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Abstract

The exploration of solid polymer-based composite electrolytes (SCPEs) that possess good safety, easy
processability, and high ionic conductivity is of great significance for the development of advanced all-solid-state
lithium-metal batteries (ASSLMBs). However, the poor interfacial compatibility between the electrode and solid
electrolyte leads to a large interfacial impedance that weakens the electrochemical performance of the battery.
Herein, an interpenetrating network polycarbonate (INPC)-based composite electrolyte is constructed via the in-
situ polymerization of butyl acrylate, Li,La,Zr,0,, (LLZO), Lithium bis(trifluoromethanesulphonylimide,
succinonitrile and 2,2-azobisisobutyronitrile on the base of a symmetric polycarbonate monomer. Benefiting from
the synergistic effect of each component and the unique structure features, the INPC&LLZO-SCPE can effectively
integrate the merits of the polymer and inorganic electrolytes and deliver superior ionic conductivity (3.56 x 10
Scm™at 25 °C), an impressive Li* transference number [t(,,) = 0.52] and a high electrochemical stability window
(up to 5.0 V vs. Li*/Li). Based on this, full batteries of LiFePO,/INPC&LLZO-SCPE/Li and LiNi,,Co,,Mn,,0,
/INPC&LLZO-SCPE/Li are assembled, which exhibit large initial capacities of 156.3 and 158.9 mAh g" and high
capacity retention of 86.8% and 95.4% over 500 and 100 cycles at 0.2 and 0.1 C, respectively. This work offers a
new route for the construction of novel polycarbonate-based composite electrolytes for high-voltage ASSLMBs.
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INTRODUCTION

Currently, the development of renewable and clean energy is widely regarded as a feasible method to solve
the issues of environmental pollution and resource depletion induced by the use of fossil fuels".. By virtue of
their high energy density, lithium-ion batteries now dominate the energy storage market, from porTABLE
electronic devices to the newly prospering electric vehicles”. However, the electrolytes used in traditional
Li-ion batteries are always liquid organic ester electrolytes, which are volatile, flammable and can leak,
leading to significant safety concerns®. All-solid-state lithium metal batteries (ASSLMBs), as effective
alternatives to promote the intrinsic safety of next-generation high-energy lithium batteries, are gaining
increasing attention owing to the employment of solid-state electrolytes (SSEs) instead of liquid
electrolytes'”. Furthermore, additional merits, such as desirable mechanical stability and thermal stability,
can also be anticipated for ASSLMBs.

SSEs generally consist of two types: inorganic solid electrolytes and solid polymer electrolytes (SPEs)".
Although inorganic solid electrolytes [e.g., garnet Li,La,Zr,O ,, Li, ,Al ,Ti, (PO,),, Li, Al .Ge, .(PO,),, Li,,
GeP,S,, and Li,_,Si,,,P, .S, ,Cl,,] possess high ionic conductivity and excellent thermal stability, their
brittleness and high interfacial impedance often make it difficult to prepare products on a large scale,
thereby limiting their wide application in practice®. SPEs, in contrast, demonstrate good flexibility, easy
synthesis and processing, low mass density, good electrode/electrolyte interfacial compatibility, and obvious
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modification advantages, illustrating their considerable potential in ASSLMBs!

SPEs are mainly composed of a polymer matrix and lithium salts"". To meet the demands for practical
applications, several conditions are essential:

(1) Excellent solubility with polar groups required on the polymer framework chain segment (such as -O-
and -C=0) to dissolve lithium salts and transfer lithium ions;

(2) High electrochemical stability with a broad voltage window and improved energy density of the battery;

(3) High ionic conductivity and Li* transference number t(Li") with reduced polarization and enhanced
performance during circulation;

(4) High chemical stability to ensure safety during battery operation and storage;

(5) Enhanced mechanical properties, including a high tensile strength to isolate the electrode and improve
the safety of the battery and a high Young’s modulus to suppress the formation of lithium dendrites">"*..

