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Shengliang Hu' and Weifeng Wei**

" School of Materials Science and Engineering, North University of China, Taiyuan, China, 2 State Key Laboratory of Powder
Metallurgy, Central South University, Changsha, China

A new class of freestanding cross-linked hybrid polymer electrolytes (HPEs) with POSS
as the cross-linker was prepared by a one-step free radical polymerization reaction.
Octavinyl octasilsesquioxane (OV-POSS) with eight functional corner groups was used
to provide cross-linking sites for the connection of polymer segments and the required
mechanical strength to separate the cathode and anode. The unique cross-linked
structure offers additional free volume for the motion of EO chains and provides fast and
continuously interconnected ion-conducting channels along the nanoparticles/polymer
matrix interface. The HPE exhibits the highest ionic conductivity of 1.39 x 1073 Sem~',
as well as excellent interfacial compatibility with the Li electrode at 80°C. In particular,
LiFePO4/Li cells based on the HPE deliver good rate capability and long-term cycling
performance with an initial discharge capacity of 152.1 mAh g~' and a capacity retention
ratio of 88% after 150 cycles with a current density of 0.5 C at 80°C, demonstrating great
potential application in high-performance LIBs at elevated temperatures.

Keywords: solid-state lithium ion batteries, cross-linked, polymer electrolyte, poly (ethylene oxide), POSS

INTRODUCTION

Currently, lithium ion batteries (LIBs) have attracted intensive attention by virtue of the high
output voltage, low self-discharge rate, large energy density, no memory effect, and environmental
friendly nature (Dunn et al., 2011; Qu et al., 2014; Xu, 2014; Zhang et al., 2018). As an important
component of LIBs, the electrolyte affects the specific energy, charge/discharge performance, cycle
life, safety performance, and production cost of the battery (Zhou et al., 2014; Li et al,, 2017;
Fan et al., 2018). The leakage and explosive nature of traditional organic electrolyte solvents for
commercial LIBs could cause excessive charge/discharge, short circuit and overheat, resulting
in the fire or explosion safety concerns (Quartarone and Mustarelli, 2011; Wang et al., 2017;
Qu et al., 2018). Polymer electrolytes (PEs) show great advantages in broadening the working
temperature range, extending the service life, improving safety performance and flexibility of
multifunctional structure and shape design (Ramesh and Ling, 2010; Samulski, 2011; Young et al,,
2014). However, compared with liquid electrolyte, PEs exhibit low ionic conductivity at room
temperature (<107° S cm~!) and poor interfacial compatibility with electrode materials, resulting
in the electrochemical cycle degradation and successive capacity fading (Nakayama et al., 2010;
Khurana et al., 2014). Therefore, high performance electrolyte materials have become an active
research area for lithium-ion battery applications.
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Nanoparticle-containing hybrid polymer electrolytes (HPEs)
by grafting/blending nanofillers, such as ceramic particles
or surface-modified nanoparticles, have been considered as
promising candidates to improve the ionic conductivity, since
nanoparticles could provide new pathways for lithium ion
migration (Ahn et al.,, 2003; Khurana et al., 2014; Shim et al.,
2014). Furthermore, nanoparticles could act as a protective
layer against interfacial side reactions to enhance the interfacial
compatibility between electrode and electrolyte materials (Shim
etal., 2015; Ma et al., 2016). Among them, polyhedral oligomeric
silsesquioxane (POSS), consisting of inorganic framework and
organic functional groups, has attracted significant interest as
an effective nanofiller to improve the ion conductivity owing to
its unique multiple chain-ended structure and highly ordered
nanoscale organic/inorganic hybrid structure (Kuo and Chang,
2011; Wang et al., 2011). Several studies have shown that POSS-
based HPEs exhibit high ionic conductivity and thermal stability
and improved dimensional stability and interfacial compatibility,
which demonstrates the potential application in LIBs (Kim et al.,
2012, 2013; Kwon et al.,, 2014; Shim et al,, 2014; Wei et al,
2014; Villaluenga et al., 2015). For example, Kwon et al. prepared
organic/inorganic hybrid semi-interpenetrating network (semi-
IPN) polymer electrolytes (HIPEs) based on poly(ethylene oxide-
co-ethylene carbonate) (PEOEC) and POSS for all-solid-state
lithium battery applications and the study showed that the HIPEs
exhibit improvement in ionic conductivity along with enhanced
dimensional stability due to the presence of the rigid and bulky
POSS moiety (Kwon et al., 2014). Kim et al. have reported a
series of organic/inorganic block and random hybrid polymer
electrolytes containing POSS and PEG moieties, which exhibited
enhanced ionic conductivity as well as dimensional stability
due to the nanophase separation forming the ion-conducting
channels (Kim et al., 2012).

Different from most of the reported polymer electrolytes with
POSS as a nanofiller, here a new class of freestanding cross-linked
HPE membranes with POSS as the cross-linker was prepared
by a one-step free radical polymerization reaction based on our
previous work (Zhang et al., 2016b). Octavinyl octasilsesquioxane
(OV-POSS) with eight functional corner groups was used
to provide cross-linker sites for the connection of polymer
segment and the needed mechanical strength to separate the
cathode and anode. Compared to PEGMEM/SMA polymer
electrolyte, such cross-linked HPEs of PEGMEM/SMA-g-POSS
with POSS as the cross-linker exhibit high ionic conductivity,
stable interfacial compatibility and improved cycling stability and
rate performance in solid-state LIBs.

