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Abstract
Polymer electrolytes have attracted widespread attention owing to their low cost and excellent processability. However, poly-
mer electrolytes have yet been widely applied in commercial batteries due to their own drawbacks, such as weak mechanical 
properties and lower ionic conductivity. In this paper, poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) was 
blended with polyethylene oxide (PEO) and polymethyl methacrylate (PMMA) to build a novel polymer matrix, and SiO2@
PMMA was doped into blended polymer matrix to form a composite polymer electrolyte named CPE-(SiO2@PMMA). The 
CPE-(SiO2@PMMA) performs superior electrochemical performance, such as a favorable electrochemical stability win-
dow (4.7 V vs Li/Li+), decent ionic conductivity (8.54 × 10–5 S cm−1 at 60 ℃), and excellent interface stability. The lithium 
metal battery LiNi0.8Co0.1Mn0.1O2/CPE/Li was fabricated to build a high specific energy system, which performs excellent 
cycling and C-rate performance compared to others polymer electrolytes. Capacity retention of LiNi0.8Co0.1Mn0.1O2/Li cell 
with CPE-(SiO2@PMMA) achieves 81.6% after 100 cycles, while CPE was broken with 100 cycles unfinished. All of the 
above favorable properties proved that PVDF-HFP/PMMA/PEO polymer matrix with SiO2@PMMA doped is a promising 
electrolyte candidate for flexible lithium metal batteries.

1  Introduction

Lithium metal batteries owing to their inherent advantages 
of high energy density are expected to be applied in many 
situations; however, the growth of lithium dendrites seri-
ously hinders the practical application of lithium metal 
batteries [1–3]. In addition, the flammable alkyl carbonate 
electrolyte solvent in the liquid electrolyte of lithium ion 
batteries still has safety hazards [4, 5]. We urgently need a 
series of substantial improvements to address these critical 
issues; an effective way to improve security is to use a solid-
state battery of non-flammable solid ionic conductor design. 
Therefore, solid electrolytes have attracted the attention of 
researchers around the world.

Solid polymer electrolytes turn out to be an effective way 
to address the problem mentioned above; they exhibit many 
advantages, such as non-toxicity, significant processing 

advantages, non-flammability, and the uniform deposition 
of lithium [4–8]. However, mediocre ionic conductivity at 
ambient temperature and weak mechanical properties greatly 
limit their actualization application [4, 6]. Multiple polymers 
have been investigated as solid polymer electrolytes matrix, 
such as polyethylene oxide (PEO), polymethyl methacrylate 
(PMMA), poly(vinylidene fluoride-co-hexafluoropropylene) 
(PVDF-HFP), poly(acrylonitrile) (PAN), and polymeric 
siloxanes (PSs) [5, 7–15]. Among these, PEO has advan-
tages in dimensional flexibility, high lithium salt solubility, 
excellent stability in contact with Li metal, and excellent 
mechanical properties. However, PEO is easily crystallized 
at low temperatures and the ionic conductivity is low at 
room temperature [4, 5, 7–9]. PMMA is a typical amorphous 
polymer, which has favorable dimensional stability, flexibil-
ity, and stable contact with lithium, but its poor mechanical 
properties hinder its practical application [10–15]. PVDF-
HFP has high dielectric and good electrochemical stabil-
ity; in addition, crystallinity has been reduced due to HFP 
component. But it is difficult to form a suitable solid-state 
polymer electrolytes with high ionic conductivity and the 
cost is still high [15, 16]. Therefore, a single-component 
polymer matrix cannot meet the requirements for practical 
application. Polymer blending [16–19], co-polymerization 
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[19, 20], and crosslinking [21, 22] are effective methods to 
enhance the performance of the polymer matrix. Polymer 
blending eliminates the shortcomings of the performance 
of the single polymer component, maintains their respec-
tive advantages, and then obtains a polymer material with 
excellent comprehensive properties. Tsao [16] found that the 
gel polymer electrolyte based on the blend polymer poly-
dimethylsiloxane (PDMS)/ poly(acrylonitrile) (PAN)/PEO 
exhibited high active Li+ transport number and excellent 
ionic conductivity. Idris [17] reported that amorphous poly-
mer PMMA blended with PVDF promoted the migration of 
lithium ion which increased ionic conductivity effectively, 
but led to the weak mechanical performance.

