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Single ion conductor has been realized as a new path to reduce polarization and improve electrochemical per-
formance of the lithium ion batteries (LIBs). In this work, a novel single ion conductor gel polymer electrolyte
(SIGPE) was designed via free radical polymerization, co-electrospinning and plasticizing process. The molecular
structure information of the single ion polyanionic salt POMPEGA-AMPSLI) of the SIGPE is carefully verified. The

SIGPE shows high ionic conductivity of around 2.8 x 10> S/cm at 25 °C, high lithium ion transference number
of 0.75, wide electrochemical window of 4.7 V as well as a stable cycle performance at 25 °C and 60 °C. The
plasticizing mechanism of the gel polymer electrolyte has also been modeled and studied theoretically by mo-
lecular dynamics simulation. The results display a positive effect of the plasticizing in promoting the ionization of
Li ions, increasing the diffusion coefficient of Li ions from 8.05 x 107! em?/s to 1.37 x 10~° cm?/s.

1. Introduction

Facing global problems of environmental pollution and energy crisis,
seeking efficient and clean energy storage and conversion systems is of
the key importance. Lithium ion batteries (LIBs) have been intensively
studied as a high density energy storage source, widely applied in
electric and vehicle electric field [1-4]. Commercial liquid electrolyte
used in LIBs is usually a solution dissolving lithium salt into carbonate
solvents to obtain high ionic conductivities, meanwhile suffering safety
issues like leakage and inflame due to the low flash point of nonaqueous
solvents [5,6]. Solid state electrolytes were born and become noticeable
to solve this problem which could be classified into inorganic solid
electrolytes (ISEs) and solid polymer electrolytes (SPEs) [7,8]. SPEs are
more flexible to design the shape and package compared with the
inorganic solid electrolytes [9]. However, their ionic conductivity at
room temperature is too low (10~7-107% S/cm) to meet the practical
usage requirements [10,11]. For instance, the only commercial SPE is
PEO and LiTFSI system for electric automobile named “autolib”,

however, it has to be heated over 60 °C at first to start [12]. According to
the state of art, SPEs could be improved by liquid plasticizing to gain
acceptable ionic conductivity at room temperature and the gel polymer
electrolyte (GPEs) has been proposed as a compromising method for the
commercial applications [13]. GPEs were mostly based on composites of
lithium salts and macromolecules such as PEO [14,15], polyvinylidene
fluoride-hexafluoroproperlyene (PVDF-HFP) [16-18], polyacrylonitrile
(PAN) [19,20], polymethal methacrylate (PMMA) [21,22], etc. How-
ever, they are usually dual-ion conductor, in which anions and cations
migrate at the same time, the Li-ion transference number is usually
around 0.3, resulting in concentration gradients and battery polarization
due to the anions’ deposition and side reaction on the surface of anode
[23]. Single ion conductor with high selective of ion conduction was
proposed and aroused intense research concern [24].

The single ion conductor is usually composed of a polymer chain
with anions anchored on the skeleton and Li ions associated with the
anions, with Li ions as the only charge carrier conducted through elec-
trolyte, eliminating the anion polarization at the interface with

* Corresponding author. State Key Lab of Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of Chemistry for Energy Materials, State-Province
Joint Engineering Laboratory of Power Source Technology For New Energy Vehicle, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen,

361005, China.
** Corresponding author.

