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Abstract

A novel high-performance gel polymer electrolyte (GPE) based on poly(vinylidene fluoride) (PVDF), thermoplastic
polyurethane (TPU) and polystyrene (PS) has been prepared. Its characteristics are investigated by scanning electron
microscopy (SEM), thermal analysis (DSC), universal testing machines (UTM), galvanostatic charge-discharge and
electrochemical impedance spectroscopy. The GPE based on TPU/PVDEF/PS (10 wt.%) show a high ionic conductivity
of 5.28 x 107 S cm™ with the electrochemical stability window of 5.0 V. In addition, its first charge-discharge capacity
reached to 169.5 mAh ¢!, high mechanical strength and stability to allow safe operation in rechargeable lithium ion

polymer batteries.

Keywords: Gel polymer electrolytes; Electrospinning; Poly (vinylidene fluoride); Polystyrene; Thermoplastic polyu-
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1. Introduction

Polymer-based nanocomposites have attracted con-
siderable academic and industrial attention over the
years."? Various combinations of polymer matrices and
nanofillers have been investigated. It is known to us that
superior performance of lithium ion battery is determined
by active electrode materials and excellent electrolytes.
Among them, gel polymer electrolytes (GPEs) have been
reported with high ionic conductivity at room temperatu-
re, stable and well compatibility with lithium electro-
des,* and good mechanical stability. There are many
ways to produce GPEs such as phase inversion method,
Yray irradiation method, solvent casting technique, ther-
mally induced phase separation technique, and electros-
pinning technique.®® In these methods, electrospinning
technique which made the solution of polymer into lots of
uniform and slender nanofibers under high voltage is a
simple, controllable and efficient approach. Thermopla-
stic polyurethane (TPU) contains two-phase microstructu-
re which are soft segments and hard segments.””"' The
hard sections are incompatible with the soft section in
thermodynamics, while these two phases are interconnec-

ted throughout each other. The whole system benefits
from these two phases since that the hard parts afford spa-
tial stability and the soft phases are conducive to good io-
nic conductivity owing to the soft segments don’t form io-
nic cluster after being dissolved alkali metal salt. Many
investigations were devoted to copolymerizing TPU with
other polymers for processing GPEs. Some articles based
on coaggregant like thermoplastic polyurethane (TPU)/li-
near poly (ethylene oxide) (PEO) (TPU-PEO), thermopla-
stic polyurethane (TPU)/polyacrylonitrile (PAN) (TPU-
PAN) and polyurethane/poly (vinylidene fluoride) (PU-
PVDF) as GPEs for rechargeable lithium batteries have
been reported lately.'>™* Different concentrations of ther-
moplastic polyurethanes/poly(vinylidene fluoride-co- he-
xafluoro propylene) (TPU/PVDF-HFP) derived from so-
me researchers including our study group member Xiu-
xiang Peng having done related research.'> Poly (vinylide-
ne fluoride) (PVDF) is a semi-crystalline polymer.'® With
low water absorption, high mechanical properties and in-
terfacial stability with lithium metal,'’"'* PVDF has been
adopted as polymer electrolyte in lithium ion polymer bat-
teries.”’ Polystyrene (PS) polymers possess excellent
mechanical properties: high strength, fatigue resistance
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and dimension stability. Besides, it also has high glass
transition temperature and high dielectric breakdown
field. From the properties of the three kinds of materials,
each of these three kinds of materies is very appropriate as
a gel polymer matrix.

Our group have done some research, which was the
first trial of making TPU/PVDF/PS fiber membranes.*! In
comparison to PU/PVDF, TPU/PS and PVDF/PS films,
the TPU/PVDEF/PS films show more noticeable electroc-
hemical characteristic and mechanical performance. We
would like to continue our efforts to develop TPU/PVDF/
PS porous fibrous films by electrospinning using diffe-
rent concentration polymer solutions. In order to investi-
gate the influence of various polymer concentration stres-
ses on the TPU/PVDEF/PS fiber membranes, membrane
morphology, charge and discharge capacity, ionic con-
ductivity, and mechanical properties will be examined
systemically. In this study, we expect to provide a deep
investigation and insight on the preparation of
TPU/PVDEF/PS microporous fiber membranes with pro-
minent electrochemical and mechanical performance.
Primary results showed that it is very suitable for applica-
tion in lithium ion batteries.

