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Abstract: Polymer electrolyte is one of the important components for developing
advanced solid-state lithium batteries (SSLBs). However, the narrow electrochemical
stability window restricts the practical application with high-voltage cathodes. Herein,
a series of composite solid electrolytes (CSEs), possessing both wide electrochemical
stability window (up to 5.0 V vs. Li*/Li) and high ionic conductivity (over 1.35x107
S/cm at 25 °C), were reported by integrating SiO» nanoparticles into poly(vinyl
ethylene carbonate) polymer electrolyte. The enhanced anti-oxidation performances are
mainly caused and confirmed by the local intermolecular interactions of hydrogen
bonds in CSE. Based on this CSE, the SSLBs with LiCoO; cathode present good cycle
stability at high voltage, and the capacity retention with 4.5 V cut-off voltage is about
94% after 200 cycles. This work not only proves the importance of intermolecular
interactions in CSE, but also provides an effective method for achieving high-energy
SSLBs with enhanced interface compatibility between polymer electrolyte and high-

voltage cathodes.

Keywords: Composite solid electrolyte, hydrogen bonds, electrochemical stability

window, high-voltage cathode, solid-state lithium batteries.



1. Introduction

The rechargeable lithium ion batteries (LIBs) are widely used in portable electronic
devices and electric vehicles, and their energy densities can be further promoted by
applying the high-voltage and high-capacity cathode materials [1-7]. However, the
development of high-energy LIBs is still suffered by the security issue of fire and
explosion from the utilization of liquid electrolyte [8]. In order to improve the safety
and stability, the solid-state lithium batteries (SSLBs) have been extensively studied, in
which the solid-state electrolyte (SSE) is one of the important components [9-11].
Compared to the inorganic oxide and sulfide electrolytes [12, 13], the polymer
electrolytes (PEs), possessing the high flexibility, light weight, and excellent processing,
are considered as the preferable choice for large-scale applications [14]. More
importantly, the PEs play the basic role for assembling SSLBs, the ions conducting and
anti-oxidation abilities have greatly influence on electrochemical performances.
Nevertheless, the ionic conductivities of PEs are always lower than those of commercial
liquid electrolytes (=10~ S/cm at room temperature, 25 °C) [13-15]. Even worse, the
narrow electrochemical stability window of PEs has restricted their practical

applications with high-voltage cathode materials for high-energy SSLBs.

To address these problems, various PEs have been designed, such as the poly(propylene
carbonate) (PPC) [15], poly(vinylene carbonate acrylonitrile) (P(VCA-AN)) [16],
diethylene glycol-fluorinated triethylene glycol (DEG-FTriEG) [17], poly(methyl
hydrosiloxane) (PMHS) [18], and P(STFSILi)-PEO-P(STFSILi) [19]. However, the
ionic conductivities of these PEs are still below than 10~ S/cm at 25 °C, although the
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relatively wide electrochemical stability window can be available in some systems [17,
19, 20]. Recently, the poly(vinyl ethylene carbonate) polymer electrolyte (PVEC-PE)
with superior conductivity of 2.1x10 S/cm at 25 °C has been reported for SSLBs [21].
However, the anti-oxidation ability of PVEC-PE is still not enough for high-voltage
cathode materials with charge potential of 4.5 V (vs. Li*/Li). The organic-inorganic
composite solid electrolytes (CSEs), in which the inorganic fillers and polymer matrix
can be combined together, are one of the effective methods to improve the anti-
oxidation ability of PEs [22-24]. In the past, a variety of CSEs have been reported, such
as polytetrafluoroethylene-Lis75LasZri 75Tag25012-Succinonitrile (PTFE-LLZTO-SN)
[25], LLZTO-PEO [26], LLZO-PEO [27], PVDF-LLZTO [28], PAN-LLZTO [29],
PAN-LAGP [30] and PEO/PEG-Li10GeP2S12 [31]. However, the relative mechanisms
for the enhanced performance are still not clear in the CSEs. Although the Lewis acid-
base interactions are proposed to explain the reason for wide electrochemical stability
window in PEO/LiCl104-Al,03 [32], Ca-CeO2/LiTFSI/PEO [33] and PEO-LiZr2(PO4)3
[34], the evidences for the existence of interactions are still lacking. Even more, the
ionic conductivities of these CSEs are still not comparable with that of liquid electrolyte

at 25 °C.