It is also acknowledged that the moderate addition of 
nanoscale inorganic fillers (SiO2 [23–26], TiO2 [27, 28], 
and Al2O3 [29]) can ameliorate the performances of poly-
mer electrolytes, including the mechanical strength, thermal 
stability, and ionic conductivity. Among these, SiO2 parti-
cles have been proven to efficiently improve electrochemical 
stability of Li/electrolyte interface [23–26]. However, due to 
the low Zeta potential and high surface energy of the nano-
inorganic particles, the particles are easily agglomerated. 
These agglomerated nanoparticles hardly exert the charac-
teristics possessed by the nanomaterials themselves, which 
will inevitably affect the ion conductivity of the composite 
electrolyte and electrochemical performances of the polymer 
battery [30]. Hence, how to disperse the nanoscale inorganic 
oxides in an appropriate content in the polymer matrix is a 
key issue. Nanoparticle coating is one of the effective ways 
to improve the dispersibility in polymer matrix [31–34]. Cao 
[32] prepared a nanocrystalline TiO2-PMMA hybrid mate-
rial hybridized with TiO2 sol-PMMA precursor by in-situ 
heating. The nanocrystalline mixture can be dispersed in the 
PVDF-HFP matrix and enhance the properties of the poly-
mer matrix PVDF-HFP in terms of pore distribution, elec-
trolyte absorption, and ionic conductivity. Zuo [33] grafted 
the amino group on the surface of the SiO2 nanoparticles, 
which improves the dispersion of the SiO2 nanoparticles in 
the polymer matrix, provides a good channel for the lithium 
ions, and improves the thermal stability of the separator.

In this paper, we describe a successful fabrication of 
organic–inorganic hybrid particles SiO2@PMMA by in-situ 
polymerization, and doped SiO2@PMMA into a blended 
matrix (PVDF-HFP/PEO/PMMA) to form a novel com-
posite polymer electrolyte. The coating layer of inorganic 
nanoparticles has the same composition with the blended 
polymer matrix which is PMMA, improving interface com-
patibility and dispersion of nanoparticles in polymer matrix 
effectively. A composite polymer electrolyte embedded with 
SiO2@PMMA nanoparticles showed great thermal stabil-
ity, a wide electrochemical window, good interfacial com-
patibility with lithium metal, and a high ion conductivity. 
Furthermore, a solid-state LiNi0.8Co0.1Mn0.1O2/Li half-cell 

was constructed, which delivered excellent cycling and rate 
performance compared with other electrolytes.

2 � Experimental section

2.1 � Synthesis of the hybrid particles SiO2@PMMA

Tetraethyl orthosilicate (TEOS, 98%) and ammonium 
hydroxide (28%) were analytical grade and used as 
received. Nano-SiO2 particles were prepared by modified 
Stober method according to the literature [35]. The nano-
SiO2 particles was modified with 3-(trimethoxysilyl) pro-
pyl methacrylate (MPS, 98%) by dispersing silica nano-
particles and MPS into 200-proof ethanol with the aid of 
stirring at room temperature for 48 h. The suspension was 
then purified by centrifugal washing using ethanol. Seeded 
emulsion polymerization was used to synthesize SiO2@
PMMA nanoparticles [36, 37]. In a typical synthesis, MPS-
modified nano-SiO2 particles, methyl methacrylate (MMA), 
sodium dodecyl sulfate (SDS, 99%), water, and 200-proof 
ethanol were mixed in a three-necked round-bottomed flask. 
After degassing with nitrogen in 50 ℃ to pre-emulsified for 
30 min, the mixture was heated to 80 °C, and then a potas-
sium persulfate (KPS) solution was injected into solution to 
initiate the polymerization. This reaction was maintained 
at 80 °C for 10 h. Centrifuged and washed particles repeat-
edly with absolute ethanol and acetone to remove unreacted 
MMA, and vacuum dried particles at 60 °C for 48 h.