2. Experimental
2. 1. Materials

Thermoplastic polyurethane (TPU, yantaiwanhua,
1190A), polystyrene (PS,yangzishihua) and poly( vinyli-
dene fluoride) (PVDEF, Alfa Aesar) were dried under va-
cuum at 80 °C for 24 h. LiCIO, - 3H,O (AR, Sinopharm
Chemical Reagent Co., Ltd.) was dehydrated in vacuum
oven at 120 °C for 72 h. 1.0 M Liquid electrolyte was ma-
de by dissolving a certain quality of LiClO, in ethylene
carbonate (EC, Shenzhen capchem technology Co.,
Ltd.)/propylene carbonate (PC, Shenzhen capchem Tech-
nology Co. Ltd.) (1/1, v/v). N, N-dimethylforamide
(DMF) and acetone were analytical purity and used as re-
ceived without further treatment.

2. 2. Preparation of TPU/PVDF/PS fibrous
Membrane

In the first place, a certain amount of dried PVDF,
TPU and PS (6:6:1, wt/wt/wt) were dissolved in the mix-
ture of acetone/N, N-dimethylacetamide (1:3, wt/wt) for-
ming a 9 wt.% solution, then they were stirred by mecha-
nical stirring for 12 h at room temperature. Then 10 wt.%,
11 wt. %, 12 wt.% TPU/PVDEF/PS solutions were made by
the same way. After being stayed for 10 minutes to remo-
ve air bubbles, the viscous blending polymer solution was
put into the needle injection pump. The tip of the needle
was connected to high voltage source (24.5kV) and elec-
trospined at ambient atmosphere. Porous fibrous films
were obtained on the collector plate. The electrospun po-

rous fibrous films were finally dried under vacuum at 80
°C for 12 h.

2. 3. Preparation of Gel Polymer Electrolytes

The thickness of the TPU/PVDEF/PS nonwoven films
used was about 100 um. At room temperature, the dried
TPU/PVDEF/PS nonwoven films were activated by 1 M
LiClO,-EC/PC liquid electrolyte solutions for 1 hin a glove
box filled with argon. Wipe the surface of swelled membra-
nes by filter paper and then get the gel polymer electrolytes.

2. 4. Membrane Characterization

Scanning electron microscope (SEM, Hitachi S-
3500 N, Japan) was used to examine the morphology of
the films. The thermal stability of the films was monitored
using thermogravimetric analysis (model TQAQ 50, TA
Company, USA). DSC measurements were carried out
under the temperature range from 20-200 ° at a scan rate
of 10 °/min. The mechanical strength of the gel polymer
electrolyte films was measured by universal testing mac-
hines (UTM, Instron Instruments). There are some diffi-
culties in surveying the “wet” films (with electrolyte), the-
refore the test was measured the mechanical properties of
the “dry” membrane (without electrolyte). The extension
rate was kept at 5 mm min~'. The dimensions of the sheet
used were 2 cm x 5 cm x 150-250 um (width x length x
thickness). The porosity was investigated by immersing
the membranes into n-butanol for 1 h and then calculated
by using the following relation:

w, - W

P = L x 100 % ey
pthfJ

W, and W, are the mass of the wet and dry membra-
ne, respectively, 71, is the density of n-butanol, and V is
the volume of the dry membrane.

The electrolyte uptake was determined by measu-
ring the weight increase and calculated according to Eq:

W-Ww
Uptake(%) = 7" x100% )

0

W, is the weight of dried films and W is the weight
of swelled films.

The ionic conductivity of the composite film was
measured with SS/PE/SS blocking cell by AC impedance
measurement using Zahner Zennium electrochemical
analyzer with a frequency range of 0.1-1 MHz. The thin
films were prepared about 100um in thickness and 1.96 cm?
in area for impedance measurement. Thus, the ionic con-
ductivity could be calculated from the following equation:

3)
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In Eq. (3), © is the ionic conductivity, R, is the bulk
resistance, & and S are the thickness and area of the films,
respectively.

2. 5. Cell Assembly and Performance
Characteristics

Electrochemical stability was measured by a linear
sweep voltammetry (LSV) of a Li/PE/SS cell using Zah-
ner Zennium electrochemical analyzer at a scan rate of
5 mV s!, with voltage from 2 V to 6 V. For charge-disc-
harge cycling tests, the Li/PE/LiFePO, cell was assemb-
led. The cell was subjected to electrochemical performan-
ce tests using an automatic charge-discharge unit, Neware
battery testing system (model BTS-51, ShenZhen, China),
between 2.5 and 4.2 V at 25 °C, at different current densi-
ties.

