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ABSTRACT: Solid polymer electrolytes have attracted consid- Y,
erable attention, owing to their flexibility and safety. At present, ~l; ¢l H H 1PDI H
N, flow
L Slriug at 60°C String about 10 min

A A A
) tri-IPDI

poly(ethylene oxide) is the most widely studied polymer electrolyte A

matrix. It exhibits higher safety than the polyolefin diaphragm used LiTFSI

in traditional lithium-ion batteries. However, it readily crystallizes PAE PABLLITES!
at room temperature, resulting in low ionic conductivity, and the

4
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preparation process involves organic solvents. In this study, from ar

the perspective of molecular design, solvent-free polyaspartate -

polyurea (PAEPU) and the .cheap and easily avallable. poly- e polymerizaton - o
propylene (PP) nonwoven fabric were used as support materials for oo

the PAEPU/PP composite solid polymer electrolyte (PAEPU/PP,,- sSorliorLFP
CPE). This CPE has good thermal stability, dimensional stability, £ oums ~hwen e e

flexibility, and mechanical properties. Among the different CPEs

that were analyzed, PAEPU/PP,,-CPE@20 had the highest ionic conductivity, which was reinforced with 10 g/m* PP nonwoven
fabric and the content of lithium salt was 20 wt %. Furthermore, PAEPU/PP,-CPE@20 exhibited the highest electrochemical
stability with an electrochemical window value of 5.53 V. Moreover, the capacity retention rate of the Li//PAEPU/PP,,-CPE@20//
LiFePO, half-cell was 96.82% after 150 cycles at 0.05 C and 60 °C, and the capacity recovery rate in the rate test reached 98.81%.

1. INTRODUCTION Many polymer substrates have been studied as solid polymer

The lithium-ion battery (LIB) has numerous benefits, electrolytes, such as poly(ethyl;e;le oxide) (PEO),""~" poly-
including its high energy density, minimal self-discharge, long (vinylexllgezocarbonate) (PVC),” p ozllyz(zethylene carbonate)
cycle lifespan, and absence of any memory effect, rendering it (PEC), ™ polyacrylonitrile (PAN),”"™" poly(vinyl alcohol)
an indispensable and outstanding energy storage device.'” (PVA),” poly(methyl methacrylate) (PMMA),”*"** and

LIBs serve as the primary power sources for electric vehicles poly(vinylidene fluoride) (PVDF).”’~*” However, PEO is a
and are important in aerospace applications. Nonetheless, the typical room-temperature semicrystalline polymer structure,
organic liquid electrolyte utilized in conventional lithium-ion and its crystal domain severely limits ion migration. The ionic
batteries poses potential safety hazards, such as electrolyte conductivity of the solid polymer electrolyte prepared with
volatilization, leakages, and flammability.”~” In addition, the PEO as the matrix is relatively low: only about 1077 S/cm. This
lithium dendrites produced by the uneven deposition of greatly hinders the further development of the PEO-Li salt
lithium will puncture the diaphragm® * and cause short polymer electrolyte system. Therefore, researchers have

circuits, leading to serious safety problems. Therefore, the use
of solid electrolytes instead of traditional liquid electrolytes has
been proposed.''~'* Inorganic solid electrolytes and polymer
solid electrolytes are the most popular solid electrolytes being
researched at present. Inorganic solid electrolytes were once
considered to be the best alternatives to organic liquid
electrolytes due to their advantages of high ionic conductivity
and wide working range. However, these exhibit problems such

studied the above problems and proposed solutions from
multiple perspectives, and the modified polymer matrix is not
limited to PEO. The purpose of modification is to improve not
only the ionic conductivity at room temperature but also the
mechanical strength, electrochemical stability, cycle life, and
electrode/electrolyte interface contact stability.

as high electrolyte thickness, poor machinability, poor Received: February 21, 2024
extension, and shrinkage during the interface contact process, Revised:  April 30, 2024
so they are no longer considered promising for the future Accepted:  May 7, 2024

development of flexible batteries. By contrast, polymer Published: July 12, 2024

electrolytes have the characteristics such as lightweight, easy
processing, and good compatibility with the electrode material.
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Copolymerization,”*"  cross-linking,”*™** branching,
and other modification methods break the long-range ordered
structure of the chain segment from the molecular structure,
significantly reduce the glass transition temperature of the
polymer electrolyte, and make the chain segment soft and
suitable for easily transporting lithium ions. Other modification
methods include blending,”””* the addition of an appropriate
plasticizer,””*" the preparation of organic—inorganic compo-
sites,"' ™" etc. The polymer electrolyte system, in which an
inorganic filler was introduced, was called a composite solid
polymer electrolyte (CPE). However, in recent times, the
range of composite electrolytes has become increasingly wider.
In addition to the combination of the polymer electrolyte with
packing or three-dimensional network structure to broaden the
ion transport channel and promote ion conduction, it can also
be combined with some polymer films, including nonwoven
fabrics.