Herein, based on our previous work [21], a series of CSEs have been reported, which
possess wide electrochemical stability window and high ionic conductivity. Both the
effect of local intermolecular interactions on the anti-oxidation ability and lithium ions
migration mechanism in the CSE have been revealed by theoretical calculations and
experimental results. Furthermore, based on these CSEs, the electrochemical

performances of high-voltage cathode material with charge potential of 4.5V (vs. Li*/Li)



have also been explored, providing an effective way for improving the cycle stability
of SSLBs with high energy density.

2. Experimental Section

2.1 Fabrication of composite solid electrolyte (CSE) and solid-state battery

The CSEs with tunable size was fabricated by the solution-casting method [21]. Firstly,
liquid VEC monomer (~72-76 wt%) and bistrifluoromethanesulfonimide lithium
(LiTFSI) (~23 wt%) were added into the glass bottle under stirring to form a
homogeneous solution in glove box. Subsequently, different content of hydrophilic
silica (~1-5 wt%) and 2,2’-Azobis(2-methylpropionitrile) (AIBN) (~1 wt%) as the
catalyst were added into the solution and stirred for 12 h. Then the homogeneous mixed
solution was poured into the Whatman® filter (100% borosilicate glass fiber) (~140-
160 um) on the PTFE plate, followed by the polymerization in a vacuum oven at 80 °C

for 12 h.

For the fabrication of the solid-state battery based on the composite solid electrolyte
via in-situ polymerization process, the details are as follows. Typically, the mixed
solution with 10 pl was injected into the cathode and 20 pl was injected to Whatman®
filter in coin-type battery (CR2032), which was adopted as support for composite solid
electrolyte, and separator between cathode and anode to prevent the internal short
circuit of the battery before polymerization. After that, the battery was assembled and
transferred to a vacuum oven at 80°C for 12 h to make the complete polymerization.

2.2 Structural characterizations



The Fourier Transform Infrared Spectroscopy (FT-IR) was carried out using a Nexus
870 FTIR spectrometer instrument to distinguish the structures of liquid VEC monomer
and CSE. The crystal structure of the CSE was characterized via XRD with a range of
10°-80°. The morphology and thickness of the CSE was characterized by a field
emission scanning electron microscope (SEM, Hitachi S-4800). TG ((Netzsch 449F3)
was carried out to measure the thermal property of the composite solid electrolyte from
25 to 600 °C at a heating rate of 10 °C/min under nitrogen atmosphere. Raman spectra
were recorded on a confocal Raman microscope (WITec, German) with an excitation
wavelength of 532 nm.

Solid-state Nuclear Magnetic Resonance (ssNMR) spectra of °Li, 'Li and 'H were
acquired from a Bruker Avance III 400 spectrometer. The samples were finely packed
into 4 mm zirconia rotors in the glove box. All spectra were recorded after single-pulse
excitation. The NMR spectral simulations were done by Dimfit 2015 software.

The bulk resistance of composite solid electrolytes was tested by Electrochemical
Impedance Spectroscopy (EIS) using Solartron 1470E cell test system at varied
temperatures, and the ionic conductivity was calculated from equation: ¢ =L/RsS,
where Ry is the bulk resistance, L and S are the thickness and area of the composite
solid electrolyte, respectively. The electrochemical stability window was investigated
by linear sweep voltammetry (LSV) performed on a working electrode of SS, Li metal
as the counter and reference electrode at a scan rate of 1.0 mV s between 2 and 5.5 V.

The lithium-ion transference number (tri") was calculated by the chronoamperometry



test on the Li/CSE/Li symmetry battery with an applied voltage of 0.01 V and was

Iss(V=IoR initi
LssW=hoRo) \ here Ty and I are the initial and
Io(V—IssRss)

determined by following equation: t;; =
steady-state currents, and Ro and Rss are the first and last resistances, respectively. The
tests were completed by EIS measurements taken before and after the polarization scans

over a frequency range of 0.1-10° Hz with a 10 mV amplitude at 25 °C. The

temperature-dependent ionic conductivity behavior of CSEs can be fitted by the

_Ea
R(T-Ty)

Arrhenius plots as Equation 6 = AT/?exp [ J where A is the pre-exponential
factor, E, is the activation energy, and T is the absolute temperature, To is the Vogel
scaling temperature at which the free volume disappears or at which configuration free
entropy becomes zero (To=236/K), and R is the ideal gas constant.