The most widely studied SPEs are polyether-based polymers, especially polyethylene oxide (PEO)">'.
However, the shortcomings of PEO-based electrolytes cannot be ignored and mainly include a narrow
electrochemical window (< 3.9 V), low conductivity (< 10* S cm™ at room temperature), a limited t(Li")
(< 0.2) and poor mechanical properties that weaken their usability and potential in ASSLMBs!"”"\,

Compared with PEO-based electrolytes, polycarbonate-based electrolytes have a special molecular structure,
which contains strong polar carbonate groups for an increased dielectric constant of the polymer that
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enables weakened interactions between the cation and anion, increased amounts of carriers and improved

ionic conductivity****

. In addition, the introduction of groups with a high dielectric constant into the main
chain of the polymer can also modify the electrochemical stability window”*?. Therefore, polycarbonate-
based electrolytes can reveal high ionic conductivity, a wide electrochemical stability window, and favorable
thermal stability. In general, polycarbonate-based polymer electrolytes contain polytrimethylene carbonate,
polyvinyl carbonate, and propylene carbonate. However, the amorphous structure of polycarbonate-based
electrolytes leads to poor mechanical strength, which limits their practical applications'***”. Therefore, the
development of solid polymer-based composite electrolytes (SPCEs) that combine the merits of solid

inorganic electrolytes and SPEs presents a promising potential for ASSLMBs!***2%,

Herein, we report an interpenetrating network polycarbonate (INPC)-based SPCE, which is obtained
through an in situ polymerization reaction of butyl acrylate, LiLa,Zr,O,, (LLZO), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), succinonitrile (SN) and 2,2-azobisisobutyronitrile (AIBN)
based on a symmetric polycarbonate monomer. The polycarbonate monomer is first prepared through the
molecular design of the polymer, which possesses the symmetrical structure of the carbon-carbon (-C=C-)
double bond™. Taking the -C=C- double bond as the site of free radical reaction, an interpenetrating
network polymer framework with high mechanical strength is then constructed">*. Based on this
premise, a precursor solution composed of a monomer, butyl acrylate, LITFSI, SN, and AIBN is carried out
to form the INPC&LLZO-SCPE. In this process, LLZO is used as an inorganic filler and AIBN is employed
to initiate the in situ polymerization reaction®™”. The in situ polymerization can reduce the
electrode/electrolyte interfacial impedance, meet the requirements of solid-state lithium batteries and
simplify the battery assembly steps. The obtained INPC&LLZO-SCPE integrates the merits of both polymer
and inorganic electrolytes and thus exhibits superior ionic conductivity, an impressive t(Li'), and a high
electrochemical stability window. Furthermore, ASSLMBs based on LiFePO,/INPC&LLZO-SCPE/Li and
LiNi, ,Co,,Mn,,O,/INPC&LLZO-SCPE/Li are assembled, which deliver considerable electrochemical
performance.

MATERIALS AND METHODS

Materials

Methacryloyl chloride, polyethylene glycol (PEG, average M, = 400), sodium hydride (NaH), AIBN, butyl
acrylate, SN, ethyl acetate, petroleum ether, tetrahydrofuran, N-methyl pyrrolidone, tetramethylsilane
(TMS), poly(1,1-difluoroethylene), LiOH, La(OH), and ZrO, were purchased from Aldrich Industrial Inc.
LiTFSI was bought from Shenzhen Capchem Technology Co., Ltd. Polyimide (PI) film was purchased from
Jiangxi Xiancai Nanofiber Technology Co., Ltd.

Synthesis of polymer monomer

The polycarbonate monomer was prepared according to the following steps. First, PEG and NaH with a
molar ratio of 1:2 were dissolved into tetrahydrofuran in a round-bottomed flask, followed by cooling under
an ice-water bath for 30 min. Methacryloyl chloride was then added to the above solution and a
nucleophilic substitution reaction occurred under the protection of an argon atmosphere at 25 °C. The
molar ratio of methacryloyl chloride, PEG, and NaH was controlled to 2:1:2. After the reaction was
completed, a saturated ammonium chloride solution was added for the quenching and ethyl acetate was
employed for the extraction reaction. Finally, the extracted monomer was evaporated and dried under a
vacuum using a rotary apparatus, forming a colorless and transparent product.

