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ABSTRACT: The existing in situ preparation methods of solid
polymer electrolytes (SPEs) often require the use of a solvent,
which would lead to a complicated process and potential safety
hazards. Therefore, it is urgent to develop a solvent-free in situ
method to produce SPEs with good processability and excellent
compatibility. Herein, a series of polyaspartate polyurea-based
SPEs (PAEPU-based SPEs) with abundant (PO)x(EO)y(PO)z
segments and cross-linked structures were developed by system-
atically regulating the molar ratios of isophorone diisocyanate
(IPDI) and isophorone diisocyanate trimer (tri-IPDI) in the
polymer backbone and LiTFSI concentrations via an in situ
polymerization method, which gave rise to good interfacial
compatibility. Furthermore, the in situ-prepared PAEPU-SPE@
D15 based on the IPDI/tri-IPDI molar ratio of 2:1 and 15 wt % LiTFSI exhibits an improved ionic conductivity of 6.80 × 10−5 S/cm
at 30 °C and could reach 10−4 orders of magnitude when the temperature was above 40 °C. The Li|LiFePO4 battery based on
PAEPU-SPE@D15 had a wide electrochemical stability window of 5.18 V, demonstrating a superior interface compatibility toward
LiFePO4 and the lithium metal anode, exhibited a high discharge capacity of 145.7 mAh g−1 at the 100th cycle and a capacity
retention of 96.8%, and retained a coulombic efficiency of above 98.0%. These results showed that the PAEPU-SPE@D15 system
displayed a stable cycle performance, excellent rate performance, and high safety compared with PEO systems, indicating that the
PAEPU-based SPE system may play a crucial role in the future.

1. INTRODUCTION
Lithium-ion batteries (LIBs) have brought astonishing
advancements and transformations in portable electronics
and, more recently, electric vehicles during the past several
decades.1,2 With the rapidly expanding market of electric
vehicles, storage systems with high energy density are in strong
demand.3−6 However, there are some serious safety issues such
as short circuits, leakage, and combustion, even explosions,
derived from the dendrite growth in liquid electrolytes.7−9

Motivated by this challenge, many types of research such as
solid-state inorganic electrolytes and solid polymer electrolytes
(SPEs) have drawn significant attention.10−15 The former
mainly includes sulfide-based electrolytes and oxide-based
electrolytes, which are brittle and have high interfacial
resistance owing to poor contact with electrodes. In contrast,
SPEs, blessed with a high flexibility and more safety, enable the
application of a high-capacity Li−metal anode in which the
possibility of internal short-circuiting by the penetration of
dendritic Li can be suppressed. Consequently, SPEs may be
the ultimate path to the batteries of the future.16−18

Most polymers have been recently exploited to dissolve
lithium salts in these polymers for constructing SPEs, such as
poly(ethylene oxide) (PEO), polyacrylonitrile (PAN), poly-
(vinylidene fluoride) (PVDF), poly(methyl methacrylate)

(PMMA), and so on, in order to effectively enhance the
performance of solid polymer electrolytes.19−26 Especially, the
SPE based on PEO is the most extensively investigated of
polymer hosts for an efficient Li-salt dissolvability through the
interaction of its ether oxygen bonds with cations. For all of the
above reasons, numerous strategies have been reported to
improve the ion conductivities of SPEs, including block-
ing27−30 and grafting modification,31,32 adding plasticizers,33,34

polymer blending,35,36 or forming the cross-networking.37,38

Besides, many polymers containing abundant EO structure
units have also been studied as matrices of SPEs.39−43 In
particular, the preparation methods of solid polymer electro-
lytes can influence the interface impedance. In addition to
solution casting,44,45 phase transformation,46−48 and electro-
static spinning,49,50 many researchers also often use in situ
polymerization,51−53 light curing methods,54,55 and the scalable
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tape-casting method56 to prepare solid polymer electrolytes.
Zhao’s research group57 added the polymer matrix cellulose
acetate (CA), the cross-linking agent poly(ethylene glycol
diacrylate) (PEGDA), and the initiator AIBN to the liquid
electrolyte, which consists of lithium hexafluorophosphate
(LiPF6), ethylene carbonate (EC), and diethyl carbonate
(DEC); then, the layered boron nitride (BN) filler was added
to the above mixture, and a cross-linked gel polymer electrolyte
(GPE) was prepared by in situ thermal polymerization. The
cross-linked GPE exhibits good mechanical and electro-
chemical properties, with an ionic conductivity of 8.9 × 10−3