Wan et al.*® prepared an ultrathin composite polymer
electrolyte by filling an 8.6-um-thick nanoporous polyimide
(PI) film with PEO/LiTFSL. The results show that the
arrangement of polymer chains is conducive to ion diffusion,
and the existence of vertical nanochannels can improve the
ionic conductivity (2.3 X 107* S/cm, 30 °C). The ionic
conductivity can be cycled 200 times at 60 °C and C/2. Yao et
al.*’ reported a modified polyethylene (PE) membrane used as
the matrix, and the porous polymer interface layer poly(methyl
methacrylate)-polystyrene (PMMA—PS) was attached to both
sides of the ultrathin PE membrane by the phase trans-
formation method, before being filled with poly(ethylene
glycol) methyl ether acrylate and lithium salt. An ultrathin
solid polymer electrolyte was prepared. The ionic conductivity
of a 10-um-thick sample of the solid polymer electrolyte was as
high as 34.84 mS at room temperature, and it had excellent
mechanical properties. The LiFePO,//Li soft pack battery
composed of this electrolyte has an initial discharge-specific
capacity of 148.9 mAh/g at 1C, and a discharge-specific
capacity of 113.7 mAh/g after 1000 stable cycles, with a
capacity retention rate of 76.4%. Huang et al."® prepared a new
PEO/CMC-Li@PI composite solid polymer electrolyte using
PEO as the polymer matrix, modified N-carboxymethyl
chitosan (CMC-Li) as the additive, and a PI nonwoven fabric
obtained by electrostatic spinning as supporting skeleton. The
outcomes of their investigation indicate that the inclusion of
CMC-Li enhances the ionic conductivity of the electrolyte,
while the addition of the PI nonwoven fabric improves its
mechanical properties. Furthermore, when used in a LiFe-
PO,//Li solid-state battery, the PEO/CMC-Li@PI composite
demonstrates commendable performance in terms of both rate
capability and cycle stability, even at a high temperature of 60
°C. Consequently, the successful synthesis of the innovative
PEO/CMC-Li@PI composite electrolytes presents novel
avenues for the design and development of solid polymer
electrolytes.

In addition, various polymer materials have been used for
the design, modification, and optimization of porous
membranes to prepare polymer electrolytes and deeply to
explore the ion conduction mechanism, basic characteristics,
and potential applications of polymer composite electrolytes in
lithium-ion battery systems.*”>°

Nonwoven fabrics have garnered significant attention due to
their remarkable flexibility and affordability. In comparison to
microfiber production techniques such as electrospinning, the
techniques for the manufacturing of nonwoven fabrics have the

advantages of a wide range of raw material sources, a simple
and flexible process, and the controllability of the fiber
structure. Therefore, nonwoven fabrics find applications in
solid lithium metal batteries, thereby driving the progress of
battery technology.”"** Introducing nonwoven fabrics can
enhance the mechanical properties of composite polymer
electrolytes, while certain types of nonwoven fabrics containing
polar groups, such as polyamide nonwoven fabrics, can also
facilitate the transfer of lithium ions by providing transport
channels for lithium ions. ]

Therefore, based on previous work,” polyaspartate polyurea
(PAEPU), a polymer with a secondary amine group and the
same EO structural unit as PEO, was used to prepare PAEPU/
polypropylene (PP) nonwoven composite solid polymer
electrolyte (PAEPU/PP,,-CPE). It should be noted that
PAEPU is obtained by the reaction of polyaspartic ester
(PAE) with isophorone diisocyanate (IPDI) and isophorone
diisocyanate trimer (tri-IPDI). The series of composite solid
polymer electrolytes is denoted as PAEPU/PP,-CPE@X,
where m is 10 or 20, i.e., representing the weight of the PP
nonwoven fabric of 10 or 20 g/m? (referred to as PP, or PP,
respectively), and X is 15, 20, 25, or 30, representing the
lithium salt content of 15, 20, 25, or 30 wt %, respectively. By
characterizing the microstructure, thermal stability, crystal-
linity, mechanical properties, and related electrochemical
properties, the possibility for the application of the CPE in
the direction of lithium secondary battery was explored. The
results show that the mechanical properties of the composite
solid polymer electrolyte are improved. At the same time, the
composite solid polymer electrolyte has good dimensional
stability and thermal stability as well as good cycling and rate
performance.

