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Abstract 
The application of polymer electrolytes exists the problems of low room temperature ionic conductivity (<  10–4 S·cm−1) 
and high electrodes/electrolytes interface impedance. To solve the problems, one dendritic mesoporous silica nanoparticle 
(DMSN) is synthesized and added in gel polymer electrolyte (GPE) prepared by introduced the imidazole-based ionic liquid 
([BMIM]TFSI) in polymer electrolytes based on polyvinylidene fluoride (PVDF) and lithium salt (LiTFSI) to form a com-
posite polymer electrolyte (GPE@SiO2). With the DMSN, the ionic conductivity of GPE@SiO2 is elevated from 1.86 ×  10–4 
to 2.47 ×  10–4 S·cm−1 and the tensile strength is also heightened. Moreover, Li/GPE@SiO2/LiFePO4 battery with optimal 
electrolyte delivers higher discharge capacity of 138.33 mAh·g−1 than Li/GPE/LiFePO4 battery with discharge capacity of 
105.88 mAh·g−1 at 0.2C. The results indicate that the introduction of ionic liquids and DMSN can synergistically enhance 
the ionic conductivity, mechanical strength, and electrochemical performance of PVDF-based polymer electrolytes for 
lithium battery.
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Introduction 

Lithium batteries have attracted widespread attention in the 
fields of consumer electronics and electric vehicles due to 
their high energy density, high output voltage, stable cycle 
capacity [1–3]. However, lithium batteries in the market 
mainly use flammable and volatile traditional liquid organic 
carbonates in electrolytes. Under extreme conditions like 
heating and overcharging, safety problems such as electro-
lyte leakage and fire are probable to occur. Besides, lithium 

dendrites formed by irregular lithium metal depositing will 
also increase the risk of thermal runaway [4–6]. Therefore, 
the development of a novel high-safety electrolyte has been 
regarded as one of the most effective solutions to solve the 
safety problems of lithium batteries [7, 8].

Recently, the emergence of solid polymer electrolytes 
based on polymers such as polyvinylidene fluoride-hex-
afluoropropylene (PVDF-HFP) [9–11], polyethylene oxide 
(PEO) [12–14], polymethyl methacrylate (PMMA) [15–17] 
and polyvinylidene fluoride (PVDF) [18–21], and even 
lignocellulose (LC) and potato starch [22, 23], have good 
advantages of film-forming, flexibility, stable electrolyte/
electrode interface and easy fabrication [5, 24]. However, 
due to the low ionic conductivity (<  10–4 S·cm−1) and high 
interface impedance between the electrode/electrolyte at 
room temperature, the solid polymer electrolyte still hard 
meet the practical demand of lithium-ion batteries [25, 26]. 
For example, Armand [27] et al. reported that the ionic con-
ductivity of the PEO-based polymer electrolyte for lithium-
ion batteries is only  10–5 S·cm−1 at 40 °C. Thus, it was found 
in later studies that strategies such as adding plasticizers, 
introducing inorganic nanofillers, synthesizing block copoly-
mers, and cross-linking can significantly improve the practi-
cal problems of polymer electrolytes [21, 28–34].
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The preparation of gel polymer electrolyte (GPE) by add-
ing liquid plasticizer can increase the ionic conductivity of 
polymer electrolyte and further improve its flexibility and 
electrolyte/electrode interface contact [35–37]. As the plas-
ticizers of many polymer electrolytes, imidazole-based ionic 
liquid (IL) with high ionic conductivity at room temperature, 
high chemical and thermal stability, wide electrochemical 
window, and good plasticizing ability is prospective candi-
date material [25, 38–41]. For example, Huang [42] et al. 
doped IL  ([BMIM]BF4) into PVDF-HFP polymer matrix 
and successfully prepared IL composite polymer electro-
lyte with ionic conductivity as high as 5.26 ×  10–4 S·cm−1 by 
casting method. However, adding IL into GPE for improving 
ionic conductivity will decrease the mechanical strength. 
Fortunately, it is reported that the introduction of inorganic 
fillers that can be uniformly dispersed into the polymer 
matrix can simultaneously improve the ionic conductivity of 
the polymer electrolyte and effectively improve its thermal 
stability and mechanical properties [43–47]. The results of 
Chiang [48] et al. showed that  TiO2 nanotube blended with 
polymer electrolyte can form a composite polymer electro-
lyte which shows good mechanical strength, and its complex 
structure can significantly improve the ionic conductivity of 
the PVDF/LiPF6 polymer electrolyte.