EXPERIMENTAL SECTION

Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGMEM,
M, = 936g mol~!), stearyl methacrylate (SMA, M, = 338g
mol™1), octavinyl octasilsesquioxane (OV-POSS, M, = 633g
mol~!) and lithium bis(trifluoromethane sulfonamide) (LiTFSI)
were purchased from Sigma-Aldrich. LiTFSI was stored in a
desiccator and dried under vacuum condition at 120°C for 12h
before used. Tetrahydrofuran (THF), 2,2-azobisisobutyronitrile

(AIBN), ethyl acetate and petroleum ether, purchased from
Sinopharm Chemical Reagent Co., Ltd., were used as received.

Synthesis of PEGMEM/SMA-g-POSS

Copolymer

Organic/inorganic hybrid copolymers of PEGMEM/SMA-g-
POSS were synthesized via free radical polymerization, as shown
in Scheme 1. PEGMEM (2.5704 g, 85 wt%), SMA (0.4536 mL, 15
wt%) and AIBN (0.5 wt% of total mass) were dissolved in 8 mL of
ethyl acetate to obtain solution A. Various amounts of OV-POSS
(0.0775g, 0.1592 g, 0.2452 g, 0.336 g) were dissolved in 8 mL of
THEF to form solution B. Solutions A and B were mixed in a 50 mL
three-neck flask equipped with a condenser and the mixture was
heated to 70°C in an oil bath under constant stirring and N,
atmosphere. After 10h, the resultant mixture was dissolved in
THF and precipitated in petroleum ether for three times. The
final product was dried at 60°C for 12 h in vacuum oven and then
the copolymers of PEGMEM/SMA-g-POSS were obtained.

Prepare of the Hybrid Polymer Electrolytes

(HPEs)

PEGMEM/SMA-g-POSS copolymers and LiTFSI with a desired
[EO]/[Li] molar ratio were dissolved in THF and then poured
into the Teflon mold with groove. The mixed solution was
transferred to the fume hood and stood for 12h at room
temperature. The HPEs were obtained after the mixture was dried
in vacuum oven at 100°C for 12 h. And then the HPEs with cross-
linked branching structure with POSS as the cross-linker were
obtained, as shown in Scheme 1, and stored in glove box for
further used. The thickness of polymer electrolyte membrane is
around 200 pm.

Materials Characterizations and

Electrochemical Measurements

'H NMR analysis (Avance III 400 MHz Digital NMR
spectrometer) was used to characterize the structure of
HCPs. Gel permeation chromatography (GPC) test (Waters
515-2410 instrument) was used to measure the molecular weight
of HCP. Thermogravimetric analysis (TG) (TA-SDTQ600, 10°C
min~! under N, flow) was performed to assess the thermal
stability. Field emission scanning electron microscopy (FE-SEM)
analysis (Nova Nano SEM230) was carried out to investigate the
microstructure of electrolytes.

Symmetric stainless steel/HPE/stainless steel cells were
assembled to measure the ionic conductivity of HPEs using
a PARSTAT 4000 system (Ametek Advanced Measurement
Technology INC.) over the frequency range of 0.1 Hz—100 kHz
from 25 to 80°C with a perturbation voltage of 10mV. Linear
sweep voltammetry (LSV) was taken on stainless steel/HPE/Li
cells to estimate the electrochemical stability of HPEs at a scan
rate of 5mV s~!. The symmetric Li/HPE/Li cells were fabricated
to evaluate the interfacial stability between the electrolyte
and lithium electrode. LiFePO4/HPE/Li coin cells were also
assembled to investigate the electrochemical performance of
HPEs in LIBs. Energy-type LiFePO4 was purchased from a
reliable commercial source. The mixture of LiFePOy4 (80 wt%),
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SCHEME 1 | Synthesis of freestanding cross-linked HPE membrane.

carbon black (10 wt%), and PVDF (10 wt%) was dispersed in N-
methyl-2pyrrolidone (NMP) to form a slurry. Subsequently, the
resultant slurry was coated onto aluminum foil, and then dried
under vacuum at 110°C for 12 h to remove the residual NMP. The
diameter of LiFePOy, cathode, electrolyte membrane and Li metal
electrode in the coin cell is 12, 18, and 16 mm, respectively. The
galvanostatic charge/discharge tests were carried out in a battery
testing system (LANHE CT2001A, Wuhan LAND electronics
Co., PR China) between 2.5 and 3.7 V at different rates.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization

of Hybrid Copolymers (HCPs)