2. RESULTS AND DISCUSSION

2.1. Fourier-Transform Infrared (FT-IR) Character-
ization. The FT-IR spectra of PAEPU/PP,,-CPE@X are
shown in Figure 1. No characteristic absorption peak of the
isocyanate group is visible at 2270 cm™. Furthermore, S=0O
and C—F absorption peaks of lithium salt LiTFSI are observed
at 1058 and 1190 cm ™', respectively. Moreover, the addition of
the lithium salt makes the peak of the ether oxygen group (C—
O-C) in the polymer chain segment shift from 1094 to 1091—

—— PAEPU/PP,,-CPE@30
—— PAEPU/PP,,-CPE@25
—— PAEPU/PP,,-CPE@20
—— PAEPU/PP, -CPE@!5
1190, , 1058
5 o~ i
[
2 /1091
g ~ iy |
8 T\ 1092
|
W w1091
i
N b i
i\f_wr1091
2
1 I T 1 I 1
4000 3500 3000 2500 2000 1500 1000

-1
Wavenumber/cm

Figure 1. FT-IR spectra of PAEPU/PP,-CPE@X.
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Scheme 1. Interaction Between the Polymer Matrix and Li* in PAEPU/PP, -CPE

/@\
S

1092 cm™". This phenomenon of the C—O—C stretching band
shifting toward a lower wavenumber is also observed in the
PEO system,”* which is due to the interaction between Li* and
C—0O-C. The interaction mechanism between the polymer of
the composite solid polymer electrolyte and Li* in lithium salt
is shown in Scheme 1.

2.2. Viscoelastic Behavior. Rheological test results of
PAEPU/PP;-CPE@X with a small-strain frequency con-
version at 80 °C are shown in Figure 2. The stored energy
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Figure 2. Modulus—frequency curve of PAEPU/PP,,-CPE@X.

modulus (G’) represents the elastic property, and the loss
modulus (G”) represents the viscous property. Figure 2 shows
that the CPE is viscoelastic, and in the frequency range of 10°—

107! rad/s, G’ is larger than G”, indicating solid properties;
with the increase of the lithium content, G’ shows an increased
frequency correlation, showing liquid properties. This may be
the result of a combination of two factors: on the one hand, the
gradual increase in the lithium salt content and the increase in
the number of hydrogen bonds formed between lithium ion
and polymer make the CPE behave as a solid; on the other
hand, when the content of lithium is too much, the “isolation”
effect of lithium salt and the PP nonwoven fabric makes the
reaction of —NH and —NCO insufficient, decreasing the
molecular weight of the polymer, and the CPE presents liquid
characteristics. In summary, liquid properties play a dominant
role, so the viscosity of the composite solid polymer electrolyte
increases, leading to an increase in frequency dependence.

2.3. Microscale Morphology and Elemental Distribu-
tion. Scanning electron microscopy (SEM) was used to
observe the surface morphology of the CPE and the electrode
morphology before and after the coating of the CPE, and EDS
tests were conducted to characterize the distribution of the
elements. The SEM and EDS results are shown in Figures 3
and 4.

As shown in Figure 3a—d, the microscale morphology of
PAEPU/PP,,-CPE@X shows that the pores of the PP film are
filled and no pores are visible at any lithium content.
Furthermore, the gel content gradually decreases with the
increase in the lithium content. Moreover, EDS was conducted
on PAEPU/PP,-CPE@20 as an example. As shown in Figure
3ef, LiITFSI elements F and S are evenly distributed.