To obtain one PVDF-based polymer electrolyte with 
more excellent comprehensive performance, we used IL 
([BMIM]TFSI) as a plasticizer to prepared a gel polymer 
electrolyte (GPE) based on PVDF matrix by casting method. 
The effect of IL on the performance of GPE was explored 
by adjusting the content of IL in GPE and further confirmed 
the optimal ratio. Although the ionic conductivity of GPE 
was improved with addition of IL, the mechanical strength 
decreased. For further improving the ionic conductivity and 
mechanical strength of polymer electrolyte, inorganic nano-
fillers (dendritic mesoporous silica nanoparticles, DMSN) 
with special structures were introduced into the as-prepared 

GPE to fabricate a composite polymer electrolyte (GPE@
SiO2) as shown in Fig. 1. The influences of DMSN on the 
physical and electrochemical properties of GPE@SiO2 were 
also discussed. Finally, the GPE@SiO2 with optimal compo-
nents was used to assemble Li/LiFePO4 battery to evaluate 
its charge–discharge rate capability and cycle performance.

Experiments

Materials

N-Methylimidazole (99%), n-Butyl bromide (98%), 
bis(trifluoromethylsulfonyl)imide lithium (LiTFSI, 99.0%), 
Tetraethyl orthosilicate (TEOS, 98%), Sodium salicy-
late (99%), Poly(vinylidene fluoride) (PVDF, average Mw 
400,000), (3-Chloropropyl) trimethoxysilane (CP, 99%), 
imidazole (98%) were purchased from Shanghai Macklin 
Biochemical Co. Ltd. (Shanghai, China). Ethyl acetate 
(99%), Hexadecyltrimethylammonium bromide (CTAB, 
99%), Triethanolamine (TEA, 85%), Ethanol (99%), N, 
N-Dimethylformamide (DMF, 99.5%), hydrochloric acid 
(HCl, 12 mol  L−1), methylbenzene (98%) were provided 
by Guangdong Guanghua Sci-Tech Co., Ltd. (Guangdong, 
China).

Preparation of PVDF‑based ionic liquid gel polymer 
electrolyte (GPE)

In this study, a solution casting method was used to prepare 
PVDF based GPE (PVDF + 25% LiTFSI) + X wt.% ([BMIM]
TFSI) (where X = 0, 20, 40, 60, 80 and 100). Firstly, PVDF 
(1.0 g) was dissolved into 8 ml of DMF and stirred mag-
netically until a homogeneous solution was obtained. Then, 
LiTFSI (250 mg) was dissolved in 2 ml of DMF to form 
0.45 M solution which was slowly added dropwise to the 

Fig. 1  Schematic illustration of 
GPE@SiO2
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above homogeneous solution with continued magnetic stir-
ring to mix uniformity. Subsequently, different mass frac-
tions of IL ([BMIM]TFSI) (0%, 20%, 40%, 60%, 80%, and 
100%) were mixed in the above-obtained uniform solution, 
and a series of light yellow uniform solutions were obtained 
after magnetic stirring for 18 h. Finally, GPE with different 
content of IL were obtained after vacuum drying at 60 °C for 
24 h followed the light yellow uniform solutions were casted 
on glass plate. According to the content of the added ionic 
liquid, the prepared GPE membranes were named GPE-0%, 
GPE-20%, GPE-40%, GPE-60%, GPE-80%, and GPE-100% 
respectively.