Synthesis of interpenetrating network polycarbonate-based composite electrolyte
Typically, a precursor solution, including the polycarbonate monomer (36 wt.%), butyl acrylate (18 wt.%),
LiTFSI (16 wt.%), and SN (22 wt.%) was first obtained via constant stirring for 6 h at room temperature.
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LLZO, as an inorganic filler (8 wt.%), and AIBN, as an initiator (0.1 wt.% monomer to initiate the in situ
polymerization of the polycarbonate monomer), were then added in sequence and stirred for 12 h. Finally,
the precursor solution was injected into 2032 cells in a glove box filled with an Ar atmosphere, and the PI
film was used as the supporting medium for the resultant INPC&LLZO-SCPE.

Characterization

The synthesized monomer was tested using 'H nuclear magnetic resonance (NMR) spectroscopy on a
Bruker AVANCE spectrometer in chloroform-d, and the chemical shifts were referred to TMS as the
internal standard. The crystal structure of LLZO was analyzed via X-ray diffraction (XRD) with Cu Ka
radiation. The synthesized INPC&LLZO-SCPE was tested by Fourier transform infrared (FTIR)
spectroscopy, which was recorded over the range of 4000-500 cm™ at 25 “C. The surface morphologies of the
INPC&LLZO-SCPE and lithium-metal anode were analyzed by field-emission scanning electron
microscopy (FE-SEM, JSM 6330).

Electrochemical characterization

The ionic conductivity of the INPC&LLZO-SCPE was measured by the AC impedance method. A stainless
steel INPC&LLZO-SCPE/stainless steel battery was assembled and tested on a Solartron electrochemical
station 1260 + 1287 in a frequency range from 100 kHz to 0.01 Hz using an amplitude of 10 mV. The
temperature-dependent ionic conductivity was tested between 25 and 90 °C and the value of the ionic
conductivity was calculated using:

o=L/RS (1)

The electrochemical stability window was tested by linear voltammetric scanning (LSV) with a stainless
steel/SCPE/LI battery on the Solartron electrochemical station at 25 °C. The scan rate was 1 mV s and the
potential ranged from -1 to 6 V. The lithium transference number #(Li*) was tested by the method of DC
polarization with AC impedance with a Li/INPC&LLZO-SCPE/Li battery at 25 °C based on:

t(Li*) = [I(AV - I, x R)]/L(AV - I, x Ry) (2)

The interfacial compatibility between the lithium metal and the electrolyte was characterized using the
calendar impedance curve by recording the values of the interfacial resistance of symmetrical Li batteries for
different times at 25 °C. The ability to inhibit lithium dendrites was tested by the charge-discharge curve of
symmetrical Li batteries at a constant current density. The cycling stability of the full batteries was examined
using a LAND battery test system (CT2001A) at 25 °C.

RESULTS AND DISCUSSION

Figure 1A illustrates the synthesis route of the polycarbonate monomer with a symmetric structure through
a nucleophilic substitution reaction. In this reaction, PEG, used as a nucleophilic reagent, reacts with a
target molecule of methacryloyl chloride, and hydroxyl groups replace the chlorine atoms to form the
polycarbonate monomer”***. The symmetrical polycarbonate monomer is terminated with methacrylic
acid, which possesses both ethylene oxide and carbonate units®. As demonstrated by 'H-NMR
spectroscopy in Supplementary Figures 1 and 2, before the nucleophilic substitution reaction, the two
proton peaks of 6.47 and 6.02 ppm in methacryloyl chloride (as the reaction substrate) are related to the
functional group of -C=C- and another peak of 1.97 ppm can be assigned to -CH.-
[Supplementary Figure 1]. After the nucleophilic substitution reaction, the three proton peaks shift to 6.08,
5.53, and 1.90 ppm, and the functional group proton peaks of -OCOOCH,- and -OCH,CH,O- appear at
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Figure 1. (A) Procedure for synthesis of monomer. (B) Procedure for synthesis of INPC&LLZO-SCPEs .