2.3 Theoretical simulation

All the density functional theory (DFT) calculations were carried out by using Gaussian
software [35]. Geometric configurations were optimized at the B3LYP-D3 level with a
6-311+ G (d, p) basis set [36-39]. The 6-311+G(d, p) basis set is a split-valence triple-
zeta basis with diffuse s and p functions for nonhydrogen atoms. Such basis set has
good accuracy, and widely used in previous works [40-42]. The vibrational frequency
calculations were performed at the same computational level to confirm that the
configurations were energetic minima.

2.4 Battery characterization

The composite cathode for solid-state battery was composed of 80 wt% LiCoO, (LCO)

cathode material, 10 wt% carbon black, 10 wt% binder. The battery with LCO areal



density of ~2.5 mg/cm? has been explored. The solid lithium metal batteries composed
of both LCO cathode that assembled by the in-situ process were charged and discharged
between 3.0 and 4.6 V at varied current densities. The C rates in all the electrochemical
measurements are defined based on 1C=160 mA /g for LCO. The battery was assembled
in an argon-filled glove box, with oxygen and H>O content less than 0.1 ppm. The
galvanostatic charge/discharge tests of CR2032 were conducted on LAND testing
system (Wuhan LAND electronics Co., Ltd.) at 25 °C. For comparison, the batteries
were assembled and tested with commercial liquid carbonate electrolyte (1.2 M LiPF¢
in a mixture of ethylene carbonate and dimethyl carbonate (1:1 by volume) and liquid
VEC electrolyte (LiTFSI-VEC without polymerization) at 3.0-4.6 V. To examine the
cathodes after battery measurement, the batteries were firstly disassembled in an Ar

filled glove box.

3. Results and Discussions

3.1. Fabrication and characterizations of CSE
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Fig. 1 (a) Schematic diagram of preparing the CSE membrane from VEC precursor with Li
salt and nanoparticles. The comparisons of (b) FT-IR and (¢) 'H NMR spectra of CSE, PVEC-

PE, and VEC+LiTFSI.

The CSE membrane was prepared by the “solvent-free” solution casting method [21]
(Fig. 1a). The SiO> nanoparticles (~20-30 nm, Fig. S1) and lithium salt are dispersed
uniformly in the VEC liquid precursor, and then the high homogeneity of flexible CSE
can be obtained after the polymerization. The microstructure of CSE and relative
components have been characterized by Fourier Transform Infrared Spectroscopy (FT-
IR) and solid-state Nuclear Magnetic Resonance (ssNMR). Fig. 1b shows the FT-IR
spectra of SiO2, VEC+LIiTFSI salt, PVEC-PE and CSE. The peaks at ~571 cm™ and
~745 cm™! are assigned to the asymmetric stretches of O=S=0 and S-N-S groups in Li
salt (LiTFSI), respectively [43-45]. And the peaks at ~1050 cm™ can be attributed to

stretching of C-O-C group in VEC, PVEC-PE and CSE [21, 46, 47]. Moreover, the



characteristic peaks can be found for both Si0; and CSE, in which the peak at ~950 cm™
!'is assigned to the bending vibrations of Si-OH group, and ~450, ~796 and ~1080 cm™
! are identified as the symmetric and antisymmetric vibrations of Si-O-Si group [48].

These typical peaks have confirmed the homogeneous dispersion of nanoparticles in

the CSE.