S cm−1 at 30 °C and an electrochemical stability window of 5.5
V. Drews et al.58 reported that the PIL brush-type GPE with
PEtOx side chain was prepared by ultraviolet (UV) irradiation
of a cationic vinylimidazolium-terminated poly(2-ethyl-2-
oxazoline) (PEtOx) macromonomer and a multifunctional
acrylic cross-linking agent dissolved in an organic electrolyte
(LP30). In situ and ex situ preparation methods are used
according to different characterizations, and the PIL brush
GPE has good ionic conductivity, thermal properties, and
electrochemical stability. Notwithstanding the organic solvents
used in some systems of these gel electrolytes will be removed
in subsequent operations,59 the residual solvents may lead to
side reactions with the electrodes. Apart from that, the residual
organic solvents also increase the risk when working at higher
temperatures, leading to safety issues that cannot be
guaranteed. Consequently, it is necessary to develop a
solvent-free solid electrolyte with EO structure.

Polyaspartate polyurea (PAEPU) is a kind of polymer rich in
the ether oxygen group with good viscoelasticity and
processing flexibility. The abundant ether oxygen groups
endow it with a similar conduction mechanism to that of PEO.
In addition, the raw materials are cheap and easy to obtain, and
the preparation process of PAEPU is simple and does not need
any organic solvent. These merits provide PAEPU the
potential for use as a matrix of SPEs.

Herein, a solvent-free cross-linked PAEPU-based electrolyte
with polyaspartic ester (PAE) and polyisocyanates as the main
components was prepared by the in situ thermal polymer-
ization method. Previously, the product of PAE and

polyisocyanates was mostly used in the adhesive field,60−62

but its use as an electrolyte has been scarcely reported.
However, the PAEPU-based SPE membrane is expected to
function as a novel electrolyte due to the following features: (i)
the abundant ether oxygen bonds and low crystallinity are in
favor of the transport of Li+; (ii) formation of an integrated
interface by in situ polymerization and strong adhesion to both
electrodes; and (iii) the flexible and elastic properties can be
tuned to accommodate the volume change originating from the
anode. Besides, we are interested in a polymer matrix with a
different cross-linking density; consequently, five different
mole ratios of difunctional (isophorone diisocyanate (IPDI))
and trifunctional diisocyanate (isophorone diisocyanated
trimer (tri-IPDI)), respectively, abbreviated as PAEPU-SPE@
Rn, are employed in this study. Here, R refers to A, B, C, D,
and E, which reflect the different mole ratios of IPDI to tri-
IPDI (the ratios are 0:1, 1:2, 1:1, 2:1, and 3:1, respectively),
and n refers to the mass concentrations (0, 5, 15, and 25 wt %)
of LiTFSI, which are based on the mass of PAE. The thermal
and electrochemical properties of the solvent-free solid-state
polymer electrolyte were systematically studied. The results
show that the PAEPU-based SPE has good stability and a wide
electrochemical stability window, and there is low interface
impedance between the electrode and electrolyte due to the in
situ polymerization method. Beyond the obvious benefits
already discussed, the electrolytes show outstanding compre-
hensive properties, and the cells assembled with the electro-
lytes exhibit superior electrochemical performances.

2. EXPERIMENTAL SECTION
2.1. Materials. Polyetheramine (ED2003 Mw ≈ 2000) was

purchased from Shandong Mole Chemical Co., Ltd. Diethyl
maleate (DM) was purchased from Guangzhou Yuanda New
Material Co., Ltd. Isophorone diisocyanate (IPDI) was
purchased from Wuhan Kanos Technology Co., Ltd.
Isophorone diisocyanated homopolymer (IPDI-trimer) was
purchased from Jining Huakai Resin Co., Ltd. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) was purchased
from Aladdin (Shanghai, China) and used as received. N-
methylpyrrolidone (NMP), lithium iron phosphate (LiFePO4),

Scheme 1. Synthesis of PAEPU-Based SPE
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poly(vinylidene fluoride) (PVDF), and carbon black (Super P)
were procured from Guangdong Canrd New Energy
Technology Co., Ltd.