4.25 and 3.63 ppm, respectively (as shown in Supplementary Figure 2), verifying that the hydroxyl
functional group was replaced by the halogen atom in methacryloyl chloride. Therefore, the symmetrical
polycarbonate monomer was successfully synthesized.

An INPC is a special polymer blend that can be formed by the free radical-initiated polymerization of the
symmetrical polycarbonate monomer and the soft polymer monomer of butyl acrylate**. For the synthesis
of the INPC&LLZO-SCPE, the precursor solution includes the two monomers above [Figure 1B] and AIBN,
which is employed as a common and efficient free radical polymerization heat initiator to initiate the in situ
polymerization reaction. The symmetrical polycarbonate monomer can form polymers with an
interpenetrating network structure, while the butyl acrylate can lead to linear polymers. Furthermore, the 2
monomers can also react with each other to obtain a comb polymer. Eventually, the linear and comb
polymers become physically trapped in the network and provide a plasticizing effect".

Photographs of the INPC-SPE and INPC&LLZO-SCPE are shown in Supplementary Figure 3A-B and
Figure 2A-B respectively. The as-formed electrolyte film shows gratifying flexibility. In addition, the -C=C-
of the free radical-initiated interpenetrating network polymerization of the 2 electrolytes was provided by
the monomers with a symmetrical structure, while the linear and comb polymer reaction resulted from the
monomers with a symmetrical structure and butyl acrylate™. Therefore, -C=C- participates in the free
radical initiated polymerization. When the signal of -C=C- disappears in the INPC&LLZO-SCPE, the
interpenetrating polymerization initiated by the free radical can be considered completed™. The FTIR
spectra of methacryloyl chloride and PEG are shown in Supplementary Figure 4. It can be seen that
methacryloyl chloride contains -C=C-, while PEG possesses hydroxyl and ester groups. As demonstrated in
Supplementary Figure 5A and B, the FTIR spectra show that the -C=C- stretching vibration peak at 1634
cm’ disappears during the in situ polymerization reaction and only ether oxygen and ester functional
groups are observed, signifying that -C=C- becomes -C-C- and the interpenetrating polymerization is
successfully completed to form an interpenetrating network polymer framework.
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Figure 2. (A) Optical images of INPC&LLZO-SCPE stored at 60 ‘C for 12 h. (B) Optical image of formed INPC&LLZO-SCPE film. (C)
Surface morphology of Pl film. (D) Surface morphology of INPC&LLZO-SCPE via in-situ polymerization. (E) Interpenetrating section of
INPC&LLZO-SCPE. (F) Surface of LiFePO, electrode after in-situ polymerization of monomers. (G) Energy Dispersive Spectrometer
elemental distribution of La, Zr, O, and C in INPC&LLZO-SCPE.

The surface morphology of the INPC&LLZO-SCPE is characterized by SEM. As shown in Figure 2C-E, the
composite electrolyte is evenly filled in the pores of the PI film with a small thickness of less than 20 pm and
the contained LLZO particles exhibit a uniform dispersion without any agglomeration. Furthermore, the
INPC&LLZO-SCPE can be infiltrated on the surface of the cathode via in situ polymerization, and thus no
obvious interface exists between the electrolyte and electrode, contributing to the decrease in interfacial
impedance and the improvement in ionic conductivity [Figure 2F]"“". The energy-dispersive spectral
mapping images of the INPC&LLZO-SCPE are shown in Figure 2G, demonstrating an even distribution of
each element, corresponding to the SEM results.