E-mail addresses: pengzhang@xmu.edu.cn (P. Zhang), jbzhao@xmu.edu.cn (J. Zhao).

https://doi.org/10.1016/j.polymer.2020.122568

Received 4 March 2020; Received in revised form 24 April 2020; Accepted 4 May 2020

Available online 14 May 2020
0032-3861/© 2020 Elsevier Ltd. All rights reserved.


mailto:pengzhang@xmu.edu.cn
mailto:jbzhao@xmu.edu.cn
www.sciencedirect.com/science/journal/00323861
https://http://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2020.122568
https://doi.org/10.1016/j.polymer.2020.122568
https://doi.org/10.1016/j.polymer.2020.122568
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2020.122568&domain=pdf

X. Shen et al.

electrodes [25]. Single ion conductor has been reported showing better
performance even with ten times smaller ionic conductivity than dual
ion conduction electrolyte [26,27]. The membrane structure such as
nanoporous structure could be significantly affected the performance of
both the GPE and single ion conductor due to the enlarged surface would
strengthen the interaction between the plasticizer and the polymer
matrix thus promoting better ionic conduction by providing more dy-
namics possibility for ion transport [28,29].

2-acrylamido-2-methylpropane sulfonic acid (AMPS) is a functional
monomer contains two function groups: double bond for polymerization
and sulfonic acid for further lithiated into a lithium ion resource. Cross-
linked PAMPS-Li has been reported as filler of PI-based gel electrolyte
[30]. And polymer electrolyte with both high conductivity and me-
chanical strength based on AMPS monomer by pre-irradiation and
grafting has been formed in our previous work [31]. And we also studied
a semi-structured dense quasi solid polymer electrolyte based on
cross-linked PAMPS-Li [32]. In this work, we develop a novel single ion
conduction gel polymer electrolyte (SIGPE) by plasticizing the nanofiber
structured P(MPEGA-AMPSLi)/PVDF-HFP (abbreviated as
PLi/PVDF-HFP) composite membrane, in which AMPS-Li was further
designed to copolymerize with ether based functional monomer forming
polyanionic salt via free radical polymerization to increase the Li ion
mobility dynamics by introducing soft PEG segment. The prepared
SIGPE with the high ionic conductivity and Li ion transference number.
To further investigate plasticizer effect, molecular dynamics (MD)
simulation was applied to simulate the ion coordination and analyze the
transport mechanism in this work.

2. Experimental details
2.1. Materials

AMPS, azodiisobutyronitrile (AIBN) were bought from Aladdin.
Methoxy-polyethylene glycol acrylate (MPEGA, Mn = 480), PVDF-HFP
(Mw = 455000) were bought from Sigma-Aldrich. Lithium carbonate
(LioCO3), N, N-dimethyl formamide (DMF), diethyl ether were bought
from Sinopharm Chemical Reagent Co., Ltd. Lithium iron phosphate
(LiFePQy) is from Aleees of Taiwan, China. Acetylene black (AB), N-
methyl-2-pyrrolidone (NMP) solvent, and poly(vinylidene fluoride)
(PVDF) were bought locally. Electrolyte solvents ethylene carbonate
(EC) and dimethyl carbonate (DMC) are from Zhangjiagang Guotai-
Huarong New Chemical Material Corp., Ltd.

2.2. Synthesis and preparation

2.2.1. Synthesis of the single ion conducting copolymer P(MPEGA-
AMPSLi)

AMPS monomer was dissolved in DMF and lithiated with stoichio-
metric molar ratio of LioCO3 under ultrasonic dispersion. The lithiated
monomer AMPS-Li solution was added into a three-neck flask and then
add MPEGA monomer with a molar ratio of MPEGA: AMPS =1 : 3. AIBN
(1 mol% of AMPS) was added next as the free radical polymerization
initiator. Heating and stirring the mixing solution at 70 °C for 12 h in the
silicon oil bath under N3 atmosphere created by dual exhausted pipes.
After polymerization reaction, precipitating the copolymer by dropping
the reaction solution into iced ether eight times the volume of the so-
lution, obtaining white precipitate. Dissolve the white precipitate in
DMF and repeat the dissolution and precipitation for at least three times
for separation and purification, and dry the product within vacuum oven
at 80 °C for 2 days, obtaining the single ion conductor polyanionic salt
marked as P(OMPEGA-AMPSLi).