Generally, the process of assembling solid-state lithium
batteries is as follows: the electrolyte is often prepared as a film
and then punched by a punching machine to obtain a solid
electrolyte sheet sandwiched between the cathode electrode
sheet and the anode lithium sheet to assemble a button cell.
The contact between the two electrodes is not sufficient, and

b.PAEPU/PP, -CPE@20

element-F

element-S

Figure 3. SEM and EDS of PAEPU/PP,-CPE@X: (a—d) SEM image. (e, f) EDS mapping of elements F and S of PAEPU/PP,-CPE@20.
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Figure 4. SEM and EDS of cathode supported CPE: (a—c) EDS mapping of elements F, Fe, and P of the cathode plate. (d) Cross-section of the
cathode plate. (e) Upper surface of the cathode plate. (f) Cross-section of the cathode plate coated with PAEPU/PP,,-CPE@20. (g) Upper surface
of the cathode plate coated with PAEPU/PP,;-CPE@20. (h—k) EDS mapping of F, S, Fe, and P elements of the cathode plate coated with

PAEPU/PP,,-CPE@20.
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Figure 5. Mechanical properties of PAEPU/PP,,-CPE@X and PAEPU-SPE@Dy: (a) tensile strain at fracture and (b) tensile strength.

the interface compatibility is poor, resulting in a large interface
impedance that causes deterioration of battery performance. In
the process of preparation, the composite solid electrolyte is
obtained by in situ polymerization directly on the cathode pole
piece, which not only improves the contact between the
electrolyte and the electrode but also fills the internal gap of
the pole piece, thus resulting in a stable electrode/electrolyte
interface.

Figure 4e shows the SEM image of the surface of the coated
CPE pole piece: a loose and porous structure is formed
between the active materials of the pole piece. Figure 4g shows

31623

the coated CPE: the surface is dense and smooth without
pores. Furthermore, the SEM image of the cross-section of the
pole piece in Figure 4d shows that the active materials are
tightly packed on the aluminum foil, as well as the SEM image
in Figure 4f. Thus, the electrolyte is in close contact with the
cathode electrode, and the gap between the aluminum foil and
the active material is caused by cutting with scissors during the
sample preparation process.

The EDS test was carried out on the pole piece before and
after CPE coating, and its structure is shown in Figure 4a—
ch—k. First, as shown in Figure 4a—c, the characteristic

https://doi.org/10.1021/acsomega.4c01669
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Figure 6. Schematic diagram of the dimensional stability of PAEPU/PP,,-CPE@X.
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Figure 7. Curves of PAEPU/PP,;-CPE@X: (a) DSC and (b) TGA.

elements of the pole piece, ie, Fe and P, are densely and
evenly distributed. The F element originates from the binder
PVDF, and it is not as dense as the Fe and P elements but is
evenly distributed on the pole piece. Furthermore, after CPE
coating, Fe and P elements remain uniformly distributed, but
their content is greatly reduced, which shows that the CPE
fully covers the surface of the pole piece.

2.4. Mechanical Properties. Good mechanical properties
result in good mechanical support for the solid polymer
electrolyte, thereby effectively inhibiting the growth of lithium
dendrites. The PAE doped with the lithium salt of 15, 20, 25,
or 30 wt % reacted with the isocynante group (IPDI/tri-IPDI
molar ratio is 2:1). The obtained solid electrolyte samples were
denoted as PAEPU-SPE@Dy (X = 15, 20, 25, 30). The
fracture strain and tensile strength of PAEPU/PP, -CPE@X
and PAEPU-SPE@Dy were measured. The effects of lithium
content and gram weight of the PP nonwoven fabric on the
mechanical properties of the solid electrolytes were inves-
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tigated. The tensile strain at break and tensile strength of the
solid electrolytes are shown in Figure S.

Figure 5 shows that with the increase in the lithium content,
the fracture tensile strain and tensile strength of PAEPU/PP, -
CPE@X and PAEPU-SPE@Dy both increase first and then
decrease. As a whole, the mechanical properties of PAEPU/
PP, -CPE@X are better than those of PAEPU-SPE@Dy. The
mechanical tensile strength of PAEPU/PP,,-CPE@20 (4.71
MPa) is higher than that of PAEPU/PP,,-CPE@20 (4.53
MPa), while the tensile strength of PAEPU-SPE@D,, is only
0.35 MPa for the same lithium content. The high tensile
strength of the polymer electrolyte composite with the PP
nonwoven fabric is mainly attributed to the high tensile
strength of the PP nonwoven fabric. The good mechanical
properties impede the growth of lithium dendrites that
puncture the electrolyte, resulting in contact between the
positive and negative electrodes and consequent short circuits.
The trend of increasing first and then decreasing may be due to
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the added lithium salt acting as a plasticizer, which makes the
nonwoven fabric and polymer electrolyte more closely, so the
mechanical properties are also improved. However, when the
lithium salt content is too high, some hydrogen bonds in the
polymer system are broken, leading to the deterioration of the
mechanical properties. The tensile strength of the solid
polymer electrolyte with PP, is higher than that of the solid
polymer electrolyte with PP, which may be due to the denser
PP nonwoven fiber filaments.