Preparation of dendritic mesoporous silica 
nanoparticles (DMSN) inorganic filler

For preparation of DMSN inorganic filler, cetyltrimethylam-
monium bromide (CTAB) was used as the surfactant. Firstly, 
TEA (0.27 g) was dissolved in deionized water (100 ml) 
in a flat-bottomed flask with magnetic stirring for 0.5 h at 
80 °C. Subsequently, sodium salicylate (0.67 g) and CTAB 
(1.52 g) were added to the above solution and stirring was 
continued for 1 h. Then, the solution gradually changed from 
clear to turbid after addition of ethyl orthosilicate (TEOS, 
16 ml) with stirring at 80 °C. The product was collected 
by high-speed centrifugation and washed alternately with 
deionized water and ethanol to remove residual reactants. To 
remove the surfactant CTAB, the washed product was dis-
persed in a mixed solution of hydrochloric acid and ethanol 
(HCl: Ethanol = 1: 9) with stirred at 80 °C followed by cen-
trifugal separation, then washed alternately with deionized 
water and ethanol for 2 ~ 3 times. The final product-dendritic 
mesoporous silica nanoparticles (DMSN) which present as 
white powder were obtained after vacuum drying at 60 °C.

Preparation of DMSN composite PVDF‑based ionic 
liquid GPE (GPE@SiO2)

On the basis of GPE-80%, GPE@SiO2 electrolytes were pre-
pared by introducing DMSN as the inorganic filler. Firstly, 
PVDF (1.00 g), LiTFSI (0.25 g) and [BMIM]TFSI (0.80 g) 
were successively dissolved in DMF with magnetic stirring 
at 45 °C to obtain a homogeneous solution which contains 
9 × 10

−4 mol LiTFSI in 1 g PVDF polymer matrix. Then, 
different mass of DMSN, which are 0 wt.%, 5 wt.%, 10 wt.% 
and 15 wt.% relative to PVDF, were evenly dispersed in 
DMF solution under the condition of magnetic stirring at 
45 °C for 24 h to form uniform slurries. Finally, translucent 
GPE@SiO2 electrolytes were obtained after vacuum drying 
at 60 °C for 48 h followed the uniform slurries were casted 
on glass plates. According to the mass fractions of the added 
DMSN inorganic filler, the as-prepared composite GPE@

SiO2 electrolytes were named GPE-80%, GPE@SiO2-5%, 
GPE@SiO2-10% and GPE@SiO2-15%, respectively.

Characterization of material structure and physical 
and chemical properties

TENSOR infrared spectrometer (Bruker, Germany) was 
utilized to record the infrared spectrum (FT-IR) of DMSN, 
providing information on its chemical structure and valence 
bonds. The microscopic morphology of DMSN and the 
surface morphology of the GPE were investigated by scan-
ning electron microscopy (SEM, FEI Quanta 400 FEG). The 
detailed internal structures of DMSN were performed by 
high-resolution transmission electron microscopy (TEM, 
Talos F200X, FEI). The crystal structure of GPE was deter-
mined by X-Ray diffractometer (XRD, D2 PHASER X, 
Bruker). The particle size of DMSN was analyzed by the 
ZEN3690 Zeta sizer Nano detector (Malvern, UK). The 
specific surface area and pore size distribution were char-
acterized by Brunauer–Emmett–Teller (BET) isothermal 
nitrogen adsorption–desorption test. The thermal decom-
position behavior and phase transition temperature of poly-
mer electrolyte were studied by thermogravimetric analyzer 
(TGA) and differential scanning calorimeter (DSC). And the 
mechanical properties of polymer electrolyte were identified 
by an electronic universal testing machine (INSTRON 3342, 
Instron, USA).

The electrochemical properties of GPE

The as-prepared polymer electrolyte membranes were cut 
into circular shape with the diameter of 19 mm for follow-
ing testing. All the electrochemical tests were conducted on 
the CS350H electrochemical work station system (Wuhan 
Corrtest Instruments Corp., Ltd, China).