'H NMR spectrum of the copolymers with the POSS molar ratio
of 5% (HCP-5) is shown in Figure 1. All the resonance peaks in
Figure 1 are assigned to each proton of the HCP-5. The signals
of g at 3.41-4.32 ppm are assigned to the characteristic proton
of CH,-CH;-O (EO) units in PEGMEM segments (Shim et al.,
2014), while the resonance peak of e at 1.23 ppm is assigned to
the characteristic proton of CH; units in SMA segments (Zhang
etal.,, 2016b). The protons from the reacted vinyl protons of POSS
could be observed at 1.92 ppm (a). However, all the eight vinyls
of POSS do not fully participate in the polymerization reaction

since the multiple resonance signals of i and j at 5.88-6.07 ppm
are assigned to the unreacted vinyl protons of POSS (Xu et al.,
2005). The 'H NMR spectrum indicates that the HCPs combine
the structural characteristic of PEGMEM, SMA and POSS. The
POSS mole contents of HCPs can be estimated on the basis of 'H
NMR spectrum, as shown in following equation (Equation 1):

POSS mol% = [(i+j/3 +14/2)/81/[Ui+j/3 + 1a/2)/8
+1./34,1,/76] (1)

where [;1; represents the integral area of the resonance peaks
at 5.88-6.07 ppm from the unreacted vinyl protons of POSS, I,
represents the integral area of the resonance peaks at 1.92 ppm
from the reacted vinyl protons of POSS, I, represents the integral
area of the resonance peak of protons from CH; units in SMA
segments at 1.23 ppm and I, represents the integral area of the
resonance peak from the protons of CH,-CH,-O (EO) units in
PEGMEM segments at 3.41-4.32 ppm. The calculated values of
various POSS mole contents are summarized in Table 1.

Gel permeation chromatography (GPC) was used to measure
the molecular weight of HCPs and the results are summarized in
Table 1. The molecular weights (M,,) of are in the range of 13.2—-
14.8 x 1072 g mol~! and values of polydispersity index (PDI)
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FIGURE 1 | TH NMR spectrum of HCP-5.
TABLE 1 | Synthesis results of HCPs with different POSS contents.
Samples POSS POSS POSS Yied My PDI®
(Wt%)? (mol%)? (mol%)P (Wt%) (x103gmol—1)°

HCP-2.5 2.5 3.31 3.02 72.9 13.5 1.30
HCP-5 5 6.57 6.24 69.5 13.2 1.28
HCP-7.5 7.5 9.78 9.05 66.3 14.1 1.29
HCP-10 10 12.93 12.18 67.5 14.8 1.23

aFeed ratio. P Estimated based on 'H NMR spectroscopy. °Determined by GPC results.

are ranging from 1.23 to 1.30, suggesting that the distribution of
molecular weights for these HCPs was quite narrow.

Morphology of HPEs

Figure 2 shows the SEM image and EDX mapping results of
HPEs. Red represents C element mainly from PEGMEM chains,
green represents F element derived from LiTFSI, and blue
represents Si segments derived from OV-POSS. It can be found
that the HPEs exhibit a smooth surface and the C, F, and Si
elements dispersed in HPEs evenly, demonstrating that the HPEs
were prepared successfully.

Thermal and Electrochemical Stabilities

Thermal and electrochemical stabilities are two important
parameters used to estimate the safety of the electrolyte. As
shown in the inset of Figure 3A, a colorless, transparent and
freestanding electrolyte membrane was obtained. Figure 3A
compares the TG results of the copolymer containing 5% POSS
(HCP-5) and without POSS (PEGMEM/SMA) from 30 to 600°C.
The degradation temperature of HCP-5 is 298°C while that
of PEGMEM/SMA copolymer is 239°C, indicating that the
addition of POSS moieties could improve the thermal stability

of the copolymers (Xu et al., 2005). HCP-5 has a char yield of
6.6% at 600°C, which is higher than that of PEGMEM/SMA
copolymer (2.3%) due to the combustion residues of POSS.
The electrochemical window of the electrolyte based on HCP-
5 is evaluated using LSV at 25, 80, and 120°C, as shown
in Figure 3B. The oxidative decomposition potentials of 5.62,
534, and 527V vs. Li/Li* can be observed at 25, 80, and
120°C, respectively, suggesting that the electrolyte is less stable
at high temperatures. Even so, such electrolyte still exhibits a
high stable electrochemical window (>5.0V vs. Li/Li*) at high
temperatures, demonstrating great potential in high-potential
LIB applications.

Conductivity of HPEs

Symmetric stainless steel/HPE/stainless steel cells were
assembled to measure the ionic conductivity of HPEs using
a PARSTAT 4000 system. The ionic conductivity was obtained by
the following equation (Equation 2):

o =L/SR (2)
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where L and S were the thickness and area of the HPEs
respectively, and R was the bulk resistance of the HPEs obtained
from the Nyquist plot. The ionic conductivities of HPEs with
various POSS contents (2.5 wt.% POSS, 5 wt.% POSS, 7.5 wt.%
POSS, 10 wt.% POSS) at different LiTFSI concentrations were
investigated, as shown in Figure 4. For all the samples, the ionic
conductivity first increases with increasing the LiTFSI content,
and then decreases with further increasing the lithium salt
concentration. The maximum values of the conductivity were
observed for HPEs with a [EO]/[Li] ratio of 10/1. Both the
mobility of EO segments and the number of charge carriers have