2.2.2. Preparation of the SIGPE

Dissolve 0.75 g PVDF-HFP in DMF to form a 15 wt% solution. Then
mix the solution with different proportions of the synthesized P(MPEGA-
AMPSLi) (0.35 g, 0.5 g) to form the electrospinning solution. Higher
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polyanionic salt amount of 0.65 g would cause improper electrospinning
condition, influencing fiber morphology. Transfer the spinning solution
into the injection syringe and control the electrospinning parameters as:
15 kV, —1 kV, 300 pL/h. Collect the nonwoven membrane and dry it in
vacuum oven at 80 °C for 24 h. Then the composite PLi/PVDF-HFP
membrane is obtained. With the addition of 15 pL carbonate plasti-
cizer of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, in
volume ratio), the SIGPE is obtained.

2.3. Assemble of the batteries

The cathode is a uniform mixture of spinel-type LiFePOg4, acetylene
black, and PVDF with a ratio of 8:1:1, coating on the aluminum foil. And
the anode is lithium pallet. The cathode, the prepared SIGPE and the
anode were packaged in 2016-type coin cells to test the cycling
performance.

2.4. Characterizations

The field emission scanning electron microscopes (FE-SEM, Hitachi,
4800) and the matched energy dispersive spectroscopy (EDS) were
applied to investigate the morphology and the elemental distribution of
the PLi/PVDF-HFP membrane. The physical morphology and roughness
were also examined by the three-dimensional laser scanning confocal
microscope (LSCM, VK-X250K, KEYENCE Corp.). Then the molecular
structure information of the polyanionic single ion conductor salt P
(MPEGA-AMPS-Li) was studied carefully by Fourier transform infrared
spectroscopy (FT-IR, Nicolet IS5, Thermo Fisher Scientific Inc.) with the
wavenumber range of 400-4000 cm ™! and nuclear magnetic resonance
(NMR, 400M, Bruker). The static light scatter instrument (SLS, BI-
200SM, Brookhaven Instruments Corp.) was applied to measure the
weight-average molecular weight of the P(MPEGA-AMPSLi). The glass
transition temperature was measured on DSC 214 polyma (NETZSCH)
instrument with nitrogen gas at a heating rate of 10 °C/min while the
thermosgravimetry (TG) curve of the SIGPE membrane was detected by
STA 449 (NETZSCH) to investigate the decomposition temperature.

The ionic conductivity (¢) was investigated and calculated by elec-
trochemical impedance spectroscopy (EIS) method with following the
equation (1):

c=d/ Ry xS) (@)

where d represents the thickness of the SIGPE membrane, Rj stands for
the bulk resistance of the SIGPE obtained by alternating current (AC)
impedance, S refers to the work electrode area of the stainless steel (SS)
sheet. The AC impedance was measured by the Solartron (SI-1260)
electrochemical workstation with a frequency range of 107'-10° Hz.
The electrochemical window was measured by linear sweep voltam-
mograms (LSV) of Li/SIGPE/SS cell at a scan rate of 0.5 mV/s in order to
study the chemical stability of the SIGPE.

The lithium ion transference number (LTN) was tested by chro-
noamperometry methods using the Autolab (Sino-Metrohm Technology
Ltd) electrochemical work station. The LTN was obtained by the com-
bination of the direct current (DC) polarization and AC impedance
measured on the symmetric Li | SIGPE | Li cell, following equation (2):

i = Iy (AV - IpRg) / Io (AV - IiRy) @

in which AVis the applied polarization voltage of 10 mV; Iy and I are the
polarization current at the beginning and after the polarization,
respectively; Ry, R, stand for the initial and final impedance of the cell of
the polarization process, respectively.