The ionic conductivity of the INPC&LLZO-SCPE is related to the LiTFSI and SN contents. For LiTFSI, the
content in the polymer ranges from 5 to 50 wt.% with a gradient of 5 wt.%. Supplementary Figure 6A shows
the ionic conductivity dependence on the LiTFSI concentration for the composite electrolyte at 25 °C. In the
initial stage, the ionic conductivity shows an upward trend with increasing LiTFSI content. When the
content of LiTFSI is 30 wt.%, the ionic conductivity reaches a maximum value. After this, the ionic
conductivity does not increase and begins to decrease gradually. In addition, SN, as a common additive in
ASSLMBs, can be used to deliver an increased amorphous area of the interpenetrating polymer, enhanced
movement between the lithium cations and polymer segments, and improved ionic conductivity and
interfacial compatibility">*"**. As shown in Supplementary Figure 6B, SN with various contents of 10, 20,
30, 40, and 50 wt.% (mass ratio of SN to polymer) was added to the precursor solution and the ionic
conductivity gradually rose with increasing content. Owing to the polymer electrolyte being over-plasticized
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when the content of SN is 50 wt.%, an optimized value of 40 wt.% was adopted and the corresponding ionic
conductivity is calculated to be 2.31 x 10* S cm™. Therefore, the optimized contents of LiTFSI and SN are 16
and 22 wt.% in the INPC&LLZO-SCPE, respectively. Furthermore, it is noteworthy that the polymer
electrolyte without the addition of LLZO exhibits the highest ionic conductivity and the best film-forming
performance.

As reported, the inorganic LLZO solid electrolyte with a garnet structure has high ionic conductivity and
excellent electrochemical stability and is considered an ideal candidate for ASSLMBs'“*". The phase
structure of the as-synthesized LLZO was characterized by XRD. As shown in Supplementary Figure 7A, the
diffraction patterns of the sample can be well assigned to the cubic garnet phase of LLZO (JCPDS No. 45-
0109). There are no impurity peaks present, suggesting a successful synthesis. The SEM image of LLZO
particle is shown in Supplementary Figure 7B. The particle size of the active LLZO filler is ~300 nm. LLZO
was then used as an inorganic filler and added into the uniform stirred polymer precursor solution with
various contents of 2, 5, 8, 10, and 15 wt.% of the polymer. The variation in ionic conductivity is shown in
Figure 3A, which shows an increasing trend with increasing content. However, with an increasing LLZO
content, undesirable agglomeration will occur, which hinders the migration of Li* ions and reduces the ionic
conductivity of the INPC&LLZO-SCPE. The optimal content of LLZO is 8 wt.%, which corresponds to an
ionic conductivity of 3.56 x 10* S cm™.

The ionic conductivity of the electrolytes with different compositions under various temperatures is shown
in Figure 3B. With the addition of lithium, SN and LLZO, the ionic conductivity of the polymer electrolyte
can be improved. The INPC&LLZO-SCPE has the highest conductivity of 3.56 x 10* S cm™ at room
temperature. The electrochemical stability of electrolytes is of major significance for their practical
application, which can be evaluated by linear voltammetry. As shown in Figure 3C, a stainless steel/INPC-
SPEs/Li battery was assembled and the electrochemical stability window of the polymer electrolyte was
measured to be 4.8 V, which is much wider than that of PEO-based batteries. Owing to the polymer
electrolyte possessing an individual polycarbonate structure with a high dielectric constant, better
electrochemical stability can be obtained. Moreover, benefiting from the introduction of LLZO, the
composite electrolyte exhibits a further increase in the electrochemical stability window, even up to 5V,
which is larger than that of pure polymer electrolytes. In addition, the #(Li*) is also vital to the charge and
discharge performance of ASSLMBs, and a higher #(Li") is beneficial for the improvement of the rate
capability. According to Equation (2) and Figure 3D, the #(Li") of the INPC&LLZO-SCPE is calculated to be
0.52, which is larger than that of traditional liquid electrolytes.

SN is commonly used as an additive in electrolytes and can react with the lithium-metal anode and damage
the cycling stability*. Therefore, to inhibit the interfacial reaction between SN and lithium metal and
achieve excellent interfacial stability, lithium metal is always pretreated with FEC to form a SEI film on its
surface'”*!. Supplementary Figure 8 shows the F 1s XPS spectrum of the lithium-metal anode of a cycled
Li/INPC&LLZO-SCPE/Li battery. Clearly, a strong LiF signal peak can be observed with the Li anode
pretreated by FEC [Supplementary Figure 8A]. In contrast, there is only a weak LiF signal peak on the
surface of the untreated Li anode, corresponding to the reaction between LiTFSI and lithium metal
[Supplementary Figure 8B]"°.