The polymerization reaction from VEC precursor was further verified by ssNMR
spectroscopy. The resonance signals shift from downfield to upfield via polymerization
process (Fig. 1¢), from which the C=C bonds converted to C-C bonds. Particularly, the
chemical shifts of 5-6 ppm for VEC+LiTFSI (the H atom at a, b and ¢ position of -
CH=CH; group) have moved to 2-3 ppm (a’, b’ and ¢’) for PVEC-PE and CSE, which
should be attributed to the formation of -CH-CH>- after polymerization [46]. These
position variances confirm the C=C addition polymerization of VEC monomer in
PVEC-PE and CSE. Small amount of residual signals at 4.5-6 ppm is attributed to the
unreacted C=C group, which is not possible to be eliminated due to the structural
configuration. Thus, the integration of SiO> nanoparticles does not affect obviously on
the 'H signal when comparing with that of PVEC-PE and CSE. Additionally, the
chemical shifts of 4-5 ppm (d, e and f) for the five-membered ring structure have
migrated to 3.5-4.5 ppm (d’, €’ and ), which are caused by the change of chemical
environment after polymerization and the local intermolecular interactions (will be
discussed later). Protons at e and f positions are almost identical in chemical
environments with the same resonance shift. And the weaker signal of protons at e, f
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(e’, ’) and d’ positions are possibly related to the fast relaxation that caused by the
neighboring O atoms and the rigid polymer chains [49, 50]. Furthermore, the dense
structure of CSE membrane and uniform distribution of nanoparticles are revealed by
cross-sectional SEM and EDS mappings (Fig. S2a-b). These properties are favorable
for forming fast ion transport channels, and improving the mechanical properties to
effectively prevent the inner short-circuit and enhance the safety of batteries. In addition,
from the X-ray diffraction (XRD) patterns in Fig. S2¢, the CSE membrane shows the
low crystallinity structure, which could be beneficial for the fast Li" transports.
Moreover, as compared in the thermogravimetric analysis (TGA) of PVEC-PE and CSE,
the thermal stability is also increased with the integration of SiO2 nanoparticles (Fig.

S2d).

3.2. Electrochemical properties of CSE
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The ions conducting ability of solid electrolyte has the critical role for electrochemical
performances of SSLBs. Therefore, the ionic conductivities of various CSE-x (x=1~5)
with different content of SiO> nanoparticles (1~5 wt%) and PVEC-PE have been
evaluated over a wide temperature range. As shown in Fig. 2a and S3, the ionic
conductivity of CSE-x increases simultaneously when increasing the temperature.
Importantly, all the ionic conductivity of CSE-x can still maintain the level of 10~ S/cm
at 25 °C. The ionic conductivity and corresponding activation energy of CSE-x has been
compared systematically in Fig. 2b. Although the content of nanoparticles increases
from 0 to 5wt%, the ionic conductivity slightly decreases from ~2.1x103 S/cm of
PVEC-PE to ~1.35x107 S/cm of CSE-5 at 25 °C. Even more, the activation energy
only increases from 0.16 eV to 0.18 eV, which are representing the low energy barrier
for Li ions migrations. The ionic conductivity of CSE-6 (the content of SiO»
nanoparticles is 6 wt%) decreased obviously at 25 °C, so the comprehensive

performances of CSE-x (x<5) have been systematically explored.

The effect of SiO2 nanoparticles on the properties of CSEs has been further explored
by Li ions transference number (ti"), which is the mole ratio of mobile cations to that
of the total ions (cations and anions) in solid electrolyte [51]. From the direct current
polarization and corresponding EIS test, the tii" increases from 0.40 for PVEC-PE to
0.55 of CSE-x when increasing the content of nanoparticles (Fig. 2¢ and S4). With the

high tii", the ratio of mobile Li ions in CSEs can be increased, and the movement of
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anions is restrained, which can reduce the concentration polarization and improve the
electrochemical performance of SSLBs [52, 53]. Moreover, as the increase of tii" in
CSE-x, plenty of anions are fixed inside of the electrolyte, and then the oxidized

decomposition of CSE at high charge voltage can be effectively suppressed [54, 55].