2.2 � Preparation of composite polymer electrolyte

Solvent casting technique was used to prepare the com-
posite electrolyte as shown in Scheme  1. PVDF-HFP 
(Mw = 4 × 105, Sigma), PEO (Mw = 1 × 106, Aladdin), and 
PMMA (Mw = 35,000, Aladdin) were vacuum dried at 60 °C 
for 12 h before use. PVDF-HFP, PEO, and PMMA in an 
optimized mole ratio of 3:1:1 were dissolved in DMF–ace-
tonitrile (3:1 (v/v)) mixed solution by magnetic stirring over-
night at room temperature. Nano-SiO2@PMMA particles 
(4 wt% of polymer matrix) were well dispersed in DMF by 
ultrasonication for 20 min. Then, nano-SiO2@PMMA col-
loid and 2 wt% LiTFSI were added into the above solution, 
and the solution was stirred for 5 h to get a homogeneous 
solution. After sufficiently stirring, the slurry was cast in a 
Teflon disk. The solvent was slowly volatilized by passing 
nitrogen gas at room temperature for 24 h, and the polymer 
film was vacuum dried at 60–80 ℃ for 48 h, named CPE-
(SiO2@PMMA). The mechanical properties of the mem-
brane are stable and the polymer film obtained had a thick-
ness of about 40–60 μm, and the surface of the membrane 
was smooth and non-microporous. Meanwhile, polymer 
electrolytes with nano-SiO2 doped and without filler doped 
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were also prepared, named CPE-SiO2 and CPE. The dried 
CPE was stored in an argon-filled glove box before using.

2.3 � Assembly of cells

The LiNi0.8Co0.1Mn0.1O2/Li half cells were employed to test 
electrochemical performance. The cathode was prepared 
by 80 wt% LiNi0.8Co0.1Mn0.1O2 active material, 10 wt% 
Polyvinylidene Fluoride(PVDF), and 10wt% carbon black 
in N-methyl-pyrrolidone (NMP) as solvent, and the solu-
tion was stirred sufficiently in order to form a homogeneous 
slurry. The slurry was then cast on Al foil and dried at 80 °C 
for 12 h under vacuum. A cell was assembled in a 2032 
coin cell by sandwiching a composite electrolyte between a 
LiNi0.8Co0.1Mn0.1O2 cathode and a lithium metal anode in 
the argon-filled glove box. During assembly, 50 μl of elec-
trolyte was added to optimize the interface between the posi-
tive electrode and the electrolyte.

2.4 � Materials characterization

The functional group, chemical bond of SiO2 nanoparticles 
(SiO2, SiO2@PMMA) and different composite electrolyte 
membranes were recorded by Fourier transform infrared 
(FTIR) in the wavenumber between 4000 and 400 cm−1. 
X-ray photoelectron Spectroscopy (XPS, ESCALab250Xi, 
ThermoFisher-VG Scientific) was used to further confirm the 
composition of the as-prepared materials. The morphologies 
of SiO2 nanoparticles (SiO2, SiO2@PMMA) and different 

composite electrolyte membranes were examined by a field-
emission scanning electron microscope (SEM) and transmis-
sion electron microscopy (TEM). The content of PMMA 
in the SiO2@PMMA nanospheres and the thermal stability 
of the composite membrane were performed by Thermo-
gravimetric (TG) from 30 to 650 °C under a N2 atmosphere 
using a heating rate of 10 °C min−1. The crystallinity of the 
polymer was characterized by X-ray diffraction (XRD) using 
Cu Ka radiation. The diffraction angle (2θ) was set between 
10° and 80° with a scan speed of 10°min−1.

2.5 � Electrochemical measurement

The ionic conductivity of composite electrolyte was meas-
ured by electrochemical impedance spectroscopy (EIS) 
using a blocking symmetric steel/CPE/steel cell from 1 MHz 
to 0.01 Hz at temperature of 20–80 °C with an amplitude of 
10 mV. The ionic conductivity (σ) from the bulk resistance 
(Rb) can be calculated by equation:

where Rb and L are the electrolyte resistance and the 
thickness of the composite electrolyte, and S is the area con-
tact between composite electrolyte and electrode.

The linear sweep voltammetry (LSV) from 3.0 to 6.0 V 
with a scanning rate of 0.5 mV s−1 was performed using 
SS/electrolyte/Li cells. EIS was used to evaluate the inter-
facial compatibility with the lithium electrode by using 

� = L∕(Rb × S),

Scheme 1   Synthesis of SiO2@PMMA and the inorganic/organic composite polymer network
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Li/composite electrolyte/Li cell in different times. The 
frequency range is 100 kHz to 1 Hz and EIS amplitude is 
5 mV. All cells were assembled in a argon-filled glove box. 
The charge and discharge cycling testing and C-rate capabil-
ity were performed by a battery tester (CT 4008, Neware, 
China), and the voltage range is from 2.8 to 4.3 V, respec-
tively (1 C = 207 mAh g−1). All the cells were tested at 0.1, 
0.2, 0.5, 1, 2, 5 C for 10 cycles and finally return to 0.2 C at 
60 ℃ to test C-rate capability.