effect on the ionic conductivity of the electrolyte (Dissanayake
et al., 2003; Panday et al, 2009). The number of charger
carriers plays an active role at low LiTFSI content, so the ionic
conductivity increases with increasing the LiTFSI content since
the addition of LiTFSI could produce more charge carriers
(Zhang et al., 2016a). However, when the concentration of
LiTFSI exceeds a certain threshold, the number of effective
charge carriers begins to decrease with increasing LiTFSI content
since it may be prone to forming ion pairs or ion aggregates.
Meanwhile, the increase of intermolecular interactions between
the lithium cations and the EO chains could also lead to a
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FIGURE 4 | Temperature-dependent ionic conductivity of HPEs with various POSS contents at different LiTFSI concentrations: (A) 2.5 wt.% POSS, (B) 5 wt.% POSS,
(C) 7.5 wt.% POSS, (D) 10 wt.% POSS.

decline in the mobility of EO chains (Singh and Bhat, 2003).
As observed in other studies (Singh and Bhat, 2003; Ma et al.,
2016; Zhang et al., 2016a,b), this phenomenon involves a trade-
off between the number of charge carriers and the mobility of EO
segments.

Figure 5A° shows the temperature-dependent ionic
conductivity of HPEs with various POSS contents at [EO]/[Li]
of 10/1. It is noted that the ionic conductivity increases with
the addition of POSS, up to a maximum when the POSS
content is 5 wt.%, and then decreases with further increase of
the POSS content. The HPE containing 5 wt.% POSS exhibits
the highest ionic conductivity of 3.94 x 107> S cm™! at
25°C and 1.39 x 107* S cm™! at 80°C, much higher than
that of the PEGMEM/SMA polymer electrolyte (Table 2) and
other PEO based solid polymer electrolytes (Table S1). As
discussed in other studies (Croce et al., 1998; Zhu et al., 2014),
the addition of hybrid particles to polymer matrix with an
optimized concentration results in the highest conductivity.
The introduction of the POSS hybrid particles significantly
improves the ionic conductivity by disrupting the order of EO
segments and increasing the free volume for Li* migration at
low POSS content. Simultaneously, additional segmental motion

TABLE 2 | lonic conductivity at 25 and 80°C and other parameters for the HPEs
with various POSS contents at [EO]/[Li] of 10/1 derived from the VTF fit.

Sample Conductivity (S cm~1) A Ea To

25°C 80°C (Scm~1K'2) (KImol-') (K)
PEGMEM/SMA2 2,02 x 107° 4.04 x 1074 1.01 11.01 233
25wt.% POSS  3.62 x 107° 7.65 x 1074 2.16 6.23 226
5wt.% POSS  3.94 x 107° 1.39 x 1078 3.64 4.01 213
7.5wt.% POSS 2.43 x 107 8.33 x 107 1.87 6.22 219
10wt.% POSS  3.49 x 107° 6.79 x 1074 1.69 735 224

aFrom our previous work (Zhang et al., 2016b).

of EO chains grafted on POSS particles provide new pathways
along the nanoparticles/polymer matrix interface for lithium
ion transport, as illustrated in Figure 6B. However, when the
POSS particles content exceeds 5 wt.%, the ionic conductivity
begins to decrease since the bulky POSS groups cannot provide
channels for Lit migration and the excess POSS nanoparticles
will occupy the free volume, resulting in the decline of EO chain
mobility.
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FIGURE 5 | (A) Temperature-dependent ionic conductivity of HPEs with various POSS contents with [EQ)/[Li] of 10/1; (B) VTF fitting results of HPEs based on HCP

Temperature-dependent ionic conductivity of HPEs obeys the
Vogel-Tamman-Fulcher (VTF) equation (Equation 3):

Fa 3)

P T = To)

o = AT /2

Where A is the pre-exponential factor, reflecting the number of
charge carriers (Ratner et al., 2000); T is the testing temperature;
E, is the activation energy; k is Boltzmann constant (8.314 x 10~
kJ mol~! K~1) and stands for is the equilibrium glass-transition
temperature (Panday et al., 2009).

Table 2 shows the ionic conductivity at 25 and 80°C and
other parameters for the HPEs with various POSS contents at
[EOJ/[Li] of 10/1 derived from the VTF fit. The highest value
of A (3.64S cm™! K'/2) and conductivity (3.94 x 107> S cm™!
at 25°C and 1.39 x 107> S cm™! at 80°C) are observed for the
HPE containing 5 wt.% POSS, indicating that the introduction
of POSS could facilitate the transmission of charge carriers by
increasing free volume for the motion of EO chains. However,
the ionic conductivity decreases with the further increase of
POSS, since the bulky POSS segments act as a barrier to restrain
the migration of charge carriers. The value of E, in Table 2
is between 4.01 and 11.01 kJ mol~!, which is in agreement
with the value for solid polymer electrolyte (Lin et al., 2013;
Wu et al, 2014; Daigle et al.,, 2015). The lowest E, (4.01 KJ
mol™!) and Ty (213K) also could be observed for the HPE
containing 5 % POSS. Figure 5B shows the comparison between
the experimental data and VTF fitting results for HPE with
5 % POSS and PEGMEM/SMA copolymer and it could be
observed that the experimental result of conductivity is definitely
consistent with the fitting equation. Consequently, the HPE
with 5% POSS content at [EO]/[Li] of 10/1 exhibits the highest
conductivity and was used for the following electrochemical
tests.