Besides the ionic conductivity and tii", the anti-oxidation ability of CSE is also one of
the crucial parameters for practical application in high-energy SSLBs. Thus, the variety
of electrochemical stability window for CSE-x has been detected by Linear Sweep
Voltammetry (LSV) of Li/CSE/SS (SS: stainless steel) cell. As can be seen in Fig. 2d,
the electrochemical stability window of CSE significantly expands to ~5.0 V (vs. Li/Li)
with 5 wt% Si0O; nanoparticles, which is much higher than that of PVEC-PE. That is,
the anti-oxidation ability of polymer electrolyte can be effectively enhanced by
integrating low amount of SiO2 nanoparticles, and it is beneficial for making interface
compatibility between polymer electrolyte and high-voltage cathode materials. In
addition, the interfacial stability between CSE and Li metal anode was investigated by
both Cyclic Voltammetry (CV) and polarization test of the SSLBs. From the CV curve
of Li/CSE-5/SS battery in a voltage range of -0.5 to 3.0 V (Fig. 2e), there are two peaks
at -0.5 V and 0.5 V for the reversible lithium plating/stripping in different cycles,
indicating the electrochemical stability of interface contact between CSE-5 and Li
anode. As shown in Fig. S5, the Li/CSE/Li battery shows the low voltage polarization
without short circuiting for long cycling time of 800 h, demonstrating the good
reversibility for lithium plating/stripping in SSLBs. Moreover, considering the anti-
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oxidation and ions conducting abilities, the comprehensive properties of CSE-5 have

been compared with those of various PEs and composite electrolytes (Fig. 2f).

Obviously, the CSE-5 has the wide electrochemical stability window up to ~5.0 V (vs.

Li*/Li) and high ionic conductivity of ~1.35x10" S/cm at 25 °C, possessing good

comprehensive electrochemical performance and are much better than those of the

reported solid electrolytes at the same testing temperature. Thus, the CSE-5 can be

applied with high-voltage cathode materials to achieve the high energy density and

excellent electrochemical performances of SSLBs.

3.3. The characterizations of local intermolecular interactions in CSE
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The origins for the enhanced anti-oxidation ability and increased tii" in CSE-5 has been
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explored by multiple characterizations. Firstly, the 'H NMR spectra of CSE and PVEC-
PE are further analyzed (Fig. 3a). The signal at ~4.4 ppm in PVEC-PE has widen and
moved to ~4.35 ppm in CSE-5. And a new chemical shift with relatively high
proportion is observed at ~4.45 ppm, which should be attributed to the formation of
hydrogen bonds after incorporating SiO» nanoparticles [56]. Additionally, compared to
the weak peak of ~3580 cm™ in FT-IR for O-H stretching band of PVEC-PE, an obvious
and wide peak appears at ~3539 cm™! in CSE-5 (Fig. 3b). The change of peak should
be ascribed to the hydrogen bonds between plenty of H atoms from SiO2 nanoparticles
and O atoms in PVEC molecular skeleton. Moreover, the hydrogen bonds cause the
increase of bond length and decrease of bond energy, resulting in the redshift of
characteristic peaks [56-58]. Thus, the formation of hydrogen bonds between SiO:
nanoparticles and polymer chain in the CSE has been confirmed by the 'H NMR and

FT-IR.

Furthermore, there are two peaks positioned at ~1789 cm™ and ~571 cm™ of FT-IR (Fig.
3c-d), which are assigned to the stretching vibration of C=O group in polymer chain
and asymmetrical stretching of O=S=0 group for LiTFSI in PVEC-PE [56]. In the CSE-
5, these two peaks have moved to ~1776 cm™ and ~568 cm™! respectively. The redshifts
are mainly caused by the increase of bonds length after the formation of hydrogen bonds
between S10; and PVEC as well as anions (TFSI') in Li salt. In the newly formed
hydrogen bonds, the donors are H atoms from -OH groups on the surface of SiO:
nanoparticles, and the acceptors are O atoms from PVEC chain and O=S=0 groups of

16



TFSI'. Besides, the formation of hydrogen bonds in CSE-5 has been revealed by
Density Functional Theory (DFT) calculations. The electrostatic potentials (ESPs)
show the electric density maps of different groups in PVEC and TFSI™ (Fig. 3e). The
regions around O atoms on C=0O group in PVEC and O=S=0 group of TFSI have
higher electron density, indicating the hydrogen bonds can preferentially form at the O
position of these groups in CSE-5. As shown in Fig. 3f, the local intermolecular
interactions of hydrogen bonds can form via the H atoms on the surface of Si02 and O
atoms on the C=0 and O=S=0 groups in PVEC and TFSI, respectively. The theoretical
calculations are consistent with the experimental results, which have confirmed the

local intermolecular interactions in the solid electrolyte.