2.5. Dimensional Stability. LIBs generate heat during
use, leading to an increase in the temperature. The resulting
shrinkage or expansion of the electrolyte volume causes
positive and negative electrodes to come into contact, resulting
in a short circuit. The resultant substantial amount of heat
released has a huge impact on the battery. Therefore, an ideal
electrolyte should exhibit shrinkage resistance and should
maintain good dimensional stability at higher temperatures.

It can be seen from Figure 6 that PAEPU/PP,,-CPE@X
does not shrink at different temperatures. This phenomenon is
mainly related to the improvement of mechanical properties
brought about by the PP nonwoven fabric. Therefore, PAEPU/
PP-CPE enhanced by the PP nonwoven fabric has good
dimensional stability.

2.6. Thermal Stability. The effect of the lithium salt
content on T, of PAEPU/PP,,-CPE@X was studied by
performing the DSC test. Figure 7a shows that with the
increase in the LiTFSI content, T, of the CPE gradually
increases, which may be due to the complexation of lithium
ions with ether oxygen groups and secondary amine groups.
Strengthening, which acts as a physical cross-link, makes it
difficult for the soft segment to move, resulting in an increase
in T,

The thermal performance of the CPE was characterized by
TGA, and the TGA curve of PAEPU/PP,,-CPE@X is shown
in Figure 7b. Table 1 shows that with the increase in the

Table 1. T, and Ty of PAEPU/PP,,-CPE@X

sample Tg/°C T,s/°C
PAEPU/PP,,-CPE@15 —43.4 343.77
PAEPU/PP,,-CPE@20 —418 334.80
PAEPU/PP,, CPE@25 -393 32147
PAEPU/PP,,-CPE@30 -35.8 318.79

lithium salt content, the temperature at which 5 wt % weight
loss is recorded gradually decreases, but all values are above
310 °C. According to the thermal decomposition curve and
data for LiTFSI in a previous report,” this may be explained as
follows: Lithium salt readily absorbs water. Therefore, the
higher the lithium salt content, the higher the water content
and the higher the NCO in the system that is consumed,
leading to an incomplete reaction and a reduction in the
polymer molecular weight. Therefore, the higher the lithium
salt content, the lower the temperature corresponding to S wt
% weight loss.

2.7. Crystallinity. As can be seen from Figure 8, the
diffraction pattern for the PP nonwoven fabric has sharp peaks
at 260 of 13.9, 16.8, 18.6, and 25.3° indicating obvious
crystallinity. The diffraction pattern of PAEPU/PP,,-CPE@X
shows a wide “bulge peak” with a prominent peak. After the
addition of the polyurea solid polymer electrolyte, the intensity
of the sharp diffraction peaks at 26 of 13.9, 16.8, and 18.6°
reduced, and the diffraction peak at 20 of 25.3° disappeared,

800

600

400

Intensity (a.u.)

F 200

PP,

10

Figure 8. XRD pattern of PP,, and PAEPU/PP ,-CPE@X.

which may be because the filling of polyurea solid polymer
electrolyte effectively covered the crystallization diffraction
peaks of the PP nonwoven fabric. Combined with the DSC
results, the crystal exothermic peak can be inferred to exist
when the lithium contents are 15 and 20 wt %, indicating that
the electrolyte is not completely amorphous. However, when
the content of lithium is more than 20 wt %, the diffraction
patterns indicate no crystallization.

2.8. Electrochemical Performance Characterization.
The influence of the lithium content and gram weight of the
PP nonwoven fabric on the ionic conductivity of the composite
solid polymer electrolyte and the relationship between the
temperature and conductivity were analyzed. The results are
shown in Figure 9.