3 � Results and discussion

3.1 � Characterization of SiO2@PMMA nanoparticles

FTIR was used to survey the molecular composition of the 
SiO2 nanoparticles before and after the modification. As is 
shown in Fig. 1a, significant Si–O–Si asymmetric and sym-
metric stretching vibration absorption peaks can be observed 
at 1100 and 802 cm−1 [31]. The peak at 3437 cm−1 cor-
responds to the –OH stretching vibration peak [36]. After 
MMA monomers polymerize onto the surface of the SiO2 
nanoparticles as presented in Fig. 1b, a new peak appears 
at 1731 cm−1 corresponding to C=O bond from PMMA, 
and the peaks between 750 and 1300 cm−1 become broad 
owing to the –C–O–C– bonds stretching mode from PMMA 

[31, 36]. Meanwhile, the –OH stretching vibration peak 
at 3437 cm−1 still can be observed, indicating that sur-
face of SiO2@PMMA still exists –OH groups [38]. TG 
was employed to determine the weight ratio of inorganic/
organic hybrid nanocomposites. A rapid weight loss around 
300–400 °C can be found in Fig. 1b, which is primarily 
attributed to the dehydrogenation of PMMA [31, 32]. The 
inorganic SiO2 core remains after the decomposition of 
PMMA, indicating a weight ratio of about 60% for SiO2@
PMMA nanoparticles. Figure 1c, d reveals the XPS spectra 
of SiO2 and SiO2@PMMA nanoparticles. Figure 1c proves 
that SiO2 consists of Si and O elements, while it is obvious 
that the Si, C, and O elements appear in the full element 
scan of SiO2@PMMA. As shown in Fig. 1d, three obvious 
peaks of C 1s at 284. 8 eV, 286. 5 eV, and 288. 9 eV were 
assigned to C–C, C–O, and O–C=O bonds, which corre-
spond to the three structural carbons in the polymer PMMA 
[39]. Furthermore, the peak of Si 2p appears at 103.7 eV, 
which further proves that the Si element in SiO2@PMMA 
exists mainly in the form of SiO2.

Figure 2a shows the morphologies of SiO2 nanoparticles 
prepared by Stober method. It can be found that SiO2 nano-
particles are spherical with uniform particle size, which is 
consistent with the previous literature [36, 37]. The average 
particle diameter of SiO2 nanoparticles is about 120 nm. 
After grafting the MMA monomers onto the surface of 

Fig. 1   a FTIR spectra of SiO2 nanoparticles and SiO2@PMMA nanoparticles. b TG curves of SiO2 nanoparticles and SiO2@PMMA nanoparti-
cles. c XPS survey spectrum of SiO2 nanoparticles and SiO2@PMMA nanoparticles. d C1s, e Si 2p of SiO2@PMMA nanoparticles
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the SiO2 nanoparticles, the surface of the microsphere is 
obviously rougher than before. TEM was used in order to 
further determine the morphology of the surface coating; 
it can observed that the SiO2 nanoparticles have clearly dis-
tinguishable coating layers and the thickness is estimated 
to be ~ 20 nm. Combined with the results of Fig. 1, we can 
fully conclude that SiO2@PMMA nanoparticles have been 
successfully synthesized.

3.2 � Physical properties of the composite polymer 
electrolyte

The surface of nano-SiO2 usually contains a large number of 
–OH groups, and these -OH groups can act as a Lewis acid 
competing with lithium salt cations and provide more active 

Li+ [38]. Although PMMA grafts onto SiO2 nanoparticles, 
the surface still exists –OH groups, which can be confirmed 
by the broad peak around 3400 cm−1 in Fig. 1a. In addition, 
the –OH group that partially remained on the surface of SiO2 
can promote the capture of impurities in electrolyte, and the 
existing ester group of PMMA can improve ionic conductiv-
ity and phase boundary stability. Therefore, the interfacial 
interaction between the polymer matrix and the inorganic 
particles can be enhanced. SEM was conducted on the com-
posite electrolyte to investigate whether SiO2@PMMA was 
uniformly dispersed. The SEM images of the composite 
electrolytes are shown in Fig. 3a–f. It can be found from 
Fig. 3a, b that the surface of the CPE is dense and smooth. 
Figure 3c, d is SEM images of CPE-SiO2 prepared by mix-
ing nano-SiO2 into the polymer directly, in which we can 

