSI is 0.150. On the
contrary, the SHIGE membrane can reach 0.312, which is double compared to the pure ionic
liquid electrolyte. This huge improvement stems from the construction of the polymeric
three-dimensional (3D) network in SHIGE, which inhibits the movement of ionic liquid
anions with large volume in the system and provides a channel for rapid Li+ transport.
On the other hand, it may also be attributed to the effective improvement of lithium salt
dissociation and uniform regulation of lithium flux by the amphoteric ionic monomer SBMA
homogeneous arranged on the polymeric 3D skeleton [30]. The lithium ion conductivity
of SHIGE membrane was further calculated from Equation (3) to be 2.83 × 10−4 S cm−1,
indicating the good lithium ion transport properties of a SHIGE membrane.

To investigate the suitability of the SHIGE membrane with a Li-metal battery, we
assembled the Li|SHIGE|Li symmetric cells and performed a test at 60 ◦C with a current
density of 0.1 mA cm−2 for constant current cycling. Figure 3f,g show the polarization
voltage curve of the Li|SHIGE|Li cell. The initial polarization potential of Li|SHIGE|Li
cell is only 20 mV at a current density of 0.1 mA cm−2, and the overpotential is still
maintained within 50 mV after 130 h of cycling. On top of that, the voltage curves during
charging and discharging are relatively smooth, indicating the good compatibility of
SHIGE membrane with lithium metal anode and its promising application in lithium metal
batteries.

The SEM images in Figure 3h,i demonstrate that the lithium metal anode with a SHIGE
membrane assembled still remains dense and smooth on its surfaces after cycling. It is
apparent that no deposition of dead lithium or growth of lithium dendrites can be seen on
the surface of the lithium metal anode after 100 h of cycling compared with the fresh one.
This is closely related to the effective regulation of the homogeneous deposition and charge
distribution of Li+ in the system by the amphoteric monomer SBMA.

The electrochemical window of the SHIGE above 4.2 V ensures its suitability with
LiFePO4 cathode, so the SHIGE and LFP are assembled to form an LFP|SHIGE|Li battery
for a long-time cycle charge/discharge test to demonstrate its performance in solid-state
Li-metal batteries, including the capacity decay and cycle-life performance of the battery.
The charge/discharge voltage cutoff range of the battery is set from 2.0 V to 4.0 V.

Figure 4a shows the cycling curve of the LFP|SHIGE|Li cell at 60 ◦C at a multiplicity
of 0.1 C. It can be seen that the initial specific capacity of the cell is 128 mAh g−1 and then the
specific capacity drops to 120 mAh g−1 within a few cycles, which may be due to insufficient
contact between the SHIGE and the electrodes. After 10 cycles, the specific capacity of
the cell rises rapidly and gradually recovers to 130 mAh g−1 and remains constant for the
next 80 cycles, before the specific capacity slowly decreases and remains at 123 mAh g−1

after 155 cycles, and the polarization of the cell does not increase sharply during the cycle
(Figure 4b), showing outstanding specific capacity at 0.1 C magnification cycle stability.
However, the first cycle charge/discharge efficiency of SHIGE is only 78%, but the Coulomb
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efficiency increases to 96% after 155 cycles, which is not satisfactory, probably due to the
fact that the TFEA solvent molecules are not completely removed during the preparation
of the SHIGE membrane and thus decompose during the charge/discharge process.
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The cyclic charging and discharging performance of the LFP|SHIGE|Li battery was
investigated at a higher current density, as shown in Figure 4c. The LFP battery reaches
an initial specific capacity of 117.3 mAh g−1 at a multiplication rate of 0.5 C and 60 ◦C.
However, there is a mild increase in the specific capacity within the next 15 cycles, which
corresponds to the activation process of the battery. From Figure 4d, it is clear that there
is no obvious polarization of the cell in the first 10 cycles. During the subsequent cycles,
it can be seen that the rate of increase in the cell polarization slows down, and thus the
specific capacity of the cell decays more slowly during the subsequent 210 cycles, from
105.94 mAh g−1 in the 50th cycle to 96.81 mAh g−1 in the 260th cycle. Apart from that,
the initial Coulombic efficiency of the cell is only 75.9% due to the effect of the residual
solvent molecules in the SHIGE membrane, which grows after 10 cycles. It grows to 90%
after a dozen cycles and follows the cycling process slowly, but eventually grows to 98%
after 150 cycles.

4. Conclusions

In summary, a flexible and self-healing ionic gel electrolyte based on a zteric ion
(ZI) copolymer was successfully obtained by free radical polymerization. The uniform
distribution of zwitterionic segments on the skeleton can accelerate the dissociation of
lithium salt and effectively enhance the lithium ion conductivity. The ionic conductivity can
reach 2.62 × 10−3 S cm−1 along with a high ion migration number (0.312) of the SHIGE at
60 ◦C. In addition, a SHIGE with extraordinary flexibility and self-healing ability is capable
of crucially refining the long-term tolerance of electrolytes. The assembled LFP/SHIGE/Li
cells have a capacity retention rate of 96% after 155 charge and discharge cycles at 0.1 C
and 82.5% after 260 cycles at 0.5 C. The experimental results show that the prepared SHIGE
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has good electrochemical performance, which provides a feasible idea for the design and
development of electrolytes.
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