2.2. Preparation of PAE. The PAE was synthesized
through the Michael reaction using ED2003 and DM. Into a
four-necked flask was added ED2003 (50 g, 0.025 mol) with
stirring and using a thermometer; then, DM was added
dropwise (8.61 g, 0.05 mol) under N2 atmosphere; the
temperature of the mixture was kept below 60 °C during the
dripping process. Subsequently, the mixture was heated to 80
°C and stirred at this temperature for 24 h.

2.3. Preparation of PAEPU-Based SPEs. PAE was mixed
with different contents of LiTFSI at 60 °C for 12 h to obtain
the mixed solution of PAE/LiTFSI in a dried N2 atmosphere.
The PAE/LiTFSI mixture was reacted with a stoichiometric
amount of polyisocyanates in a Teflon beaker by magnetic
stirring for about 10 min. Subsequently, the final solution was
cast onto a PP board using a scraper. After reacting in a dry
environment at 60 °C for at least 12 h, a series of soft and
viscoelastic PAEPU-based SPEs was prepared. The thickness of
PAEPU-based SPEs was about 150 μm.

Different preparation processes were selected according to
the characterization methods: (1) In order to carry out
Fourier-transform infrared (FT-IR), scanning electron micros-
copy (SEM), energy dispersive X-ray spectroscopy (EDS), X-
ray diffraction spectroscopy (XRD), differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA)
characterization, an evenly mixed electrolyte was coated on a
dry flat polypropylene plate with a scraper, placed at room
temperature for 5 h, and then transferred to a vacuum oven at
60 °C for 24 h; after curing, the electrolyte was transferred to a
nonstick paper for storage. (2) For the rheological property
test, the evenly mixed electrolyte was directly coated on the
parallel-plate clamp for testing. (3) In order to test the ionic
conductivity, electrochemical stability window, ion migration
number, interface stability, cycle life, rate performance, and
application, the uniformly mixed electrolyte was directly
polymerized in situ on stainless steel, lithium, or cathode
plates. The synthesis of PAEPU-based SPE is shown in Scheme
1.

2.4. Assembly of the Symmetrical, Unsymmetrical,
and Half Cells. For electrochemical testing, the batteries are
divided into several types to assemble. Symmetric batteries are
used in the AC impedance test; a solid polymer electrolyte
(SPE) caught in the middle of a stainless steel shrapnel (SS) or
metallic lithium pills (Li) forms the “sandwich” structure: SS/
SPE/SS or Li/SPE/Li, respectively. Asymmetric batteries
assembled with Li/SPE/SS are used in the linear sweep

voltammetry test. The half-cell assembled with Li/SPE/
LiFePO4 is utilized for testing the other batteries’ performance.
All types of cells were assembled with the CR2032 coin type in
a glovebox (H2O < 0.1 ppm, O2 < 1 ppm) under Ar
atmosphere. In addition, the preparation of the LiFePO4
cathode is described in Supporting Information.