3. Results and Discussion

3. 1. Morphology and Structure

Fig. 1 shows the SEM images of the membranes
prepared by electrospinning of different concentrations of
9 to 12 wt.% TPU/PVDF/PS polymer solution. All of the-
se four membranes show a microporous structure, but we

WOmf  §540

x10,000 qum  —

can see that the fibers of TPU/PVDF/PS (Fig.1(b)10
wt.%) are relatively uniform and slender, with the diame-
ter distribution about 1um. While the fibers of
TPU/PVDEF/PS (Fig.1 (a)9 wt.%) are cross linked une-
venly in the middle part of it. Both of the fibers of
TPU/PVDEF/PS (Fig.1(c)11 wt.%) and (Fig.1(d)12 wt.%)
diameter distribution values are thicker than the fibers of
TPU/PVDEF/PS (Fig.1(b)10 wt.%), so do the fiber smooth-
ness.

From the principle of electrospinning we know there
are many factors that can affect fiber membranes’ morp-
hology. The parameters influencing the morphology of
electrospun fiber membranes contain the distance bet-
ween the nozzle of the syringe and the collector, the ap-
plied voltage, dielectric constant of the solution and the
concentration of the polymer solution. In this work, the
only difference is the concentration of the polymer solu-
tion. Finally, we found that TPU/PVDF/PS polymer solu-
tion of 10 wt.% is the best for electrospinning. After blen-
ding, there is interface between different materials. The
interfacial interation force which has a great influence on
the morphology of electrospinning film, the greater the
force, the poorer the performance of membrane. The in-
terface force is the minimum when the mass fraction is
10%, which is why the membranes of TPU/PVDEF/PS (10
wt.%) is smooth and slender.

WD1imm 5S40

%10.000 Tum " —

WD1imm 5535

Fig. 1. SEM images of TPU/PVDEF/PS electrospun membranes (a) 9 wt.% (b) 10 wt.% (c) 11 wt.% (d) 12 wt.%
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3. 2. DSC Analysis

Typical DSC curves of the nanofibrous membranes
varied with the relative weight of PVDF/TPU/ PS, which
are presented in Fig.2. From the Table 1, the crystallinity
of TPU/PVDF/PS (9 wt.%) is 20.43%; the crystallinity of
TPU/PVDEF/PS (10 wt.%) is 13.64%; the crystallinity of
TPU/PVDF/PS (11 wt.%) is 21.37%; the crystallinity of
TPU/PVDF/PS (12 wt.%) is 26.65%. We can find that the
crystallinity decreased when concentration increased
from 9 wt.% to 10 wt.%. However, with the concentration
continuing to increase, the crystallinity gets enlargement.
So we can get a conclusion that 10 wt.% concentration has
the lowest degree of crystallinity.

12 wt.9

11 wt.9

9 M"’/L__//\__
/M,L,/\——

L " I " L L I " 1
100 120 140 160 180

Heat flow up

Temperature('C)

Fig. 2. DSC thermograms of different concentration of TPU/
VDF/PS

Table 1. Thermodynamic properties of different concentration of
TPU/PVDF/PS

Sample AH,(J/g) Crystallinity ) (%)
TPU/PVDEF/PS (9 wt.%) 8.91 20.43
TPU/PVDEF/PS (10 wt.%) 6.61 13.64
TPU/PVDEF/PS (11 wt.%) 11.39 21.37
TPU/PVDEF/PS (12 wt.%) 15.5 26.65

3. 3. Electrolyte Uptake and Ionic
Conductivity

Fig.3 shows the uptake behaviors of the electrospun
fibrous membranes. The percentage of electrolyte uptake
can be calculated according to Eq(A). The TPU/PVDF/PS
(9 wt.%) fibrous film shows an electrolyte uptake of about
310% within 2 min, The TPU/PVDF/PS(10 wt.%) fibrous
film is 331%, The TPU/PVDE/PS (11 wt.%) fibrous film
is 296%, The TPU/PVDF/PS (12 wt.%) fibrous film is
274% after 15 min, it is found that the electrolyte uptake
of these four membranes become stabile. The uptake of

the electrolyte solution reaches up to 320% (9 wt.%),
341% (10 wt.%), 305% (11 wt.%), 298% (12 wt.%), res-
pectively. The absorption of large quantities of liquid elec-
trolyte by the composite membranes results from the high
porosity of the membranes and the high amorphous con-
tent of the polymer. The fully interconnected pore structu-
re makes fast penetration of the liquid into the membrane
possible, and hence the uptake process is stabile within
the initial 15 min. TPU/PVDF/PS (10 wt.%) membrane
owns the highest porosity, so it also has the highest elec-
trolyte uptake percentage. Furthermore, the TPU/
PVDF/PS (10 wt.%) membrane’s average fiber diameter
is minimal that leads to the increasing in the absorption
ratio of the electrolyte solution. Because the porosity and
the surface area of the pore wall of the film will increasing
with the average fiber diameter decreasing. The increasing
of surface area of the pore wall and more pores result in a
higher uptake of the liquid electrolyte, which means more
Li* in the same volume.*
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Fig. 3. The uptake behavior of the TPU/PVDF/PS electrospun fi-
brous films