The charge/discharge performance of the assembled CR2016 Li/
LiFePOy4 coin cells were operated at the voltage range of 2.5-3.7 V on the
NEWARE battery testing system (BTS-610, Neware Technology Co.,
Ltd.). Both 25 °C and 60 °C was set to inspect the electrical performance
of the cells.
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2.5. Simulation information

The molecular dynamics simulation and result analysis were per-
formed using GROMACS 2018 [33] software. The Visualization of
structures were performed by VMD software [34] and CYLview software
[35].The structure of the two repeat segment unit (MPEGA and
AMPS-Li) of the single ion conductor and plasticizer molecules were
optimized at B3LYP-D3 [36,37]/def2-SVP [38] level with Gaussian 09
Package [39], and the partial charges on atoms were obtained using
restrained electrostatic potential (RESP) method which calculated with
Multiwfn software [40] at BBLYP-D3/6-311+G(d,p) [41,42] level. The
electrostatic surface potential (ESP) was also calculated by Multiwfn at
the same level. Force field parameters for all molecules were gotten from
the general AMBER force field (GAFF) [43] using Antechamber code
[44] and Acpype code [45]. The local coordination structures taken
from MD Simulation were further optimized at B3LYP-D3/def2-SVP
level with Gaussian 09.

A polymer chain model contains 5 AMPSLi units and 10 MPEGA
units. The two structural units are arranged alternately by ABB
sequence. The plasticizer-free system simulation boxes contained 100 Li
cations, and 20 polymer chains. The plasticizer system simulation boxes
contained 40 Li cations, and 8 polymer chains 483 EC molecules and 326
DMC molecules. All systems were generated by Packmol software [46].

All the simulation boxes were firstly submitted to energy minimi-
zation using the steepest-descent method. The equilibrium runs were
carried out under the NPT ensemble at 1 bar. In order to gain an equi-
librium system, an annealing method was used. The plasticizer-free
system ran at 598.15 K for 50 ns, and then cooled to 298.15 K within
50 ns, then ran at 298.15 K for 100 ns. Plasticizer system ran at 398.15 K
for 50 ns and then cooled to 298.15 K within 50 ns, then ran at 298.15 K
for 100 ns. The production runs were 40 ns long at 298.15 K. A time step
of 2 fs and a Verlet algorithm were used. An Ewald summation routine
was used for long-range forces (rcut = 10 /0\), and data were collected
every 2 ps.

3. Results and discussion

The synthetic route of the PLi/PVDF-HFP membrane and the SIGPE
are shown in Fig. 1. Firstly, the single ion conductor polyaionic salt P
(MPEGA-AMPSLI) as the lithium source for the electrolyte with -SO3Li
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anchored on the polymer skeleton was synthesized by free radical
polymerization with AIBN as radical initiator. Secondly, the P(MPEGA-
AMPSLi) was co-electrospinned with PVDF-HFP to form the nanofiber
with nanoporous structured PLi/PVDF-HFP. With the nanoporous
structure, the SIGPE membrane could rapidly adsorb plasticizer, swell
and form lots of amorphous region [28] for better segment motion and
ion conduction within the SIGPE system, leading to high ionic
conductivity.

It is observed from the SEM morphology that the composite PLi/
PVDF-HFP membrane shows uniform nanofiber structure (Fig. 2a). By
statistics and analyzing of the diameter distribution with Image pro plus
(Ipp) software, the diameter is found fitting well with normal distribu-
tion (Fig. 2b), mainly located in 700-800 nm interval. And this is
tunable by changing electrospinning conditions. As seen from the sur-
face SEM image and the corresponding element mapping results, F, O, S
atoms are evenly distributed through the whole membrane (Fig. 2¢-2f)
and this suggests a uniform distribution of single ion conductor poly-
anionic salt P(MPEGA-AMPSLi) and PVDF-HFP in the electrospinning
nanofiber. The uniform distribution of salt is greatly beneficial for the
uniform current density, which may result in uniform lithium deposition
[28]. Further LSCM image of the PLi/PVDF-HFP (Fig. 2g) shows the flat
membrane morphology, consistent with the SEM results, good for the
close contact with the electrodes.