The improvement in ionic conductivity for the HPE with 5%
POSS content can be attributed to the reduced crystallinity of
the EO groups. Figure 6A shows the typical DSC analysis of the
hybrid polymer electrolyte containing 5% POSS and without
POSS (0% POSS). Various parameters of melting temperature

(T;), melting enthalpy (AHp,) and degree of crystallinity (X)
obtained from DSC are summarized in Table S2. Notably,
the hybrid polymer electrolyte containing 5% POSS possesses
the lower degree of crystallinity, which could be attributed
to the strong interactions between polymer segments and
POSS nanoparticles. In contrast to PEGMEM/SMA polymer
electrolyte, PEGMEM/SMA-g-POSS  copolymer electrolyte
exhibits unique cross-linked structure and the steric hindrance
effect among POSS groups offers additional free volume for
the motion of EO chains. Previous research in our laboratory
has showed that the addition of POSS increase the amorphous
fraction of the copolymer (Zhang et al., 2016a), and the unique
cross-linked structure also facilitates the reduction of the
crystallinity of EO segments (Ma et al., 2016). Meanwhile, the
branches of SMA and PEGEME segments grafted on the surface
of the POSS particles allow for additional segmental motion
and provide low energy, fast and continuously interconnected
ion-conducting channels along the nanoparticles/polymer
matrix interface for Lit transport, resulting in higher
ionic transmission efficiency, as schematically illustrated in
Figure 6B.

Interfacial Stability of HPE/Li Interface

Interfacial stability between polymer electrolyte and electrode
materials is the key factor to affect the performance of lithium
ion batteries. Polarization testing with a constant current density
of 0.1mA cm™2 for a Li/Li symmetric cell was carried out
to investigate the interfacial stability at 25 and 80°C. As
shown in Figure 7, the polarization voltage at 0.1 mA cm™2 is
~0.698 and 0.046V at 25 and 80°C, respectively. When the
current density increases to 0.2mA cm™2, polarization voltage
presents ~1.288 and 0.144V at 25 and 80°C, respectively.
No obvious fluctuations could be observed during the whole
cycling process, demonstrating that such HPE exhibits stable
interfacial compatibility with lithium metal electrode and
shows great potential for application in high performance
LIBs.
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FIGURE 7 | Polarization test for Li/Li symmetric battery with a constant
current density of 0.1 and 0.2 mA cm=2 at 25 and 80°C.

Battery Performance

LiFePOy4/Li coin cells using HPEs with 5 wt.% POSS content were
assembled for evaluating the battery performance. Figure 8A
shows the discharge curves for LiFePO4/Li coin cell under
various C-rates with a charge current density of 0.1 C at 80°C.
Discharge capacities of 154 mAh g~! were achieved at 0.1C
and ~140 mAh g! could be observed at 0.2, 0.5, 1, and
2C, and the flat potential plateaus could also be observed up
to 2C rate. Even at higher discharg rates of 5 and 10C, the
discharge capacities of 99 and 61 mAh g~! could still be obtained,

respectively. Figure 8B presents a comparison of charge and
discharge performance under different circulatory rates. The
capacity decreases when the current density increases from 0.2 C
to 5C, and then recovers to its original value when the current
density back to 0.2 C. Figure 8C presents the long-term cycling
performance of LiFePOy4/Li battery assembled using HPEs with
5 wt.% POSS content with a current density of 0.5C at 80°C.
Note that the cell delivers an initial discharge capacity of 152.1
mAh g~! with a capacity retention ratio of 88% after 150 cycles
and the coulombic efficiency of ~99% could be observed in the
charge/discharge process, which is higher than other PEO-based
solid polymer electrolyte (Table S1). The results indicate that the
cells display great potential application in high-performance LIBs
at elevated temperatures.

CONCLUSION

A new class of freestanding cross-linked HPEs with POSS
as the cross-linker was prepared by a one-step free radical
polymerization reaction. PEGMEM/SMA-g-POSS HPEs exhibit
unique cross-linked structure and provide low energy, fast
and continuously interconnected ion-conducting channels
along the nanoparticles/polymer matrix interface. Compared
to PEGMEM/SMA polymer electrolyte, such cross-linked
HPEs exhibit enhanced thermal and electrochemical stabilities,
improved ionic conductivity and interfacial compatibility.
Moreover, LiFePO4/Li cells assembled using HPEs with 5 wt.%
POSS content delivers not only good rate capability but also
enhanced long-term cycling performance at 80°C, displaying
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FIGURE 8 | (A) Discharge curves for LiFePO,4/Li battery assembled using HPEs with 5% POSS content under various C-rates with a charge current density of 0.1C
at 80°C; (B) Charge and discharge performance of LiFePO,4/Li battery assembled using HPEs with 5% POSS content under different circulatory rates at 80°C;
(C) Cycling performance of LiFePO,4/Li battery assembled using HPEs with 5% POSS content with a current density of 0.5C at 80°C.

great potential application in high-performance LIBs at elevated
temperatures.