Moreover, the ion pairing of TFSI" in CSE-5 has been analyzed by FT-IR and Raman
spectroscopy through exploring the bonding between anions of Li salt and H atoms of
SiO; nanoparticles. The peak centered around 740 cm™ represents the S-N-S stretching
vibration of free TFSI™ anions, and it is sensitive to 1on pairing [23, 34, 43]. This peak
is dissociated into two peaks at ~738 and ~742 c¢cm’!, which correspond to the free
anions and fixed anions respectively (Fig. 3g) [59, 60]. After the Gaussian-Lorentzian
fitting, the area ratio of fixed anions increases from 33.2% in PVEC-PE to 69.3% in
CSE-5, demonstrating that most of the free ion pairs are anchored on the surface of
nanoparticles by hydrogen bonds. Then the high tr;* can be obtained in CSE-5. The
change of content for ion pairs has also been verified by Raman shift of S-N-S group
in TFSI™ (Fig. S6). Therefore, the formation of hydrogen bonds among components in

17



CSE-5 has been confirmed by experimental results and theoretical calculations, and
these local intermolecular interactions are responsible for enhancing the anti-oxidation

ability and increasing the tri" of polymer electrolyte.

3.4. Mechanism of Li" transports in CSE
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Fig. 4 (a) Li and (b) 5Li NMR spectra of CSE after different cycle time (T is the relaxation
time). The open circles are experimental signals and the dark lines in (b) are the sum of
simulations. (c) The main ions transport pathways and relative proportions with various cycle

time in CSE. (d) Schematic diagram of the Li ions transport pathways in the CSE.

The high ionic conductivity of CSE should be closely related to the ions migration
pathways, which is determined by both PVEC-PE matrix and SiO> nanoparticles with
local intermolecular interactions. Here the ions migration mechanism in CSE-5 has
been investigated by ssNMR. The Li/CSE-5/Li symmetric battery was assembled and

cycled for different time, and the interactions between cations and functional groups
18



are analyzed by both "Li and °Li NMR spectra [61, 62]. As shown in Fig. 4a, the pristine
electrolyte shows one ’Li NMR signal at ~0.2 ppm, which shifts to 0 ppm upon cycling.
It has the same tendency as that of PVEC-PE, and should be attributed to the interaction
between the mobile Li ions and O atoms of C=0O groups in polymer chains [21].
Furthermore, the relaxation time (T1) increases from ~0.29 s to ~0.42 s with increased
cycle time, indicating the enhancement of Li ions mobilities, and the structure of
functional group was activated and loosened during ions migration. Due to smaller
quadrupole moment of °Li, the well-resolved °Li NMR spectra of the same electrolytes
are also performed. As shown in Fig. 4b, the same shift trend is observed for Li when
compared to 'Li NMR spectra, which demonstrates the strong interaction between Li
ions and C=0 groups for different time (signals at ~0 ppm). However, the intensity ratio
of this interaction decreases with long cycle time. Meanwhile, a new chemical shift of
~-0.1 ppm can be observed, and is representing the interaction between Li ions and O
atoms in C-O groups. Furthermore, after the simulations of these interactions for
different cycle time, the intensity ratio of Li ions attached to C=O groups (0 ppm)
decreases from ~79% to ~54%, while intensity ratio of Li ions localized to C-O group
(-0.1 ppm) increases from ~21% to ~35%. These tendencies of ssNMR in CSE-5 are
similar to that of PVEC-PE, indicating the fast ions migrations were mainly achieved

by the interactions between Li ions and O atoms of C=0/C-O groups [21].