As can be seen from Figure 9a,c, when PAEPU/PP,,-CPE@
X and PAEPU/PP,-CPE@X are at 30 °C, the ionic
conductivity increases first and then decreases with an increase
in the LiTFSI content. The ionic conductivity of the two
electrolytes is the highest when the lithium content is 20 wt %.
The conductivity of PAEPU/PP,;-CPE@20 is the highest
when the content of lithium is 20 wt %. The ionic conductivity
of PAEPU/PP,,-CPE@20 is 2.46 X 10™° S/cm at 30 °C, 1.26
X 107* S/cm at 60 °C, and 2.75 X 10~* S/cm at 80 °C. The
ionic conductivity of PAEPU/PP,,-CPE@20 is 1.62 X 107° S/
cm at 30 °C, 8.7 X 10™° S/cm at 60 °C, and 2.0 X 10™* S/cm
at 80 °C. However, the ionic conductivity of PAEPU/PP,,-
CPE@X and PAEPU/PP,,-CPE@X increases first and then
decreases at 30 °C, which may be because of two reasons: the
first reason is that the number of free Li* carriers increases with
the increase in the lithium salt concentration in the low-
concentration range, resulting in a gradual increase in the
conductivity, but as the concentration continues to increase,
the formation of ion clusters diminishes the number of
effective Li* carriers. The second reason is that with the
increase in the lithium salt concentration, Li* dissociated from
the lithium salt in the “complexation-decomplexation” process
can not only interact with —COC— in the polymer chain
segment but also complexed with a trace of —NH (which can
act as a Lewis base). Whether it is the resulting lithium jon and
the ether oxygen of the polymer chain segment or the
competition relationship with the N coordination, it will lead
to more free lithium ions, promote lithium ion transfer, and
improve ionic conductivity. However, when the concentration
of the lithium salt is too high, the number of carriers increases
until it reaches saturation, and too many lithium ions form a
large number of ion clusters. Therefore, the hydrogen bond
system inside the solid polymer electrolyte is destroyed, which
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Figure 9. Temperature dependence of ionic conductivity of PAEPU/PP,-CPE@X. (a) Ionic conductivity curve of PAEPU/PP,,-CPE@X. (b)
Arrhenius fitting curve of PAEPU/PP,-CPE@X, T = 303.15 K. (c) Ionic conductivity curve of PAEPU/PP,-CPE@X. (d) Arrhenius fitting curve

for PAEPU/PP,-CPE@X, T = 303.15 K.

impedes the movement of polymer chain segments, thereby
hindering ion conduction and leading to a reduction in
conductivity.

The mechanism of the long-term transport of lithium ions in
a polymer matrix can be effectively described by the Arrhenius
equation. The equation that represents the relationship
between the temperature and conductivity is as follows

o(T) = A exp(—%]

where A represents the prefactor, E, represents the activation
energy, K represents the Boltzmann constant, and T represents
the thermodynamic temperature.

Figure 9b,d shows the curve after fitting the experimental
test points through the Arrhenius equation. Table S1 shows
that the relationship between the ionic conductivity and
temperature of the PAEPU/PP,-CPE@X conforms to the
Arrhenius equation. As the test temperature increases, the ionic
conductivity increases gradually. This may be because when
the temperature rises, the movement of the chain segments
becomes easier and the number of effective carriers increases;
therefore, the ionic conductivity gradually increases. The
results of linear fitting of each sample show that the activation
energy of the composite solid polymer electrolyte is low when
the lithium salt content is 20 wt %, and the activation energy of
PAPEPU/PP,,-CPE@20 (0.445 eV) is lower than that of
PAPEPU/PP,,-CPE@20 (0.466 eV).

The results of mechanical properties and ionic conductivity
of the solid polymer electrolyte samples with the PP nonwoven
fabrics show that although the tensile strength of the polymer
electrolyte with PP,, is slightly higher than that of the
electrolyte with PPy, the ionic conductivity of the latter is
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higher than that of the former. Hence, the CPE reinforced with
PP, is considered for other electrochemical tests.

A series of PAEPU/PP-CPE@X samples were subjected to
linear voltammetry tests. As can be seen from Figure 10 and

0.12
—— | PALPU/PP -CPL@15
2 PAEPU/PP ,-CPE@20
3 PAEPU/PP ,-CPE@25
———4 PAEPU/PP,-CPE@30
0.08 -
<
E
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E
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T T T

4 5 6
Voltage/(V vs.Li/Li")
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Figure 10. Linear voltammetry test curve of PAEPU/PP,,-CPE@X.