Fig.4 shows the impedance spectra of TPU/PVDF/
PS based fibrous polymer electrolyte. It is typical AC im-
pedance for gel polymer electrolyte. The self-resistance
(R) is the major contribution to the total resistance and io-
nic conductivity is calculated according to Eq.(3). The io-
nic conductivity of TPU/PVDF/PS (10 wt.%) membrane
was 5.28 x 10 mS cm™' at room temperature. From table
2, we know that the ionic conductivity of TPU/PVDF/PS
(10 wt.%) membrane is maximal , and the body resistance
of TPU/PVDF/PS (10 wt.%) membrane is the smallest.
The solution crystallinity, porosity and absorption rate ha-
ve relationships with the self-resistance, from the previous
experimental results we can know why the ionic conducti-
vity of TPU/PVDF/PS (10 wt.%) membrane is the big-
gest.
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Table 2. Different concentration of TPU/PVDF/PS membranes’ parameters and ionic conductivity

Materials Rb(Q) H(cm) S(em™) 6(107S cm™)
TPU/PVDEF/PS (9 wt.%) 2.92 0.0014 2.02 2.37
TPU/PVDF/PS (10 wt.%) 1.12 0.0012 2.03 5.28
TPU/PVDF/PS (11 wt.%) 4.67 0.0014 1.98 1.51
TPU/PVDF/PS (12 wt.%) 52 0.0012 2.05 1.13
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Fig. 4. Impedance spectra of gel polymer electrolytes

3. 4. Evaluation in Li/LiFePO, Cell

Fig.5 shows the first charge-discharge capacity cur-
ves of the cells with GPEs of TPU/PVDF/PS. The GPEs of
TPU/PVDEF/PS (10 wt.%) delivers a charge capacity of
169.81 mAh g™ and discharge capacity of 169.5 mAh g”!,
which is about 99% of the theoretical capacity. The GPEs
of TPU/PVDF/PS (9 wt.%; 11 wt.%; 12 wt.%) deliver a
charge capacity of 161.79 mAh g™'; 159.49 mAh g™';

4.00

12 wt.%, 11 wt.%, 9 wt.%, 10 wt.%
375 H

3.50 H

3.25 H

Voltage (V)

3.00 U 12 wt.%, 11 wt.%, 9wt.%, 10wt.%

2.75 H

PR+ ) | IR RPN S NI I RS | 1
0 20 40 60 80 100 120 140 160 180

Charge-discharge capacity (mAh g~ ] )

Fig. 5. first Charge-discharge capacity of different concentration of
GPEs based on electrospun TPU/PVDF/PS membrane

Cycle number

Fig. 6. The cycle performance (discharge capacitie) of different
concentrations of GPE based on electrospun TPU/PVDF/PS mem-
branes

151.82 mAh g 'and discharge capacity of 160.65 mAh g™';
156.32 mAh g'; 151.74 mAh g'. The Li cells with GPEs
have been evaluated for cycle ability property under the 0.1
C rate at 25 °C and the results are shown in Fig. 6. The cell
with GPE (10 wt.%) has a highest discharge capacities in
the whole 50 cycles. From the above data, we can know
that the GPEs of TPU/PVDF/PS (10 wt.%) owns the best
charge-discharge capacity and cycle ability property.