Fig. 2   SEM images of a SiO2, b SiO2@PMMA. TEM images of c SiO2, d SiO2@PMMA
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found distinct aggregation of nano-SiO2 and inhomogeneous 
distribution. The surface morphology of the CPE-(SiO2@
PMMA) membrane presents a uniform morphology with-
out any bare SiO2 particles in Fig. 3c and f, indicating that 

the SiO2 particles are well dispersed and embedded in the 
polymer matrix. Besides, it can be found in Fig. 3 g, h that 
silicon (Si) element is mainly uniformly distributed on the 
surface of the CPE-(SiO2@PMMA) membrane comparing 

Fig. 3   SEM images of the a and 
b CPE, c and d CPE-SiO2, and 
e and f CPE-(SiO2@PMMA). 
g and h EDS mapping image 
of (c, e)
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with CPE-SiO2 membrane, confirming that the nanoparticles 
are well dispersed in the CPE-(SiO2@PMMA) membrane.

High degree of crystallinity obstructs the movement of 
polymer chain segments and further hinders the transpor-
tation of lithium ions. Figure 4a depicts X-ray diffraction 
(XRD) patterns of nano-SiO2 and three kinds of the CPE 
membranes. The XRD pattern for SiO2 nanoparticles exhib-
ited only a broadened peak around 26.64° with relatively 
weak intensity, demonstrating that the synthesized SiO2 nan-
oparticles have an amorphous phase. However, the charac-
teristic diffraction peak of the SiO2 nanoparticles cannot be 
found in the prepared CPE film even in the CPE-SiO2 film, 
which is mainly attributed to the Lewis acid–base interaction 
between the doped nanoparticles and the polymer matrix. It 
is also reported in other articles [31]. The sample of CPE 
shows broad diffraction peak at 15°–25° indicating CPE has 
a higher crystallinity. With the nanoparticles being doped 

into the polymer matrix, the characteristic diffraction peaks 
of CPE-SiO2 and CPE-(SiO2@PMMA) become weaker and 
disappear gradually. As depicted in Fig. 4c, the diffraction 
intensity of CPE-(SiO2@PMMA) is weakest because SiO2@
PMMA disrupts the crystallinity of the polymer. The results 
mentioned above indicate that the CPE-(SiO2@PMMA) has 
the most amorphous regions to transport Li+. Consequently, 
we can speculate that CPE-(SiO2@PMMA) membrane has 
the best electrochemical performance.

The thermal stability of the electrolyte is an important 
factor in determining the safety of the battery. Figure 4b 
demonstrates TG curves of three kinds of membranes. 
The decomposition temperature of the CPE-SiO2 is about 
330 °C, and the thermal decomposition temperature is sig-
nificantly higher than that of the membrane without nano-
SiO2 doped, which is owing to the decent chemical inert-
ness of the doped inorganic nanoparticles. The prepared 

Fig. 4   XRD image a and TG curves b of CPE membrane, CPE-SiO2 membrane, and CPE-(SiO2@PMMA) membrane, c Illustration of nano-
SiO2@PMMA disrupting polymer crystallinity
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SiO2@PMMA hybrid particles contain the organic compo-
nent MMA, which may cause the decomposition tempera-
ture of CPE-(SiO2@PMMA) to be lower than CPE-SiO2 
at a certain temperature. This phenomenon has also been 
discussed in other articles [31, 40]. The above results indi-
cate that the addition of suitable inorganic–organic hybrid 
particles can contribute to the thermal stability of the poly-
mer matrix. Meanwhile, the decomposition temperature 
of the CPE-(SiO2@PMMA) film up to 320 °C, which can 
completely meet the practical applications.