The interfacial stability of the Li/INPC&LLZO-SCPE/Li battery was tested by the AC impedance method.
Figure 4A shows a schematic of the interfaces between the INPC&LLZO-SCPE films and Li and Li(F)
anodes. The interfacial impedance of the lithium-metal symmetrical battery (pretreated by FEC) exhibited
no obvious change within 5 d [Figure 4B], illustrating its superior interfacial stability. This result can be
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Figure 3. (A) lon conductivity of electrolytes with different LLZO contents under various temperatures. (B) lonic conductivity of
electrolytes with different compositions under various temperatures. (C) LSV for different electrolytes at 25 °C. (D) Polarization curve
along with the initial and steady-state impedance diagram (inset) for the INPC&LLZO-SCPE at 25 °C.

explained by the stable SEI film formed on the surface of lithium metal by the FEC treatment, which
prevents the reaction between lithium and SN and thus stabilizes the interface. On the contrary, the
interfacial stability of the lithium symmetrical battery without the FEC pretreatment is relatively weak,
which is associated with the obvious change in resistance on account of the interfacial reaction between SN
and Li metal. In addition, the modification of the lithium-metal anode by FEC is also beneficial for the
homogeneous lithium plating and band flattening, which can inhibit the growth of lithium dendrites.

The cycling performance of the lithium symmetrical battery is shown in Figure 4C, and the parameters are
set to charge for 1 h and discharge for 1 h at 0.1 mA cm®. The lithium symmetrical battery with the FEC-
pretreated Li anode shows enhanced cycling stability for 1000 h without short circuiting. However, the
symmetrical lithium battery without the FEC-pretreated Li anode reveals short circuiting after 450 h, which
is likely induced by the incomplete lithium dendrite passivation and increased impedance for the
accumulation of byproducts. This result is in good agreement with the analysis and testing of the interfacial
impedance. Moreover, as shown in Supplementary Figure 9, the cell with Li(F)/INPC&LLZO-SCPE/Li(F)
could run for 400 h at 0.5 mA cm™. In addition, SEM images of the surface of the Li-metal anode cycled for
200 h at 0.1 mA cm? are shown in Figure 4D and E, with the pretreated lithium metal revealing a smooth
surface, while obvious lithium dendrites are present on the surface of the untreated sample. Therefore, a
stable SEI film was prepared on the surface of the lithium-metal anode through FEC, thereby suppressing
the chemical reaction between the lithium-metal anode and SN and improving the cycling stability.

The cycling performance of the LiFePO,/INPC-SPE/Li full battery is shown in Supplementary Figure 10A
and B. The initial discharge capacity of the full battery is 148.1 mAh g with a Coulombic efficiency of
79.6%. After 500 cycles, the discharge capacity can remain at 115.6 mAh g” with a Coulombic efficiency of
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Figure 4. (A) Schematic of interfaces between INPC&LLZO-SCPE films and Li and Li(F) anodes. (B) Nyquist plots of the symmetric Li
and Li-FEC batteries measured at different storage times at 25 °C. (C) Galvanostatic cycling curves of the symmetric Li-FEC and
pristine Li batteries with INPC&LLZO-SCPE at 0.1 mA cm™ (D) Li-FEC anode after a cycling time of 200 h at 0.1 mA cm™. (E) Pristine Li
anode after a cycling time of 200 h at 0.1 mA cm™.