AUTHOR CONTRIBUTIONS

JZ and CM carried out the experimental work and the data
collection and interpretation. XL participated in the design and
coordination of experimental work, and acquisition of data. YL
and HW participated in the study design, data collection, analysis
of data and preparation of the manuscript. YW, SH, and WW
carried out the study design, the analysis and interpretation of
data and drafted the manuscript. All authors read and approved
the final manuscript.

REFERENCES

Ahn, J. H., Wang, G. X,, Liu, H. K,, and Dou, S. X. (2003). Nanoparticle-dispersed
PEO polymer electrolytes for Li batteries. J. Power Sources 119-121, 422-426.
doi: 10.1016/S0378-7753(03)00264-7

Croce, F., Appetecchi, G. B., Persi, L., and Scrosati, B. (1998). Nanocomposite
polymer electrolytes for lithium batteries. Nature 394, 456-458.
doi: 10.1038/28818

Daigle, J.-C., Vijh, A, Hovington, P., Gagnon, C. Hamel-Piquet, ],
Verreault, S., et al. (2015). Lithium battery with solid polymer electrolyte

ACKNOWLEDGMENTS

The authors would like to acknowledge financial support
from Shanxi Province Science Foundation for Youths (No.
201701D22108, No. 201701D221085), National Natural Science
Foundation of China (21703209) and North University of China
Fund for Scientific Innovation Team.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00186/full#supplementary-material

based on comb-like copolymers. J. Power Sources 279, 372-383.
doi: 10.1016/j.jpowsour.2014.12.061

Dissanayake, M., Jayathilaka, P., Bokalawala, R., Albinsson, I., and Mellander,
B.-E. (2003). Effect of concentration and grain size of alumina filler
on the ionic conductivity enhancement of the (PEO)9 LiCF3 SO3:
Al2 O3 composite polymer electrolyte. J. Power Sources 119, 409-414.
doi: 10.1016/S0378-7753(03)00262-3

Dunn, B., Kamath, H., and Tarascon, J.-M. (2011). Electrical energy storage for
the grid: a battery of choices. Science 334, 928-935. doi: 10.1126/science.

1212741

Frontiers in Chemistry | www.frontiersin.org

May 2018 | Volume 6 | Article 186


https://www.frontiersin.org/articles/10.3389/fchem.2018.00186/full#supplementary-material
https://doi.org/10.1016/S0378-7753(03)00264-7
https://doi.org/10.1038/28818
https://doi.org/10.1016/j.jpowsour.2014.12.061
https://doi.org/10.1016/S0378-7753(03)00262-3
https://doi.org/10.1126/science.1212741
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhang et al.

Solid-State Electrolyte for Batteries

Fan, L., Wei, S., Li, S., Li, Q., and Lu, Y. (2018). Recent progress of the solid-
state electrolytes for high-energy metal-based batteries. Adv. Energy Mater.
8:1702657. doi: 10.1002/aenm.201702657

Khurana, R., Schaefer, J. L., Archer, L. A., and Coates, G. W. (2014). Suppression of
lithium dendrite growth using cross-linked polyethylene/poly(ethylene oxide)
electrolytes: a new approach for practical lithium-metal polymer batteries. J.
Am. Chem. Soc. 136, 7395-7402. doi: 10.1021/ja502133j

Kim, D.-G., Shim, J., Lee, J. H., Kwon, S.-J., Baik, J.-H., and Lee, J.-
C. (2013). Preparation of solid-state composite electrolytes based on
organic/inorganic hybrid star-shaped polymer and PEG-functionalized POSS
for all-solid-state lithium battery applications. Polymer 54, 5812-5820.
doi: 10.1016/j.polymer.2013.08.049

Kim, S.-K., Kim, D.-G,, Lee, A., Sohn, H.-S., Wie, J. ., Nguyen, N. A,, et al. (2012).
Organic/inorganic hybrid block copolymer electrolytes with nanoscale ion-
conducting channels for lithium ion batteries. Macromolecules 45, 9347-9356.
doi: 10.1021/ma301404q

Kuo, S.-W., and Chang, F.-C. (2011). POSS related polymer nanocomposites. Prog.
Polymer Sci. 36, 1649-1696. doi: 10.1016/j.progpolymsci.2011.05.002

Kwon, S.-J., Kim, D.-G., Shim, J., Lee, J. H., Baik, J.-H., and Lee, J.-C.
(2014). Preparation of organic/inorganic hybrid semi-interpenetrating network
polymer electrolytes based on poly(ethylene oxide-co-ethylene carbonate)
for all-solid-state lithium batteries at elevated temperatures. Polymer 55,
2799-2808. doi: 10.1016/j.polymer.2014.04.051

Li, S., Qu, B,, Huang, H., Deng, P., Xu, C,, Li, Q,, et al. (2017). Controlled synthesis
of iron sulfide coated by carbon layer to improve lithium and sodium storage.
Electrochim. Acta 247, 1080-1087. doi: 10.1016/j.electacta.2017.07.106