Table 2, the electrochemical stability window values of
PAEPU/PP,,-CPE@X are all above 5.4 V. With an increase
in the lithium salt content, the electrochemical stability
window values first increase and then decrease. When the
lithium salt content is 20 wt %, PAEPU/PP,,-CPE@20 shows
the best electrochemical stability with an electrochemical
window value of 5.53 V. In addition, when the lithium content
is 15 wt %, the electrochemical stability window of PAEPU/
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Table 2. Electrochemical Stability Window Values of
PAEPU/PP,,-CPE@X

sample value/V
PAEPU/PP,,-CPE@15 5.48
PAEPU/PP,, CPE@20 553
PAEPU/PP,,-CPE@25 547
PAEPU/PP,,-CPE@30 545

PP,,-CPE@15 (5.48 V) is higher than that of the electrolyte
system without the nonwoven fabric (5.18 V for PAEPU-
SPE@D;;) shown in Figure S1. This may be because the high
mechanical strength of the composite solid polymer electrolyte
reinforced with the PP nonwoven fabric can inhibit the growth
of lithium dendrites, making the interface between the
electrolyte and electrode more stable, thus satisfying the
requirements for high-performance lithium battery applica-
tions.

An important aspect of evaluating the battery performance is
the stability of the interface between the electrode and
electrolyte. In particular, the formation of a stable solid
electrolyte interface (SEI) between the electrolyte and
electrode enables the battery to undergo continuous and
stable cycles over an extended period.

To study the stability of the interface between the electrolyte
and the lithium metal electrode, the interfacial impedance of
PAEPU/PP,,-CPE@X was monitored at ambient temperature,
and the change in the impedance value with time was studied.
As shown in Figure 11, with an increase in time, the interface
impedance increases slowly until it becomes stable, indicating
that a relatively stable SEI film has been formed.

To characterize the effect of the electrolyte prepared by the
in situ polymerization method on the electrode/electrolyte
interface, the PAEPU/PP,-CPE@20 sample was used to
prepare a Li//LFP battery by in situ polymerization and non-
in-situ polymerization, respectively, and the AC impedance
spectrum test was performed. As can be seen from Figure 12,

Li//PALEPU/PP, -CPL@20/LI'P
30000 4 @  non-in-situ
’ @ in-situ °
9
°
£ 20000 e
£ ]
[‘\] 9
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]
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0 10000 20000 30000

Z'fohm

Figure 12. Nyquist comparison between in situ polymerization and
non-in-situ polymerization of Li//PAEPU/PP,-CPE@20//LiFePO,
half battery.

the impedance value of the electrolyte prepared by in situ
polymerization is 6441 €, much lower than that of the
electrolyte obtained by non-in-situ polymerization (9292 Q),
which further confirms that the composite solid polymer
electrolyte formed by in situ polymerization is effective in
improving the interface stability.

Cycle and rate performances are important performance
indexes of lithium batteries. The tests shown in Figure 13 were
all obtained by assembling cathode-supported composite solid
polymer electrolytes using the method described in Supporting
Information.

Figure 13a shows the cyclic test results for the Li//PAEPU/
PP,-CPE@20//LiFePO, half-cell at a current density of
0.05C. For the first charge—discharge cycle, the specific
discharge capacity is 141.6 mAh/g, and after 150 cycles, the

b
30004 PAEPU/PP, -CPE@15 PAEPU/PP, -CPE@20
o fresh 400045 o o fresh
s 1d £ =2 ° 1d
25004 e 34 g’ o 3d
° 5d 30004 ! o 5d
2000 . - > 10d 10d
£ 0 5 10 15 20 25 o 15d = 0 5 10 15 20 25 J 15d
= Time'day - = 2 e d
2 15004 s 20d o Ty s 20d
N 254 x 20004 25d
1000 4
R 1000 PR,
500 R 13- A T ¥ O,
W "%’ .
0 500 1000 1500 2000 2500 3000 0 1000 2000 3000 4000
Z’lohm Z’fohm
¢ 6000
PAEPU/PP,-CPE@25 8000 PAEPU/PP, -CPE@30
5 o fresh o e @ fresh
50001 £ o 3 e 5] s
N e 3d =l o 34
oo iy 6000 s S i
> 104 - — o 10d
_;=E 0 5 10 15 20 25 s 15d g ¢ T’::ml,i e ) o 15d
230004 Timeiday s 20d L2 40004 e 20d
N 25d N 25d
20004
= 2000 IOy,
1000+ LRIPT IR, r- <<‘1:.
peez b ek b &
N R
N ¥ 431%_\}» ‘/ .