FT-IR was applied to confirm the chemical structure of the P
(MPEGA-AMPSLI) single ion conducting polymer salt and the PLi/
PVDF-HFP composite membrane. The FT-IR spectra of AMPS mono-
mer, P(MPEGA-AMPSLi), bare PVDF-HFP and PLi/PVDF-HFP mem-
brane were tested (Fig. 3). Compared with AMPS monomer, P(MPEGA-
AMPSLI) after polymerization, the stretching peak of C=C at 1610 cm !
disappeared, indicating the success of the polymerization and no AMPS
monomer left. And C=O0 stretching vibration peak from MPEGA mono-
mer at 1730 cm ™! appeared in the copolymer after polymerization, at
the same time, the asymmetric stretching of O=S=0 bond of AMPS
monomer changed from 1240 cm ™! to the 1230 cm™! after polymeri-
zation. Besides, the C-S bond shows a blue shift of the adsorption peak
from 628 cm™! to 630 cm ™! due to the exchange of proton to Li-ion on
AMPS [32,47]. This typical infrared absorption peaks of C-S of P
(MPEGA-AMPSLi) was also shown in the PLi/PVDF-HFP membrane,
indicating the successful composite of the single ion conductor poly-
anionic salt POMPEGA-AMPSLi) and PVDF-HFP in the PLi/PVDF-HFP.
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HO_ # 2+ ; /p
& %”JK/ 5 8 W
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AMPS AMPSLI
Lio, /8)( i 1 ABN o x|y
”S N)J\/ \)J\OMNW/ R — NH o PVDF-HFP
0 H o Rt T
AMPSLI MPEGA 0?3 §
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Fig. 1. Synthesis route diagram of the PLi/PVDF-HFP membrane and the SIGPE.
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Fig. 2. (a) SEM morphology and (b) the nanofiber diameter distribution of the PLi/PVDF-HFP membrane; (c-f) Surface SEM image of PLi/PVDF-HFP and the
corresponding element mapping of F, O, S atom, respectively; (g) LSCM image of the PLi/PVDF-HFP membrane.

'H NMR was also applied to further investigate the molecular
structure of the copolymer. 'H NMR (DMSO-dg) spectra of AMPS,
MPEGA monomer and their copolymer P(MPEGA-AMPSLi) were shown
in Fig. 4. The monomer results were agree well with the AMPS [31] and
MPEGA [26,48] monomer. Peak ‘S1°, ‘S2’ at & 3.34 ppm and 2.5 ppm is
due to the water and DMSO-dg solvents. S1 for AMPS shifts to low field
due to it is easy to adsorb water [31]. The resonances at 'H NMR (400
MHz, DMSO) § 8.34 (s, 1H), 6.02 (qd, J = 17.1, 6.1 Hz, 2H), 5.51 (dd, J
=9.9, 2.4 Hz, 1H), 2.82 (s, 2H), 1.43 (s, 6H), representing the H atoms of
peak ‘c’, ‘a’, ‘b’, ‘e’ and ‘d’ on the AMPS monomer, respectively. And the

integration area ratio of these peak is 1:2:1:2:6 (Fig. S1), corresponding
to the hydrogen numbers of AMPS. And for the copolymer, peaks of a, b,
g, k disappear, indicating the reaction of the C=C bond, suggesting the
success of polymerization, consistent with IR results. Besides, the
copolymer contains peak 2 (peak d, -CHs), peak 3 (peak c, -NH-) of
AMPS which becomes broader due to the polymerization, and peak 1
(corresponding to peak f, typical -CH,CH20 bond of MPEGA). Above
results shows the success of the polymerization. By integration of the
peak area [49] coupled with hydrogen number according to -CH,CH20
and -NH-, the molar ratio of MPEGA unit and AMPS-Li unit was obtained
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Fig. 4. 'H NMR of AMPS, MPEGA monomer and P(MPEGA-AMPSLi) in DMSO-ds.

asy: x = 2.08.