2.5. Characterization. The structures of the PAE and the
PAEPU-based SPE were tested by Fourier-transform infrared
spectroscopy (FT-IR IRL280301, Perkin Elmer) from 650 to
4000 cm−1 and 1H NMR spectroscopy (Avance III HD
400MHz, Bruker, Germany), which used deuterated chloro-
form (CDCl3) as the standard solvent. The dynamic process of
the PAEPU-based SPE at 60 °C with an angular frequency of
10 rad/s was determined through the small-amplitude time
scanning mode in the rotary rheometer (DHR-1, TA)
oscillation test. The mechanical behavior of the PAEPU-
based SPE was characterized using a small-amplitude
frequency scanning mode in a rotary rheometer oscillation
test with a 25 mm aluminum parallel-plate geometry at 80 °C,
and the frequency sweeps were performed at a controlled strain
of 1.0% from 500 to 0.1 rad/s. The surface morphologies of the
SPE were investigated using a scanning electron microscope
(SEM) (Inspect-S50, FEI). The surface element distribution of
the SPE was characterized by energy dispersive X-ray
spectroscopy (EDS) (EDAX APOLLP XL, AMETEK) and
the crystallinity change of the SPE was analyzed by X-ray
diffraction spectroscopy (XRD) (D/MAX-2500, Rigaku,
Japan) in the diffraction angle range from 2 to 100°. The
thermal transition of the SPE was measured by differential
scanning calorimetry (DSC) (Germany Netzsch DSC 214)
with a scan rate of 20 °C/min under N2 atmosphere from
−100 to 100 °C. The thermal properties of the SPE were
measured by thermogravimetric analysis (TGA) (Q50, TA)
under N2 atmosphere at a heating rate of 20 °C/min.

Ionic conductivity is one of the most important properties of
lithium batteries, which is calculated by = d

R Sb
, where d is the

thickness of the PAEPU-based SPE, Rb is the bulk resistance,
and S is the effective area. Rb was obtained by electrochemical
impedance spectroscopy (EIS) in the frequency range of 106−
1 Hz with an amplitude of 10 mV.

The electrochemical stability window was measured by
linear sweep voltammetry (LSV), with the voltage ranging
from 2 to 6 V at a scanning rate of 10 mV/s. The lithium-ion
transference number (tLi+) of the PAEPU-based SPE was

evaluated by the formula =+t I R V I R
I R V I R

( )
( )Li

s
b
s 0

i
0

0
b
0 s

i
s . The cell was

polarized by a DC voltage (ΔV) at 10 mV, and the initial (I0)

Figure 1. (a) FT-IR and (b) 1H NMR spectra of PAE, DM, and ED2003. (c) FT-IR spectra of PAEPU-SPE@Cn (n = 0, 5, 15, 25).
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and steady-state (Is) currents were measured. In this formula,
Rb

0 and Rb
s are the bulk resistances before and after the

polarization; Ri
0 and Ri

s are the corresponding interface
resistances before and after the polarization. All of the
resistances were acquired by EIS over a frequency ranging
from 106 to 10−1 Hz with an amplitude of 10 mV.

To evaluate the interfacial stability and compatibility of the
PAEPU-based SPE and lithium metal, an Li/PAEPU-based
SPE/Li lithium symmetric battery system was assembled to
monitor the change of interface impedance over time. The
interface resistances were acquired by EIS with a 10 mV
amplitude over the frequency ranging from 106 to 1 Hz.

The cycling performance of the Li/PAEPU-based SPE/LFP
half-cell was determined with a voltage range of 2.5−3.8 V and
a current density of 0.5C at 60 °C using a battery tester
(CT2001A, LANHE System, China). The rate capabilities of
the Li/PAEPU-based SPE/LFP half-cell were determined in
the voltage range of 2.5−3.8 V at current densities of 0.1C,
0.2C, 0.5C, 1C, and 2C, respectively, at 60 °C using a LAND
battery tester.

3. RESULTS AND DISCUSSION
3.1. FT-IR and 1H NMR Characterization. The structure

of PAE was identified by FT-IR and 1H NMR spectra. In the
FT-IR spectra (Figure 1a), an absorption peak corresponding
to C−O−C was observed at 1094 cm−1, while the absorption
at 1639 cm−1 attributed to the C�C in the DM disappeared,
verifying the formation of PAE. Moreover, the 1H NMR
spectrum of PAE showed a peak at 3.68 ppm (Figure 1b)
assigned to the proton of −CH2O−, and the peak at 6.28 ppm
assigned to the protons of −CH�CH− in DM disappeared.