In addition, there is another new signal at ~0.2 ppm can be probed in CSE-5. As the
local intermolecular interactions of hydrogen bonds have formed in CSE-5, this
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chemical shift should be attributed to the ions migration along the interface between
Si0; nanoparticles and PVEC-PE. With long time, the intensity ratio of interface ions
migration in CSE-5 becomes more obvious. The interface ions migration has also been
reported in other CSEs [61-64]. The different ions migration pathways and relative
proportion with various cycle time has been compared in Fig. 4¢. Obviously, for the
main ions migration pathways that achieved by the interaction with C=0 and C-O
groups, the proportion of the former decreases with the increasing time, while the
proportion of the later increases subsequently. Moreover, the proportion of interface
ions migration in CSE-5 has increased, which is caused by the local intermolecular
interactions. Thus, the ®’Li NMR results reveal the relocating of Li ions, which is
strongly correlating with the ionic migration behaviors. Compared with PVEC-PE, the
decrease of ionic conductivity for CES-5 should be attributed to the decrease of
interaction between Li ions and C=0 groups. However, as the increase of interaction
between Li ions and C-O groups, and the appearance of interface ions migration, the
ionic conductivity of CSE-5 still keeps the level of 10~ S/cm at 25 °C. Accordingly, the
mixed ions migration mechanism in CSE-5 is exhibited in Fig. 4d. With the host
material of PVEC-PE, the fast and dominant Li ions migration can be achieved by
interactions with O atoms of C=O groups (Path 1). And the migrations could be
proceeded through the interactions with O atoms of C-O groups (Path 2). Besides, the
Li ions migrations by the moving/exchange between C-O and C=0O groups is also

existing (Path 3). More importantly, with the local intermolecular interaction of
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hydrogen bonds, the interface ions migration (Path 4) plays an important role for the

high ionic conductivity of composite electrolyte.

3.5. Electrochemical performances of CSE based SSLBs
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Fig. 5 (a) The initial charge/discharge curves of LCO/CSE-5/Li and LCO/PVEC-PE/Li
batteries in the range of 3.0-4.6 V at 0.1C. (b) The selected charge/discharge curves of
LCO/CSE-5/L.i battery. The comparisons of electrochemical performances between LCO/CSE-
5/Li and LCO/PVEC-PE/Li batteries in the range of 3.0-4.5 V, including the (c) Initial
charge/discharge curves at 0.1C, (d) Rate performances, and (e) Cycling stability and

Coulombic efficiency at 0.1C.
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With the wide electrochemical stability window and high ionic conductivity at 25 °C,
the CSE-5 has been applied for LiCoO> (LCO) cathode materials with high charge
voltages. The solid-state LCO/CSE-5/Li battery was assembled in one step via in-situ
polymerization of electrolyte precursor. The EDS mappings show the uniform
distribution of elements in composite cathode (Fig. S7), demonstrating the sufficient
permeation of CSE-5 to provide enough ions conductive pathways. Fig. Sa shows that
the LCO/CSE-5/Li battery can be charged steady to 4.6 V under 0.1C at 25 °C, however,
LCO/PVEC-PE/Li battery could not be applied in the same situation. It has confirmed
that the anti-oxidation ability of PVEC-PE can be enhanced after the combination of
nanoparticles. As shown in Fig. S8, the LCO cathode with commercial liquid carbonate
electrolyte displays the typical charge-discharge profiles with high capacity in 3.0-4.6
V. However, with the VEC+LiTFSI electrolyte, the LCO cathode cannot charged to 4.4
V at the first charge process. Furthermore, as shown in Fig. Sb and S9a, the LCO/CSE-
5/Li battery exhibits the galvanostatic charge/discharge curves with the initial discharge
capacity of ~175 mA h/g, indicating the practical application of CSE for high energy
SSLBs with high-voltage cathode materials. However, as the high catalytic effect of
cobalt oxide at high charge potential, the CSE-5 was oxidized and easily to be
decomposed [65]. Besides, the structure of LCO material is extremely unstable after
repeated charging/discharging at this charge potential [66, 67]. Thus, the cycling
stability of solid-state LCO/CSE-5/Li battery is not satisfactory when the cathode

material is charged to 4.6 V.
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In order to enhance the lifetime, the solid-state LCO/CSE-5/Li battery was evaluated in
the voltage range of 3.0-4.5 V at 25 °C. As shown in Fig. Sc¢, the LCO/CSE-5/Li battery
shows the initial discharge capacity of ~153 mA h/g and initial Coulombic efficiency
of ~75%. The LCO/PVEC-PE/Li battery displays a similar discharge capacity, but the
overpotential between charge and discharge potentials is much higher than that of
LCO/CSE-5/Li battery. The low overpotential of LCO/CSE-5/Li battery should be
attributed to the high ti" with uniform distribution of ion concentration, which can
reduce the side reaction between electrolyte and electrodes, and decrease the
polarization of battery. Furthermore, the rate performances of solid-state batteries have
been compared with the current densities increase from 0.1C to 0.5C (Fig. 5d). The
LCO/CSE-5/Li battery exhibits the specific capacity of ~114 mA h/g at 0.5C, which is
much higher than that of LCO/PVEC-PE/Li battery at the same current density. As the
polarization effect, the capacity decreases with the increase of current densities, and the
overpotentials of the battery also increase simultaneously (Fig. S9b). However, the
discharge capacity of LCO/CSE-5/Li battery can recover to ~150 mA h/g when the
current density returns to 0.1C, indicating the enhanced interface compatibility between