Lin, Y., Li, J., Lai, Y., Yuan, C., Cheng, Y., and Liu, J. (2013). A wider temperature
range polymer electrolyte for all-solid-state lithium ion batteries. RSC Adv. 3,
10722-10730. doi: 10.1039/c3ra40306h

Ma, C., Zhang, J., Xu, M., Xia, Q., Liu, J., Zhao, S., et al. (2016). Cross-
linked branching nanohybrid polymer electrolyte with monodispersed TiO2
nanoparticles for high performance lithium-ion batteries. J. Power Sources 317,
103-111. doi: 10.1016/j.jpowsour.2016.03.097

Nakayama, M., Wada, S., Kuroki, S., and Nogami, M. (2010). Factors affecting
cyclic durability of all-solid-state lithium polymer batteries using poly(ethylene
oxide)-based solid polymer electrolytes. Energy Environ. Sci. 3, 1995-2002.
doi: 10.1039/c0ee00266f

Panday, A., Mullin, S., Gomez, E. D., Wanakule, N., Chen, V. L., Hexemer,
A., et al. (2009). Effect of molecular weight and salt concentration on
conductivity of block copolymer electrolytes. Macromolecules 42, 4632-4637.
doi: 10.1021/ma900451e

Qu, B., Deng, P., Yang, J, He, W, Li, S, Zhou, W., et al. (2018). Tin
assisted Sb2S3 nanoparticles uniformly grafted on graphene effectively
improved sodium ion storage performance. Chemelectrochem 5, 811-816.
doi: 10.1002/celc.201800016

Qu, B, Ma, C, Ji, G, Xu, C,, Xu, J., Meng, Y. S, et al. (2014). Layered SnS2-
reduced graphene oxide composite — a high-capacity, high-rate, and long-
cycle life sodium-ion battery anode material. Adv. Mater. 26, 3854-3859.
doi: 10.1002/adma.201306314

Quartarone, E., and Mustarelli, P. (2011). Electrolytes for solid-state lithium
rechargeable batteries: recent advances and perspectives. Chem. Soc. Rev. 40,
2525-2540. doi: 10.1039/c0cs00081g

Ramesh, S., and Ling, O. P. (2010). Effect of ethylene carbonate on the
ionic conduction in poly(vinylidenefluoride-hexafluoropropylene) based solid
polymer electrolytes. Polymer Chem. 1,702-707. doi: 10.1039/b9py00244h

Ratner, M. A., Johansson, P., and Shriver, D. F. (2000). Polymer electrolytes:
ionic transport mechanisms and relaxation coupling. Mrs Bull. 25, 31-37.
doi: 10.1557/mrs2000.16

Samulski, E. T. (2011). Polymer electrolyte membranes: diffusion realigned. Nat.
Mater. 10, 486-487. doi: 10.1038/nmat3059

Shim, J., Kim, D.-G., Kim, H.J., Lee, J. H., and Lee, J.-C. (2015). Polymer composite
electrolytes having core-shell silica fillers with anion-trapping boron moiety
in the shell layer for all-solid-state lithium-ion batteries. ACS Appl. Mater.
Interfaces 7, 7690-7701. doi: 10.1021/acsami.5b00618

Shim, J., Kim, D.-G., Lee, J. H., Baik, J. H., and Lee, J.-C. (2014). Synthesis
and properties of organic/inorganic hybrid branched-graft copolymers and

their application to solid-state electrolytes for high-temperature lithium-ion
batteries. Polym. Chem. 5, 3432-3442. doi: 10.1039/C4PY00123K

Singh, T. J., and Bhat, S. V. (2003). Morphology and conductivity studies of a
new solid polymer electrolyte: (PEG) x LiClO 4. Bull. Mater. Sci. 26, 707-714.
doi: 10.1007/BF02706768

Villaluenga, I., Chen, X. C., Devaux, D., Hallinan, D. T., and Balsara, N. P. (2015).
Nanoparticle-driven assembly of highly conducting hybrid block copolymer
electrolytes. Macromolecules 48, 358-364. doi: 10.1021/ma502234y

Wang, A., Xu, H,, Liu, X,, Gao, R., Wang, S., Zhou, Q., et al. (2017). The synthesis
of a hyperbranched star polymeric ionic liquid and its application in a polymer
electrolyte. Polymer Chem. 8, 3177-3185. doi: 10.1039/C7PY00499K

Wang, F., Lu, X,, and He, C. (2011). Some recent developments of polyhedral
oligomeric silsesquioxane (POSS)-based polymeric materials. J. Mater. Chem.
21, 2775-2782. doi: 10.1039/C0OJMO02785E

Wei, K., Li, L., Zheng, S., Wang, G., and Liang, Q. (2014). Organic-inorganic
random copolymers from methacrylate-terminated poly(ethylene oxide)
with 3-methacryloxypropylheptaphenyl polyhedral oligomeric silsesquioxane:
synthesis via RAFT polymerization and self-assembly behavior. Soft Matter 10,
383-394. doi: 10.1039/C3SM51531A