Figure 1c shows the FT-IR spectra of PAEPU-SPE@Cn (n =
0, 5, 15, 25). New absorption peaks of S�O and C−F were
observed at 1058 and 1190 cm−1, respectively; the absorption
corresponding to the C−O−C in the main chain was observed
at about 1094 cm−1, in which the abundant ether oxygen
groups (−C−O−C−) were conducive to lithium-ion trans-
mission. The absorption of C−O−C in PAE with lithium salt
drifted toward 1090 to 1092 cm−1. The resulting data are due
to the interaction between Li+ and C−O−C, that is, the

Figure 2. (a) Modulus−time curve of PAEPU-SPE@R15. (b) Modulus−frequency curve of PAEPU-SPE@R15.

Figure 3. SEM images and EDS mapping images of PAEPU-based SPE. (a−e) SEM images of PAEPU-SPE@R15. (f−i) SEM images of PAEPU-
SPE@Dn (n = 0, 15). (j−k) EDS mapping images of PAEPU-SPE@D15.
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formation of ion-dipole complexation, resulting in the C−O−
C stretching band shifting to a low wavenumber. This
phenomenon is also often observed in the PEO system.63

3.2. Viscoelastic Behavior. Take PAEPU-SPE@R15 as an
example. Figure 2 shows the viscoelastic behavior of PAEPU-
based SPEs. The storage modulus (G′) and the loss modulus
(G″), which denote the elastic and viscous properties of
PAEPU-SPE@R15, respectively, were tested using a rheometer
at a certain temperature. Figure 2a shows the dynamic changes
of the modulus for PAEPU-SPE@R15 with the reaction time at
60 °C and 10 rad/s. As the reaction time increases, G′ and G″
increase, indicating that PAEPU-SPE@R15 forms gradually. At
the beginning of the reaction, G″ is obviously larger than G′,
demonstrating that the viscous property dominates the
behavior of PAEPU-SPE@R15, and PAEPU-SPE@R15 behaves
more like a viscous liquid. G′ even exceeds G″ up to one or
two orders of magnitude after reaching the intersection of G′−t
and G″−t curves, at which point PAEPU-SPE@R15 exhibits
more elastic behaviors. As time continues, G′ and G″ gradually
tend to be stable, indicating that the reaction is basically over.
The time taken to reach the intersection of G′−t and G″−t
curves becomes short with the increase of tri-IPDI content,
indicating that the cross-links inside PAEPU-SPE@R15 are
crucial for determining its behavior.

The SPE with viscoelastic properties is favorable for the even
deposition of metallic lithium, and prevent the formation of
lithium dendrite. Therefore, the oscillatory shear rheology of
PAEPU-SPE@R15 was studied to understand the viscoelastic
properties. Results from oscillatory shear measurements at a
fixed strain (γ = 1.0%) and variable dynamic frequency (ω) are
shown in Figure 2b. All of the above measurements were taken
at 80 °C. Interestingly, for all PAEPU-SPE@R15 samples, the
G′ values are larger than the G″ values in the low-strain, linear
viscoelastic regime, and the G′ is independent of the frequency,

demonstrating that the materials possess solid-like elastic
consistency. In addition, it is found that the G′ increases and
the dependence of G″ on frequency decreases with the
increase of cross-linking density. Viscoelasticity is beneficial to
the uniform deposition of lithium dendrite and conducive to
the performance of the battery.

3.3. Morphology and Physicochemical Properties. As
shown in Figure 3, the surface morphology of the polymer
electrolyte was probed by SEM. Figure 3a−e shows the SEM
images of PAEPU-SPE@Rn (R = A, B, C, D, E; n = 15). It can
be noted that the microgel content of the surface of PAEPU-
SPE@Rn decreases with decrease of the tri-IPDI content at the
same content of lithium salt and with the increase of the
content of lithium salt at a fixed ratio of IPDI to tri-IPDI, and
there are few gel substances in PAEPU-SPE@D15 and PAEPU-
SPE@D25. This may be because the lithium salt plays a certain
“spacing role” in the polymerization process, which slows down
the reaction speed between −NH and −NCO. When the
content of lithium salt is too high, the contact probability of
the two groups is reduced, resulting in inadequate reaction and
surface wrinkling defects. Figure 3j,k, respectively, shows the
EDS characterization of the unique elements (S and F
element) in the lithium salt. The S and F elements are evenly
distributed, verifying the uniform dispersion of the lithium salt
in the SPE.