The weight-average molecular weight of the copolymer P(MPEGA-
AMPSLi) was measured by a standard SLS method. The scatter in-
tensity of different concentration and different incident angle was all
measured and fitted (Fig. S3). And the zimm plot shows that the single
ion conducting polyanionic salt P(MPEGA-AMPSLi) shows high weight-
average molecular weight (Mw = 8.0 x 10® g/mol). Further detecting of
the glass transition temperature show a value 45 °C of the P(MPEGA-
AMPSLI) single ion conductor salt, determined by DSC curves from
—40-100 °C in argon atmosphere at a heating rate of 10 °C/min
(Fig. S2). Besides, a high decomposition temperature of 288 °C in argon
atmosphere for the PLi/PVDF-HFP membrane was obtained through TG
measurement (Fig. 5). The decomposition started temperatures at 288
°C, 303 °C and 410 °C are attributed to carbonlization of PEG segment
[50], loss of -SO3 [51] of the P(MPEGA-AMPSLi) and decomposition of
PVDF-HFP, which shows the most biggest decomposition rate at 442 °C.
The TG results shows a stable thermal stability of the PLi/PVDF-HFP
membrane up to 288 °C.

The lithium ion transference number was calculated as t; = 0.75,
shown in Fig. 6a, higher than usual gel polymer electrolyte (0.2-0.4),
revealing the single ion property. The Li" dominating conduction is
good for decreasing polarization by immobilizing anions on the

100 1

— PEG Segment 13 5
= (o]

80{ Td=288°CIN\ _,_ so; {Exo| E£
o 303°C L2 3
s E
~ 60+ =
a A3
S o
= 404 [ &
3
201Tm=158 °C LT

0 2

200 400 600 800
TI/°C
Fig. 5. TG and DSC curves of PLi/PVDF-HFP membrane measured from
35-800 °C in argon atmosphere at a heating rate of 5 °C/min.

backbone of the polymer chain. There maybe two main reasons for the
ti not being unity [52]: 1) the short-range motion of anions among the
space of polymer segments; 2) the plasticizing effect on the slightly bulk
motion of macromolecular skeleton. Fig. 6b shows the electrochemical
window of the SIGPE, which is stable up to 4.75 V (vs. Li/Li™), indicating



X. Shen et al.

25
a Rs Rot Wo

20_ CPE1
< |-
2 15, o
] 2000 . g,
o
£ 104 a 150
3 N 100 ”‘5:;_..

5. ” N

0 100 200 300 400 500
0 /0
0 300 600 900 1200 1500
Time /s

-4.0 C @ SIGPE-0.50
F.E -4.4 Ea=16.65 kJ/mol
(3]
& 4.6
5 -4.8
-3 501 Ea=16.91 kifmol
= -5.2-

-5.4 4

-5.6

1000 / T (10%k™)

Current / 1E-10%A

2.8 29 3.0 31 3.2 33 3.4 35

Polymer 201 (2020) 122568

1.24
0.91
0.6

gl 475V

0.04—

T T T T T

0 1 2 3 4 5 6

Potential / V (vs. Li/Li*)
200 o

d # 1
160 is]
Jem20°C
o120 Ji*25°C
= /—4—30°C
N go P/ —v—40°C
T Asm o 50 °C
40. yida < 60°C
> 70°C
g i e 80°C
0 40 80 120 160 200
zi/a

Fig. 6. (a) Lithium ion transference number plot of SIGPE. (b) The electrochemical window of the SIGPE. (c) Ionic conductivity change with temperature ranging
from 20 °C-80 °C of the SIGPE with different ratio. (d) AC impedance of block cells of SS|SIGPE-0.5|SS at different temperature.