polymer electrolyte and high-voltage cathode materials.

The cycling stabilities of solid-state batteries have also been compared (Fig. Se and
S9¢). The LCO/CSE-5/Li battery still keeps the high capacity retention of ~94% over
200 cycles. However, the discharge capacity of LCO/PVEC-PE/Li battery decays
dramatically over 50 cycles, and the battery is no longer able to work. Furthermore, the
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cycling stabilities of SSLBs with LCO cathode materials that charged to 4.5 V have
been compared in Table S2, in which all the batteries are evaluated at 25 °C. Obviously,
the LCO/CSE-5/Li battery shows the best performances among the different SSEs
based batteries. The outstanding cycling stability of LCO/CSE-5/Li battery should be
attributed to the enhanced anti-oxidation ability of electrolyte and favorable interface
compatibility between electrolyte and the electrodes. Moreover, the structure and
morphology of LCO material after 200 cycles were analyzed. From the XRD patterns
and SEM images, there is no obvious structure change and crack of the cathode particles
after long cycles (Fig. S10). The stable structure of LCO cathode material is also

beneficial for the long cycling stability of solid-state battery.

The solid-state LCO/CSE-5/Li battery was also tested at different temperature,
including 40 °C and 5 °C (Fig. S11). The battery delivers a high discharge capacity of
~158 mA h/g at 40 °C, and even ~125 mA h/g at 5 °C. The relatively high capacity at
low temperature should be originated from the high ionic conductivity of CSE, which
shows the potential application in the wide temperature range. Moreover, the
electrochemical energy storage of solid-state LCO/CSE-5/Li battery has been explored
by the pouch cell. Impressively, the cell can light up 70 light-emitting diode (LED)
lamps that made the logo of “BJUT” (Fig. S12a). In particular, the pouch cell can still
operate normally without short circuit or starting fire after cutting-oft (Fig. S12b).
Therefore, this CSE with wide electrochemical stability window and high ionic
conductivity can be successfully applied for the high-voltage cathode materials, then
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the solid-state batteries offer high energy density and favorable electrochemical

performances.

4. Conclusions

In summary, the composite solid electrolyte with wide electrochemical stability window
up to ~5.0 V and high ionic conductivity of ~1.35x1073 S/cm at 25°C has been reported
by the integration of SiO> nanoparticles and PVEC-PE. The enhanced anti-oxidation
ability of polymer electrolyte was mainly caused by the local intermolecular
interactions of hydrogen bonds that formed among components in composite electrolyte,
and has been confirmed by theoretical calculations and experimental results. The
composite electrolyte can be applied for high-voltage LiCoO> cathode material with
charge potential of 4.5 V, and the corresponding solid-state battery shows the high
capacity retention of ~94% after 200 cycles at 25 °C. Therefore, this study has not only
proved the importance of intermolecular interactions for wide electrochemical stability
window, but also provided the effective strategy to enhance the interface compatibility

between polymer electrolyte and high-voltage cathodes for high-energy SSLBs.
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Graphical Abstracts

Hydrogen Bonds Enhanced Composite Polymer Electrolyte for High-Voltage
Cathode of Solid-State Lithium Battery
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Highlights

1. The composite solid electrolyte (CSE) possesses wide electrochemical stability
window of 5.0 V and high ionic conductivity of ~1.35x10" S/cm at 25 °C.

2. The enhanced anti-oxidation ability originates from the local intermolecular
interactions of hydrogen bonds in CSE.

3. The solid-state lithium batteries show high capacity retention of ~94% after 200

cycles with the cut-off voltage 4.5 V at 25 °C.
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