The transportation of lithium ions mainly relies on the
movement of the chain segments, which mainly occurs in the
amorphous area. The lithium-ion transmission can be more
intuitively understood through the XRD pattern. In order to
find out the reason for the improved Li+ conduction, XRD was
carried out on the PAE membrane, PAEPU-SPE@R15 (R = A,
B, C, D, E), with different molar ratios of IPDI to tri-IPDI and
PAEPU-SPE@Dn (n = 0, 5, 15, 25) and different
concentrations of LiTFSI (Figure 4). It can be seen from

Figure 4. (a) XRD pattern of PAEPU-SPE@R15 (R = A, B, C, D, E). (b) XRD pattern of PAEPU-SPE@Dn (n = 0, 5, 15, 25).

Figure 5. DSC analysis of (a) PAEPU-SPE@R15 (R = A, B, C, D, E) and (b) PAEPU-SPE@Dn (n = 0, 5, 15, 25).
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Figure 4 that the diffraction peaks for the crystalline PEO chain
segments in PAE are located at 19.1 and 23.3°; nevertheless,
the diffraction peaks of PAEPU-SPE@R15 and PAEPU-SPE@
Dn are widened and become diffusion peaks due to the cross-
linking structure in PAEPU-based SPE, which restricts the
formation of crystallization, creating more amorphous regions
with the increase in molar ratio of tri-IPDI to IPDI or LiTFSI
content. Furthermore, there are no diffraction peaks at 2θ of
19.1 and 23.3° for PAEPU-SPE@R15 and PAEPU-SPE@Dn,
respectively; this may be because the intense diffraction peaks
of PAEPU-based SPE mask the diffraction peaks at 19.1 and
23.3°. The DSC experimental data confirmed that there are
melting points in PAEPU-based SPE except PAEPU-SPE@
D25.

The thermal transitions of the PAEPU-based SPE were
investigated by differential scanning calorimetry (DSC). Figure
5a displays the heat flow as a function of temperature for
PAEPU-based SPEs with different molar ratios of the IPDI to
tri-IPDI ranging from 0:1 to 3:1 at 15 wt % of LiTFSI. It can
be seen that the melting temperatures (Tm) and glass transition
temperature (Tg) gradually reduced from PAEPU-SPE@B15 to
PAEPU-SPE@E15 with the increase in the molar ratios of IPDI
to tri-IPDI, indicating that the cross-linking disrupted the
crystallization tendency of PAEPU-based SPEs. Nevertheless,
PAEPU-SPE@A15 displayed the lowest Tg of −44.4 °C and Tm
of 25 °C. It may be that there was tri-IPDI only, resulting in

the viscosity increasing rapidly at the beginning of the reaction,
which hinders the movement of chain segments and
monomers to restrain the consequent reaction between PAE
and tri-IPDI to affect the mechanical strength of PAEPU-based
SPEs. Moreover, Figure 5b shows that the dosage of LiTFSI
affects the Tm and Tg. The decrease in Tm and the increase in
Tg indicate a transition from less to more interactions between
the ions in LiTFSI and PEO chain segments. Especially, at 25
wt % of LiTFSI, the crystallization peak disappeared
completely. This observation heralds a completely disrupt
crystallization of PEO chain segments. As a result, the chain
segment is more active, facilitating lithium-ion transfer and
achieving higher ionic conductivity. In addition, the PAEPU-
based SPEs exhibited outstanding thermal stability and the
thermal decomposition temperature of 5% weight loss was
above 300 °C, showing excellent stability under the condition
of thermal abuse displayed in Figure S1a,b.

3.4. Electrochemical Performance Characterization.
Ionic conductivity has been identified as the most important
means of characterizing the electrochemical properties of
polymer electrolytes. In this paper, the influences of different
LiTFSI content and different molar ratio of IPDI to tri-IPDI
on the ionic conductivity of the PAEPU-based SPE were
discussed. Figure 6 shows the curve of ionic conductivity
changing with temperature.