a broad oxidation resistance electrochemical window. Fig. 6¢ shows the
dependence of ionic conductivity on temperature ranging from 20 °C to
80 °C of two different ratio of electrospinning SIGPE membrane. With
the higher amount of polyanioic salt P(MPEGA-AMPSLi) (fom 0.35 g to
0.5 g), the higher ionic conductivity would be acquired. Both the results
of the two ratio follows Arrhenius Equation (Eq. (3)):

6 = 6y exp (-Ea / RT) 3

in which oy stand for pre-exponential factor, respectively. Ea is on
behalf of the activation energy of the ion transport; R represents 8.314 J/
mol/K, the molar gas constant. The results indicate that SIGPE-0.5 has
the lower activation energy of 16.65 kJ/mol than that of SIGPE-0.35 of
16.91 kJ/mol, revealing a lower energy barrier of ion motion. Fig. 6d
shows the AC impedance of the block cell with SIGPE-0.5 electrolyte at
different temperature. The calculated ionic conductivities of SIGPE-0.5
was around 2.8 x 107> S/cm at 25 °C, indicating the stability ionic
transport performance of the SIGPE. The ionic conductivity value is one
of the highest value among single ion conductor gel electrolytes [25,53,
54] in recent years and also higher than PAMPS-Li based single ion
conductor gel polymer electrolyte (Fig. S4) due to the lower activation
energy.

Electrochemical performance of the SIGPE-assembled battery has
been studied at different temperature and the schematic diagram of the
assembled cell is shown in Fig. 7a. Fig. 7b shows the charge-discharge
cycle and rate performance of SIGPE coin cells at 25 °C. The first
discharge capacity is up to 146.2 mA h/g with a coulombic efficiency of
96.5%. 94.0% of the discharge capacity maintained after 100 cycles
charge/discharge process, showing a stable cycling performance. Be-
sides, the capacity-voltage curves are also examined at the 1st, 20th,
50th cycle (Fig. 7c). The charge-discharge plateaus show no distinct
widen, owing to the advantage of the single ion conductor, which sup-
pressing the anions’ polarization by immobilize them on the polymer
chain. Fig. 7d shows a good rate performance of the SIGPE assembled
battery, and when the rate came back to the small level of 0.2 C, the
discharge capacity could also went back to initial value, suggesting a

good rate performance. High temperature cycle performance was
further studied with the SIGPE. Cells with SIGPE show their superiority
cycling at 60 °C at 0.2 C even 0.5 C, during which process the coulombic
efficiency is close to 100%. At 0.2 C (Fig. 7e) and 0.5 C (Fig. 7f), the
initial discharge capacity could reach 164.6 and 138.9 mA h/g. After
100 cycle, the capacity could maintain 88.7% and 86.4% at 0.2 C and
0.5 C, respectively. Compared with Li/LiFePOy cells at 60 °C with liquid
electrolyte (1M LiPFg in EC: DMC = 1: 1, in volume) , which shows
obvious overcharge, with low columbic efficiency less than 80%
(Fig. S5), the SIGPE battery shows stable cycle performance at high
temperature. This is because the LiPFg is easy to decompose under high
temperature in battery [28,55] and the decomposition product of
hydrogen fluoride (HF) will cause the dissolution of the LiFePO4 cathode
[56]. By cycle performance contrast, the SIGPE containing polyanionic
salt of P(MPEGA-AMPSLi) shows stable chemical window and cycle
stability.

According to the reference, single ion conductor could do good for
the deposition of the lithium for no anions’ depletion [10] and GPE is
considered as an effective way for building safer lithium metal battery
[57]. So lithium symmetric experiment with SIGPE and commercial
liquid electrolyte system (PP-LE) was carried out (Fig. S6). The results
show that the SIGPE and the commercial liquid electrolyte show similar
polarization voltage, while the liquid electrolyte became larger slowly.
The larger polarization after long cycle for the liquid electrolyte is
mainly due to the anions’ deposition and side reaction on the electrode,
which will be bad for the cycle performance. And the stable
deposition-stripping of SIGPE shows the superiority of the single ion
conductor on inhibiting the anion polarization.