97% and a capacity retention rate of 78.06%. A LiFePO,/INPC&LLZO-SCPE/Li full battery (the anode is
lithium metal pretreated by FEC) was assembled to evaluate the practical application of the composite
electrolyte. The charge-discharge curve is collected at 0.2 C with a cut-oft voltage of between 2.5 and 4.0 V
at 25 °C. As shown in Figure 5A, a steady voltage platform appears at ~3.4 V, which corresponds to the
diagnostic redox process of LiFePO,. A flat potential platform with a small overpotential of 0.2 V can be
observed, showing a reduced polarization process. The initial discharge capacity of the full battery is 156.3
mAh g". Owing to the activation of the cathode and the formation of SEI film, the initial discharge capacity
of the battery decreases with increasing cycling. After 500 cycles, the discharge capacity can be retained at
135.6 mAh g' with a Coulombic efficiency of 98% and a capacity retention rate of 86.8% [Figure 5B],
thereby showing excellent cycling stability. This favorable cycling performance is associated with the high
ionic conductivity, preeminent lithium-ion migration number and excellent electrolyte/electrode interfacial
compatibility. The charge-discharge curves of the battery at various current densities ranging from 0.1 to 1.0
C are also measured at 25 °C. As shown in Figure 5C, the capacities are 156.1, 153.8, 148.5, 138.2 and 119.4
mAh g’ at0.1,0.2,0.3, 0.5 and 1 C, respectively. The rate capability is shown in Figure 5D and it can be seen
that a high discharge capacity of 150 mAh g can be restored even when the current density comes back to
0.1 C, showing the benign rate properties of the battery.
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Figure 5. (A) Charge and discharge profiles of LiFePO,/INPC&LLZO-SCPE/Li battery after different cycles at 0.2 C and 25 C. (B)
Cycling stability of LiFePO,/INPC&LLZO-SCPE/Li battery at 0.2 C and 25 ‘C. (C) Charge and discharge profiles of LiFePO,
/INPC&LLZO-SCPE/Li battery at various current rates and 25 ‘C. (D) Cycling stability of LiFePO,/INPC&LLZO-SCPE/Li battery at
various current rates at 25 C.

Furthermore, to characterize the high voltage resistance of the composite electrolyte, a LiNi,,Co,,Mn,,O,
/INPC&LLZO-SCPE/Li battery was assembled. As shown in Figure 6A-D, the battery delivers a high initial
discharge capacity of 158.9 mAh g* under 0.1 C at 25 ‘C. After 100 cycles, the capacity retention is 93.4%,
suggesting a promising potential for the match of the INPC&LLZO-SCPE with the high-voltage cathode
material of LiNi,,C,,,Mn,,0,. In contrast, the cycle performance of the full battery of LiNi, ,Co,,Mn,,O,
/INPC-SPE/Li is shown in Supplementary Figure 11A and B. After 100 cycles, the capacity retention rate is
91%.

CONCLUSIONS

In summary, a novel interpenetrating network polycarbonate-based composite electrolyte (INPC&LLZO-
SCPE) was facilely constructed via an in situ polymerization reaction. The process can be divided into 2
steps. First, a polycarbonate monomer with a symmetric structure was synthesized through a nucleophilic
substitution reaction method. Second, an in situ polymerization reaction occurs under the existence of an
initiator and inorganic filler on the base of the polycarbonate monomer to form the INPC&LLZO-SCPE. By
means of the synergistic effect of each component and the unique structure features, the resultant
INPC&LLZO-SCPE exhibits high mechanical strength, superior ionic conductivity, an impressive Li*
transference number, and a wide electrochemical window. Furthermore, batteries of LiFePO,/INPC&LLZO-
SCPE/Li and LiNi,,Co,,Mn,,O0,/INPC&LLZO-SCPE/Li were assembled to investigate the practical
application potential of the composite electrolyte, with considerable electrochemical performance achieved.
The creative design of this composite electrolyte paves a new route for the exploration of high-voltage
ASSLMBs.
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Figure 6. (A) Charge and discharge profiles of LiNi, ;Co,,Mn,,0,/INPC&LLZO-SCPE/Li battery at 0.1 C and 25 C. (B) Cycling stability
of LiNig¢Coqy,Mny,0,/INPC&LLZO-SCPE/Li battery at 0.1 C and 25 C. (C) Charge and discharge profiles of LiNi,,Co,,Mn,,0,
/INPC&LLZO-SCPE/Li battery at various current rates and 25 “C. (D) Cycling stability of LiNi,,Co,,Mn,,0,/INPC&LLZO-SCPE/Li
battery at various current rates and 25 C.
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