Figure 6. (a−c) Temperature dependence of the ionic conductivity of the PAEPU-based SPE, PAEPU-SPE@R5 (R = A, B, C, D, E), PAEPU-
SPE@R15 (R = A, B, C, D, E), and PAEPU-SPE@R25 (R = A, B, C, D, E). (d) Linear fitting of ln σ using the Arrhenius model with T = 303.15K.
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When the LiTFSI content is 5 or 15 wt %, the ionic
conductivity of the PAEPU-based SPE increased with the
decrease of tri-IPDI content. When the LiTFSI is 25 wt % and
the molar ratio of IPDI to tri-IPDI is 2:1, the ionic
conductivity of the PAEPU-based SPE reaches the highest
value, reaching 1.74 × 10−4 S cm−1 at 30 °C and 10−3 S cm−1

above 70 °C.
As shown in Figure 6a−c, at the same LiTFSI content, the

ionic conductivity of the PAEPU-based SPE with an IPDI:tri-
IPDI mole ratio of 2:1 and 3:1 is higher than that of the
PAEPU-based SPE with the other three mole ratios of IPDI to
tri-IPDI. Although the ionic conductivity is the highest when

the LiTFSI is 25 wt %, the SPE is too soft and the morphology
is not as good as that of the PAEPU-based SPE with the
lithium content of 15 wt %. Considering all of the above
results, the properties of PAEPU-SPE@D15 were determined
by the following electrochemical tests.

The ionic conductivity of PAEPU-SPE@D15 is 6.80 × 10−5,
2.77 × 10−4, and 5.76 × 10−4 S cm−1 at 30, 60, and 80 °C,
respectively. The Arrhenius equation can be used to describe
the long-term transport mechanism of lithium ions in a
polymer matrix. The relationship between temperature and
conductivity is described by the following equation

Figure 7. (a) Electrochemical stability window at room temperature. (b) Chronoamperometry profile of the Li/PAEPU-SPE@D15/Li symmetric
battery. The inset shows the dependence spectra before and after chronoamperometry. (c) Nyquist plots of the interfacial resistance with time for
Li/PAEPU-based SPE@D15/Li.

Figure 8. Electrochemical performance of the Li/PAEPU-based SPE@D15/LiFePO4 half-cell: (a) long cycle performance at 0.5C, 60 °C. (b)
Charge and discharge curves at 0.5C, 60 °C. (c) Rate performance at different current densities at 0.5C, 60 °C. (d) DC voltage measured by a
multimeter at room temperature. (e) Lighting up of a red LED lamp (1.9 V) by the assembled half-cell at room temperature.
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where A represents the pre-factor, Ea represents the activation
energy, K represents the Boltzmann constant, and T represents
the thermodynamic temperature. According to the test results,
the linear fitting of PAEPU-SPE@D15 is displayed in Figure 6d
and the activation energy (Ea) of PAEPU-SPE@D15 is 0.40 eV.

Electrochemical stability window is an important perform-
ance index to measure the electrolyte stability. An Li//SS
asymmetric cell was assembled to evaluate the electrochemical
window, which was subsequently determined by linear sweep
voltammetry (LSV) at room temperature; the PAEPU-SPE@
D15 remains stable until 5.18 V (Figure 7a), demonstrating
good electrochemical stability, which makes it possible to
develop lithium batteries with high energy density.

The lithium-ion transference number (tLi+) was tested by EIS
test and DC polarization voltage was applied to the lithium
symmetric cell; the results are shown in Figure 7b. The
lithium-ion transference number of PAEPU-SPE@D15 is 0.28,
which is slightly higher than that of PEO-based polymer
electrolytes (tLi+ = 0.20).64

In this paper, the interface performance of the electrolyte/
lithium metal electrode was also studied in detail. By
monitoring the interface impedance of PAEPU-SPE@D15 at
ambient temperature, the change of impedance with time was
evaluated. As demonstrated in Figure 7c, the real part of the
high-frequency zone is the bulk impedance (Rb) of the
electrolyte, and the diameter of the arc is the interface
impedance (Ri) between the electrolyte and the electrode. As
time goes by, the passivation layer gradually forms and Ri also
slowly increases. Significantly, the interface impedance value
on the 15th day and the 20th day are almost the same,
indicating that a quite stable solid electrolyte interface (SEI)
has been formed. The formation of the SEI layer is conducive
to the uniform deposition of lithium dendrites, and also makes
the electrolyte and the electrode have good contact.