3.3 � Electrochemical stability and ionic conductivity

Plenty of high potential cathode materials have been devel-
oped in order to increase the energy density of batteries; 
however, most traditional electrolytes are difficult to match 
with these high voltage cathodes. The electrochemical work-
ing window of the assembled Li/CPEs/SS cells is inves-
tigated using LSV tests. As shown in Fig. 5, CPE, CPE-
SiO2 membrane decomposes at 4.3 V, 4.5 V, respectively, 
while CPE-(SiO2@PMMA) membrane is stable until 4.7 V, 
which is higher than other composite electrolytes. This 
phenomenon can be attributed to two reasons. Firstly, the 
inorganic nanoparticles can interact with polymer matrix 
and TFSI− anion to hold up their decomposition. Secondly, 
the uniformly dispersed SiO2@PMMA nanoparticles have 
the functional sites for crosslinking with polymer segments 
which could stabilize the interface between the polymer and 
the inorganic filler.

Figure 6a illustrates the ionic conductivities of CPE-
(SiO2-PMMA) membranes from 20 to 80 °C, and shows 
the corresponding equivalent circuit. With temperature 
increasing, the conductivity exhibits an obvious increase, 
which attributed to the gradual polymer softening process 
and the increasing Li+ movement in the polymer net-
work. It can be seen that the ionic conductivity is around 
8.54 × 10–5 S cm−1 at 60 °C, and the ionic conductivity 
further increases to 1.02 × 10–4 S cm−1 at 80 °C. The ionic 
conductivity from 20 ℃ to 80 ℃ is displayed on an Arrhe-
nius plot as shown in Fig. 6b; temperature dependence 
is non-linear and can be described by the Vogel–Tam-
man–Fulcher (VTF) model [41]. This non-linear behav-
ior suggest that the polymer chains are driving ion solva-
tion and transportation, and the transference of Li+ ions 
is a complex process involving ionic jumping between 

Fig. 5   LSV curves of the Li/CPEs/SS cells with the CPE, CPE-SiO2, 
and CPE-SiO2@PMMA membrane

Fig. 6   a Impedance spectra of CPE-(SiO2@PMMA) at different temperatures.  b Dependency of the ionic conductivity of CPE-(SiO2@PMMA) 
on the temperature
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different sites of polymer chain, the segmental motion of 
polymeric chains, and so forth [38, 41]. In order to keep 
the mechanical strength of the composite polymer mem-
brane, 60 °C was adopted as a measurement temperature 
in this study.

3.4 � Interfacial stability against lithium metal 
electrode

The interface stability between lithium metal electrode and 
electrolyte is very significant for lithium metal batteries’ 
application. As shown in Fig. 7 a, the interface resistances 
between CPE-(SiO2@PMMA) and lithium metal remained 
stable during 15 days than those between CPE and CPE-
SiO2, suggesting an excellent compatibility with lithium 
electrode. With the storage time increasing, the interface 
impedance of the CPE changed quickly, while that of CPE-
SiO2 and CPE-(SiO2@PMMA) continues to go up as well. 
However, when the SiO2 and SiO2@PMMA nanoparticles 
are doped into the polymer matrix, the interfacial resist-
ance can achieve a relatively stable value quickly in 15-day 
storage which may be owing to the slow formation of the 
SEI film between the electrodes and CPE, CPE-(SiO2@
PMMA) electrolyte. The interfacial resistance of CPE-
(SiO2@PMMA) increases from 115 Ω on the first day to 
1009 Ω after 15 days of storage, which is smaller than 
CPE-SiO2, indicating that the uniform SiO2@PMMA par-
ticles are helpful to form the low-impedance and steady 
SEI film on the surface of the electrodes to improve the 
cell performance. These results can be mainly attributed 
to the special size effect and excellent dispersibility of the 
added appropriate SiO2@PMMA nanoparticles; on one 
hand, the Lewis acid character of the added SiO2@PMMA 
nanoparticles would compete with the Lewis character 
of Li+ for the formation of complexes with the polymer 
chains, and on the other hand, SiO2@PMMA nanoparticles 
can absorb impurities such as trace of organic solvent and 
water which could enhance the interfacial stability.