3000 4000

Z'/ohm

0 1000 2000 5000

6000

4000 6000 8000

Z’Johm

0 T
0 2000

Figure 11. Nyquist plot and dot plot of PAEPU/PP,-CPE@X interface impedance versus time. (a) PAEPU/PP,,-CPE@15. (b) PAEPU/PP -

CPE@20. (c) PAEPU/PP,,-CPE@25. (d) PAEPU/PP,,-CPE@30.
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Figure 13. Electrochemical performance of Li//PAEPU/PP,-CPE@20//LiFePO, half-cell. (a) Cycling performance at 0.05 and 60 °C. (b)
Charge and discharge curves at 60 °C. (c) DC voltage measured using a multimeter, and the assembled half-cell could light up red, green, and blue

LED lamps at room temperature.

specific discharge capacity is 137.1 mAh/g, the Coulombic
efficiency is always maintained at >97% in 150 cycles, and the
capacity retention rate is up to 96.82%, which shows good
charge—discharge capacity reversibility. Figure 13b shows the
results of the rate test for Li//PAEPU/PP,,-CPE@20//
LiFePO, half-cell at the current density of 0.05, 0.1, 0.2, 0.5,
and 1C, and the corresponding discharge-specific capacity is
142.5, 138.1, 131.8, 122.7, and 110.4 mAh/g, respectively.
When the current density is from 1 to 0.05C, the discharge-
specific capacity is 140.8 mAh/g, which is 98.81% of the
discharge-specific capacity at the initial current density of
0.05C, and the battery capacity has little difference, showing a
high capacity recovery rate, the PP nonwoven fabric reinforced
composite solid polymer electrolyte has excellent rate perform-
ance. To further determine the applicability of the battery, as
shown in Figure 13c, the CPE is used to assemble a Li//
PAEPU/PP,,-CPE@20//LiFePO, button cell. The DC
voltage measured by a multimeter was 3.47 V, and the red
LED lamp (1.9 V), green LED lamp (2.6 V), and blue LED
lamp (2.8 V) were successfully lit.

3. CONCLUSIONS

A series of composite solid polymer electrolytes were
successfully prepared by combining the IPDI/tri-IPDI molar
ratio of 2:1 polyurea-based all-solid polymer electrolytes with
the PP nonwoven fabric of different grams. The electrolyte has
good dimensional stability, thermal stability, and mechanical
properties. The tensile strength of the enhanced PAEPU/PP, -
CPE@X is obviously better than that of the PAEPU-SPE@Dy.
The good mechanical properties can effectively inhibit the
growth of lithium dendrites, thereby minimizing the possibility
of short circuits because of the direct contact between the
anode and cathode resulting from the lithium dendrites
puncturing the electrolyte. PAEPU/PP,,-CPE@20 has the
highest ionic conductivity, which is 2.46 X 107> S/cm at 30 °C,
and the electrochemical window value is 5.53 V. The Li//
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PAEPU/PP,,-CPE@20//LiFePO, half-cell exhibits a primary
discharge-specific capacity of 141.6 mAh/g, and after 150
cycles, the coulomb efficiency is always maintained at above
97% with a capacity retention rate of 96.82%. When the
current density is 0.05, 0.1, 0.2, 0.5, and 1C, the capacity
recovery rate is 98.81%, indicating good magnification
performance. Furthermore, red, green, and blue LED lights
could be successfully lit, confirming good application
prospects. The composite solid polymer electrolyte has the
advantages of a simple preparation process, good mechanical
properties, and adaption to size changes and is therefore
promising for improving the safety of batteries. Therefore, this
work lays the foundation for the development of wearable
electronic devices and batteries with high energy density.

4. EXPERIMENTAL SECTION

The materials used in this study, the process for the
preparation of the composite electrolytes, and the character-
ization are detailed in the Supporting Information.
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