The half-cell was assembled with Li//LFP to further
evaluate the electrochemical performance and feasibility of
PAEPU-SPE@D15. As shown in Figure 8a,b, the cycle
performance was measured under the current density of
0.5C at 60 °C. Figure 8a shows that the Li/PAEPU-SPE@D15/
LiFePO4 half-cell delivers an initial discharge capacity of 126.8
mAh g−1. After seven cycles of activation, a high specific
capacity 150.5 mAh g−1 is still obtained, and then around this
value is maintained with a tremendous cycle stability. The
unstable charge−discharge specific capacity in the first few
cycles may be caused by the construction of the lithium-ion
transport channel.65 After 100 cycles, the discharge capacity is
145.7 mAh g−1; compared with the discharge capacity of the
8th cycle, the capacity retention could reach 96.8%, and the
coulombic efficiency always remained above 98.0%. Figure 8b
shows the galvanostatic charge−discharge voltage profiles
under the current density of 0.5C at 60 °C. Remarkably,
after five charge−discharge cycles, the voltage tends to be
stable, about 3.4 V, indicating that the Li/PAEPU-SPE@D15/
LFP had good stability. This is because the polyurea solid
polymer electrolyte has a three-dimensional network structure,
which is conducive to the stable performance of the battery.

Figure 8c shows the rate performance at different current
densities. The discharge capacities were 156.4, 152.7, 147.8,
137.5, and 97.6 mAh g−1 at 0.1C, 0.2C, 0.5C, 1C, and 2C,
respectively. When the current density returned to 0.1C, the

reversible capacity remained at 153.1 mAh g−1, with a capacity
recovery rate of 97.9%, suggesting outstanding rate perform-
ance. However, the cyclic test results of the pure PEO solid
polymer electrolyte at 60 °C and current densities of 0.2C,66

0.5C,67,68 and 1C68 were all lower than the specific capacity of
the PAEPU-SPE prepared in this experiment. Moreover, as
shown as Figure 8d,e, the DC voltage (3.39 V) was measured
by a multimeter, and it could light up a red LED lamp (1.9 V)
at room temperature successfully.

4. CONCLUSIONS
In summary, a series of PAEPU-based SPEs with abundant
PEO chains has been designed and successfully fabricated in an
in situ manner, which could achieve the integration of SPE
with the polar plate, while eliminating the use of solvents. We
systematically investigated the mechanics, thermal transition,
and transport behaviors of PAEPU-based SPEs by varying the
molar ratios of IPDI to tri-IPDI and LiTFSI concentrations
and identified trends in the viscoelasticity, thermal transition,
and ionic conductivity with polymer composition. The SPE
displays tunable mechanical properties and ionic conductivity,
excellent thermal stability (Td,5 > 300 °C), and a low glass
transition temperature (Tg < −40 °C). Additionally, at the
IPDI/tri-IPDI molar ratio of 2:1 and 15 wt % LiTFSI, an
optimum combination was observed in the PAEPU-based SPE
system, which was used to investigate the electrochemical
properties. Compared to PEO/LiTFSI, the PAEPU-based SPE
displayed a higher ionic conductivity of 6.80 × 10−5 S cm−1 at
30 °C and could reach 10−4 orders of magnitude when the
temperature was above 40 °C, with a better electrochemical
stability window of 5.18 V and interface stability with lithium
metal. In addition, the capacity retention rate of the Li/
PAEPU-SPE@D15/LiFePO4 half-cell was 96.8% after 100
cycles, and in the rate test, the capacity recovery rate could
reach 97.9%. The characteristics of a good interface
compatibility between the electrodes and electrolyte as well
as a reversible battery cycle make the solvent-free and in situ
PAEPU-based SPEs one of the most promising electrolytes for
next-generation all-solid-state batteries with flexible, wearable,
and highly improved safety as well as economic and
environmental benefits.
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