3.5 � Cell performance

Applicability of the CPE in all solid battery was further 
evaluated by assembling a half-cell using Li0.8Co0.1Mn0.1 
O2 cathode and Li metal anode. As shown in Fig. 8a, the 
initial discharge capacity of cells with CPE, CPE-SiO2, 
CPE-(SiO2@PMMA) reach 140, 168, 182 mAh g−1 at 0.5C, 
respectively. The capacity of the cell with CPE decreases 
fast to 61 mAh g−1 after 76 cycles at 0.5 C and stop working; 
the reason is that the mechanical properties of the CPE are 
poor and the lithium dendrites may pierce the CPE mem-
brane during cycling. The cells with CPE-(SiO2@PMMA) 
exhibit excellent cycling performances, which remained 
above 81.7% capacity after 100 cycles at 0.5C, while the 
cell with CPE-SiO2 exhibits a poor cycling performance 
comparing with CPE-(SiO2@PMMA). These results may 
be caused by the unevenly distributed nano-SiO2 and are 
consistent with the results of XRD.

Figure  8a–e compares the rate capability of 
LiNi0.8Co0.1Mn0.1O2|Li cell with three types of electrolyte at 
various discharge rates. The cell with CPE-(SiO2@PMMA) 
exhibits a good rate performance; even at a discharge rate 
of 5 C, the discharge capacity remained at 105 mAh g−1, 
and when the discharge rate was switches to 0.2 C, the dis-
charge capacity could recover to the primary value, which 
is much better than the rate performance of the cells with 
CPE-SiO2 and CPE as shown in Fig. 8b–f. The reasons for 
these outstanding cyclic performance and rate capability 
are threefold. First, the improvement of cell performance is 
ascribed to the Lewis acid–base interaction between SiO2@
PMMA and the polymer matrix. SiO2@PMMA acts as a 
Lewis acid–base reaction center and forms a lot of tempo-
rary O/Li + or OH/[TFSI]− sites on the surface [42]. The 
transient formation–destruction of these temporary bonds 
not only promotes the dissociation of Li salt, but also 
provides additional sites for transporting Li+ in the CPE, 
providing more freely migrating Li+ [35, 40]. Second, the 
strong interaction between SiO2@PMMA and the polymer 
chain can effectively lock the polymer chain, modify the 

Fig. 7   Impedance spectra for the assembled Li/CPEs/Li cells for various storage times at 60 °C (a CPE; b CPE-SiO2; c CPE-SiO2@PMMA)
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Fig. 8   a Cycling performances of CPE, CPE-SiO2, CPE-SiO2@
PMMA at 0.5  C discharge rate. b Rate performance of CPE, CPE-
SiO2, CPE-SiO2@PMMA at different current densities. c–e Dis-
charge curves of the synthesized CPE, CPE-SiO2, CPE-SiO2@

PMMA samples, respectively, on cycling sequentially from 0.1 to 
5  C. f Evolution of normalized capacity as a function of discharge 
rate for three different composite membranes
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polymer conformation, prevent polymer chain recombina-
tion, and maintain the low crystallinity state of the poly-
mer matrix. Finally, PMMA-coated SiO2 can contribute a 
homogeneous distribution of SiO2 in composite electrolyte, 
avoiding the agglomeration of fillers, which provides a 
high ionic conductivity and improves interfacial stability. 
All these results proved that the CPE-(SiO2@PMMA) is a 
promising solid electrolyte for Li metal batteries to build a 
high-energy system.

4 � Conclusion

In conclusion, a high-performance composite polymer elec-
trolyte with SiO2@PMMA hybrid nanoparticles is demon-
strated in this research. SiO2@PMMA nanoparticles enhance 
the compatibility of nanoparticles with polymer matrix and 
promote migration of active Li+, and thus the CPE-(SiO2@
PMMA) electrolyte performs lower crystallinity, a high 
ionic conductivity, and excellent interfacial stability. The 
performance of LiNi0.8Co0.1Mn0.1O2/CPE/Li half-cell with 
CPE-(SiO2@PMMA) electrolyte is greatly enhanced com-
pared to those with other electrolytes. Its initial capacity 
is maintained at 148.6 mAh g−1 and capacity retention is 
81.7% after 100 cycles at 0.5 C, whereas the cell with CPE 
membrane was broken with 100 cycles unfinished. Even at 
high rate discharge condition (5 C), the specific capacity 
is 108.4 mAh g−1, which was better than that of the CPE 
cell being 34.5 mAh g−1. This work suggests that blended 
P(VDF-HFP)/PEO/PMMA-based polymer membrane doped 
with 4 wt% PMMA-coated SiO2 hybrid nanoparticles is a 
promising polymer electrolyte for the flexible lithium metal 
battery.
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