In order to explain the plasticizing mechanism of the SIGPE system
and make clear the Li-ion coordinate information, molecular dynamics
simulation has been applied and analyzed. The radial distribution
function (RDF) of Li" and the coordination number integrated from RDF
before and after plasticizing was shown in Fig. 8a and 8b. Before plas-
ticizing, the coordination number of Li* with O atoms of sulfonate
reaches 2.1. The high coordination number indicates a tightly binding of
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Fig. 7. (a) Schematic diagram of the SIGPE assembled cell; Cycle performance (b), voltage-capacity plots of the 1st, 20th and 50th cycle (c) and rate performance (d)
of the SIGPE assembled Li/LiFePO, battery at 25 °C; Cycle performance of SIGPE assembled Li/LiFePO4 coin cell with at high temperature of 60 °C with charge-
discharge rate of (e) 0.2 C, (f) 0.5 C.
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sulfonate and Li*, which cause few free Li" in system. The reason why
the sulfonate shows a strong binding ability to Li* is that the maximum
electrostatic surface potential (ESP) of sulfonate (—135 kJ/mol) is much
more negative than that of traditional lithium salts such as PFg (—119
kJ/mol) and ClOz (—125 kJ/mol), which shows stronger coulomb
attraction to lithium ions. After adding EC/DMC plasticizer, the coor-
dination number of lithium to sulfonate oxygen reduced to 1.4, and that
to carbonyl oxygen atoms of EC/DMC increased to 1.6, which shows Li
cations are more easily to ionize. The ratio of Li cation with different
coordination number to sulfonate (Fig. 8c) reflect the promoting of
ionization clearly. After adding plasticizer, the rate of high coordination
number (n = 2, 3, 4) decreases while the rate of low coordination
number (n = 0, 1) increases obviously. Specially, the rate of ‘free’ (n = 0)
Li cations increases from none to 10%. The promoting of ionization can
significantly improve the conductivity. Why the addition of plasticizer
can enhance the ionization of Li cations? On the one hand, these highly
polar molecules act on dielectric polarization among anions and cations,
thereby weakening the coulomb attraction between SO3 and Li*. On the
other hand, the carbonyl oxygen atom has a strong coordination ability,
thereby participating in the coordination with Li-ions. The MSD function
(Fig. 8d) indicates that the diffusion coefficient of Li* (Dy;) is greatly
increased from 8.05 x 107! em?/s to 1.37 x 107° cm?/s after the
addition of the plasticizer, qualitatively descripting the result that the Li
cation mobility is greatly improved.

4. Conclusion

In this work, a novel single ion conduction gel polymer electrolyte
(SIGPE) with nanofiber structure is prepared by plasticizing of the co-
electrospinning membrane PLi/PVDE-HFP, in which the novel single
ion conductor polyanionic salt of P(MPEGA-AMPSLI) is synthesized by
free radical polymerization. The molecular structure of the single ion
polyanionic salt P(MPEGA-AMPSLi) has been verified by FT-IR and Bei
NMR. Thus SIGPE shows high ionic conductivity of 2.8 x 10~> S/cm at
25 °C. Besides, a stable cycle performance is obtained at room and high
temperature of 60 °C. By molecular dynamics simulation, the plasti-
cizing mechanism model is built and has been studied theoretically. The
coordination number with -SO3 is decreased and the bonding is weak-
ened after plasticizing, promoting Li" transfer. Besides, diffusion coef-
ficient of Li* is greatly increased from 8.05 x 107! ecm?/s to 1.37 x
10~° cm?/s, indicating the addition of plasticizer will promote the
ionization of the Li*, which is due to their high dielectric constant and
coordination ability, thus improving the ionic conductivity.
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