3. 5. Mechanical Property

The stress-strain curves of different concentrations
of electrospun PVDF/TPU/PS membranes are presented
in Fig. 7, and their mechanical properties are summarized
in Table 3. Because no phase separation of the nanofi-
brous membranes was observed from SEM, the nanofi-
brous membranes presented acceptable mechanical pro-
perties to be applied into practice.?® It can be found that
PVDF/TPU/PS (10 wt.%) membrane owns the longest
elongation of 98.2% and can bear the tensile strength be-
low 12.9 MPa. Both the tensile strength and elongation
are better than others. Because electrospun membranes
are constituted by three kinds of polymer, all of three
kinds of polymer are dissolved in the mixture of aceto-
ne/N,N-dimethylacetamide (1:3, wt/wt) solution, and the-
re is interfacial force between each others. As we know
that the PVDF/TPU/PS (10 wt.%) membrane’s interfacial
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Fig. 7. Stress strain curves of different concentration of electrospun
PVDE/TPU /PS membranes Fig. 8. Linear sweep voltammograms of the gel polymer electroly-
tes
Table 3. Mechanical properties of different concentration of elec- .
trospun PVDF/TPU /PS the gel polymer .electfol}{te .of TPU/PVDF/PS (10 wt.%) is
best for applications in lithium-ion.
Samples Stress (Mpa) Strain (%)
TPU/PVDEF/PS (9 wt.%) 9.9+0.2 854 +0.2 4 C lusi
TPU/PVDF/PS (10 wt.%) 11.9+0.2 94202 - Lonclusions
TPU/PVDEF/PS (11 wt.%) 9.14 £ 0.2 63.2+0.2
TPU/PVDEF/PS (12 wt.%) 6.16 0.2 62.8+0.2 GPEs based on fibrous TPU/PVDE/PS blend mem-

force is the smallest, so do the crystallinity of
PVDF/TPU/PS (10 wt.%) membrane. The greater the de-
gree of crystallinity, the worse of the toughness. So the
PVDE/TPU/PS (10 wt.%) membrane has the best mecha-
nical properties.

3. 6. Electrochemical Stability

The results of electrochemical stability tests of the
gel polymer electrolytes by LSV are shown in Fig.8. From
Fig.8, the electrochemical stability of the gel polymer
electrolyte with PVDF/TPU/PS (10 wt.%) membrane is
4.9 V. And their electrochemical stability follows the or-
der: TPU/PVDF/PS (10 wt.%) 4.9 V> TPU/PVDEF/PS (11
wt.%) 4.3 V> TPU/PVDF/PS (9 wt.%) 4.0 V> TPU/
PVDEF/PS (12 wt.%) 3.6 V. It is clearly that the gel poly-
mer electrolyte of TPU/PVDF/PS (10 wt.%) shows the
best electrochemical stability, which may due to better
compatibility with liquid electrolyte and nanofibrous
membranes with less leakage of liquid electrolytes. In ad-
dition, the electrochemical stability was also influenced
by the large and fully interconnected pores, high porosity,
higher specific surface area, uniform morphology of
membranes and the AFD. From the SEM images of
TPU/PVDEF/PS electrospun membranes you can know
that the gel polymer electrolyte of TPU/PVDF/PS (10
wt.%) possesses high porosity and surface area. Therefore

branes were prepared by electrospinning the polymer so-
lution in DMF/acetone (3:1, w/w) at room temperature. It
has been observed that the optimum proportion of a novel
high-performance gel polymer electrolyte is TPU/PVDF/
PS (10 wt.%). It has a high ionic conductivity of 5.28 x
102 mS cm™ with electrochemical stability up to 5.0 V
versus Li*/Li at room temperature. The first charge-disc-
harge capacity of gel polymer electrolyte lithium battery
based on PVDF/TPU/PS (10 wt.%) is about 169.5 mAh
g ! at 25 °. The PDVF/TPU/PS (10 wt.%) mixed film
owns the longest elongation of 98.2%, and it can bear the
tensile strength below 12.9 MPa. Both the tensile strength
and elongation are excellent. The PVDF/TPU/PS (10
wt.%) based gel polymer electrolyte is the optimum pro-
portion of a novel high-performance gel polymer elec-
trolyte for rechargeable lithium batteries.
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Pripravili smo visoko ucinkovit gel polimerni elektrolit (GPE), ki temelji na polivinilidenfluoridu (PVDF), termopla-
sti¢nem poliuretanu (TPU) in polistirenu (PS). Njegove lastnosti smo preucevali z naslednjimi tehnikami: vrsti¢no elek-
tronsko mikroskopijo (SEM), termi¢no analizo (DSC), meritvami mehanskih lastnosti (UTM) in elektrokemijsko impe-
danc¢no spektroskopijo. Gel polimerni elektroliti (GPE), ki temeljijo na TPU/PVDS/PS (10 wt.%) imajo visoko ionsko
prevodnost 5.28 x 1072 S cm™ in elektrokemijsko okno stabilnosti 5.0 V. Poleg tega pa prva kapaciteta polnjenja in praz-
njenja doseZe 169.5 mAh g™!. Zaradi dobrih mehanskih lastnosti in stabilnosti bi bili ti materiali lahko uporabni v litij

ionskih polimernih baterijah.
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