Wu, H.-Y., Saikia, D., Chao, H.-Y., Fang, J., Tsai, L.-D., and Kao, H.-M.
(2014). Synthesis, dynamic properties and electrochemical stability of organic-
inorganic hybrid polymer electrolytes with double core branched structures
based on polyether, cyanuric chloride and alkoxysilane. Electrochim. Acta 138,
30-40. doi: 10.1016/j.electacta.2014.06.066

Xu, H,, Yang, B., Wang, J., Guang, S., and Li, C. (2005). Preparation, thermal
properties, and tg increase mechanism of poly(acetoxystyrene-co-octavinyl-
polyhedral oligomeric silsesquioxane) hybrid nanocomposites. Macromolecules
38, 10455-10460. doi: 10.1021/ma0516687

Xu, K. (2014). Electrolytes and interphases in Li-ion batteries and beyond. Chem.
Rev. 114, 11503-11618. doi: 10.1021/cr500003w

Young, W.-S., Kuan, W.-F,, and Epps, T. H. (2014). Block copolymer electrolytes
for rechargeable lithium batteries. J. Polymer Sci. Part B: Polymer Phys. 52, 1-16.
doi: 10.1002/polb.23404

Zhang, J., Ma, C,, Liu, J., Chen, L., Pan, A., and Wei, W. (2016a). Solid polymer
electrolyte membranes based on organic/inorganic nanocomposites with star-
shaped structure for high performance lithium ion battery. J. Membr. Sci. 509,
138-148. doi: 10.1016/j.memsci.2016.02.049

Zhang, J., Ma, C,, Xia, Q., Liu, J., Ding, Z., Xu, M., et al. (2016b). Composite
electrolyte membranes incorporating viscous copolymers with cellulose
for high performance lithium-ion batteries. . Membr. Sci. 497, 259-269.
doi: 10.1016/j.memsci.2015.09.056

Zhang, Q., Chen, H., Luo, L., Zhao, B., Luo, H., Han, X,, et al. (2018).
Harnessing the concurrent reaction dynamics in active Si and Ge to achieve
high performance of lithium-ion batteries. Energy Environ. Sci. 11, 669-681.
doi: 10.1039/C8EE00239H

Zhou, G, Li, F., and Cheng, H.-M. (2014). Progress in flexible lithium batteries
and future prospects. Energy Environ. Sci. 7, 1307-1338. doi: 10.1039/C3EE4
3182G

Zhu, Z., Hong, M., Guo, D., Shi, J., Tao, Z., and Chen, J. (2014). All-
solid-state lithium organic battery with composite polymer electrolyte
and pillar[5]quinone cathode. J. Am. Chem. Soc. 136, 16461-16464.
doi: 10.1021/ja507852t

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer, BQ, and handling Editor declared their shared affiliation.

Copyright © 2018 Zhang, Li, Li, Wang, Ma, Wang, Hu and Wei. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

10

May 2018 | Volume 6 | Article 186


https://doi.org/10.1002/aenm.201702657
https://doi.org/10.1021/ja502133j
https://doi.org/10.1016/j.polymer.2013.08.049
https://doi.org/10.1021/ma301404q
https://doi.org/10.1016/j.progpolymsci.2011.05.002
https://doi.org/10.1016/j.polymer.2014.04.051
https://doi.org/10.1016/j.electacta.2017.07.106
https://doi.org/10.1039/c3ra40306h
https://doi.org/10.1016/j.jpowsour.2016.03.097
https://doi.org/10.1039/c0ee00266f
https://doi.org/10.1021/ma900451e
https://doi.org/10.1002/celc.201800016
https://doi.org/10.1002/adma.201306314
https://doi.org/10.1039/c0cs00081g
https://doi.org/10.1039/b9py00244h
https://doi.org/10.1557/mrs2000.16
https://doi.org/10.1038/nmat3059
https://doi.org/10.1021/acsami.5b00618
https://doi.org/10.1039/C4PY00123K
https://doi.org/10.1007/BF02706768
https://doi.org/10.1021/ma502234y
https://doi.org/10.1039/C7PY00499K
https://doi.org/10.1039/C0JM02785E
https://doi.org/10.1039/C3SM51531A
https://doi.org/10.1016/j.electacta.2014.06.066
https://doi.org/10.1021/ma0516687
https://doi.org/10.1021/cr500003w
https://doi.org/10.1002/polb.23404
https://doi.org/10.1016/j.memsci.2016.02.049
https://doi.org/10.1016/j.memsci.2015.09.056
https://doi.org/10.1039/C8EE00239H
https://doi.org/10.1039/C3EE43182G
https://doi.org/10.1021/ja507852t
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Cross-Linked Nanohybrid Polymer Electrolytes With POSS Cross-Linker for Solid-State Lithium Ion Batteries
	Introduction
	Experimental Section
	Materials
	Synthesis of PEGMEM/SMA-g-POSS Copolymer
	Prepare of the Hybrid Polymer Electrolytes (HPEs)
	Materials Characterizations and Electrochemical Measurements

	Results and Discussion
	Synthesis and Structural Characterization of Hybrid Copolymers (HCPs)
	Morphology of HPEs
	Thermal and Electrochemical Stabilities
	Conductivity of HPEs
	Interfacial Stability of HPE/Li Interface
	Battery Performance

	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