(1) Ionic conductivity
  The electrolyte samples for measurement were sand-

wiched between two stainless steel electrodes (SS) to 
assemble SS/electrolyte/SS symmetrical CR2032 coin 
cells. The AC impedance spectroscopy (EIS) was 
recorded by the electrochemical work station with AC 
amplitude of 10 mV between the scan frequency range 
of 100 kHz-0.1 Hz at the temperature of 20 °C, 30 °C, 
40 °C, 50 °C, 60 °C, 70 °C and 80 °C respectively. 
According to formula (1), the ionic conductivity (σ) of 
the electrolyte membrane can be calculated,

  where Rb is the bulk impedance (Ω) obtained from 
EIS; L is the thickness (cm) of electrolyte membrane; 

(1)� =
L

Rb × S
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S is the contact area of the stainless steel electrode and 
electrolyte membrane  (cm2).

(2) Ionic migration activation energy
  The ionic conduction in the polymer electrolyte 

mainly occurs in the amorphous region above the glass 
transition temperature, so the effect of temperature on 
the transportation of ions in the polymer is noteworthy. 
The Arrhenius Eq. (2) was performed to describe the 
temperature dependence of ionic conductivity in poly-
mer electrolytes.

  In the formula, σ0 represents the pre-exponential fac-
tor which is related to the number of carriers, T is the 
thermodynamic temperature, k is the Boltzmann con-
stant, and Ea is the activation energy for ionic migra-
tion. The lower the activation energy indicates the 
lower the energy barrier for ion transportation in the 
system, which contributes to higher ionic conductivity. 
The activation energy  (Ea) can be calculated by formula 
(3) and (4) as follows.

  where, k is the slope of the obtained straight line by 
fitting, R is the gas constant.

(3) Electrochemical stability
  Linear sweep voltammetry (LSV) was used to meas-

ure the electrochemical stability of the electrolyte. The 
electrolyte membrane was assembled into a SS/elec-
trolyte membrane/Li asymmetric testing cell with SS 
as work electrode and lithium metal electrode (Li) as 
counter and reference electrode. The SS/electrolyte 
membrane/Li asymmetric testing cell was tested on the 
electrochemical work station from 2.0 V vs.  Li+/Li to 
6.0 V vs.  Li+/Li with a scan rate of 0.1 mV·s−1.

(4) Lithium ion transference number
  The lithium ion transference number ( tLi+ ) is a reflec-

tion of the current generated from the mobility of  Li+. 
The higher transference number indicates higher effi-
cient for the  Li+ transference, and lower polarization 
would be occurred. The AC impedance coupled with 
potentiostatic polarization method was used to deter-
mine tLi+ . For the measurement of tLi+ , a Li/electrolyte/
Li symmetrical cell was assembled with lithium metal 
electrode (Li) as work electrode, counter and reference 
electrode. Potentiostatic polarization of Li/electrolyte/
Li symmetrical cell was conducted on the electrochem-

(2)�(T) = �
0
exp

(

−Ea

kT

)

(3)lg� = lg�
0
−

Ea

−2.303 × 1000R
×
1000

T

(4)k =
Ea

−2.303 × 1000R

ical work station with a polarization voltage (ΔV) until 
a steady current (Is) was got. The initial current (Io) 
was obtained at the initial potentiostatic polarization. 
Before and after the potentiostatic polarization, the EIS 
were conducted to get the impedance before polariza-
tion (Ro) and after polarization (Rs) respectively. The 
tLi+ can be calculated by formula (4):

(5) Interfacial stability
  The interfacial stability between lithium metal elec-

trode (Li) and electrolyte is estimated by EIS. The Li/
electrolyte/Li symmetrical cell was assembled and 
tested on the electrochemical work station with 10 mV 
of amplitude in the scan frequency range of 100 kHz-
0.1 Hz at the temperature of 20 °C after different stor-
age time. The change of interface impedance with stor-
age time obtained from EIS could be used to evaluate 
the interfacial stability between lithium metal electrode 
(Li) and electrolyte.

The performance of Li/LiFePO4 battery

For testing the battery performance, Li/electrolyte/LiFePO4 
CR2032 coin batteries are assembled with as-prepared poly-
mer electrolytes, lithium anode and  LiFePO4 cathode which 
prepared by coating 80 wt.%  LiFePO4, 10 wt.% carbon black 
and 10 wt.% PVDF on an aluminum foil and tested on a bat-
tery test system (Shenzhen Neware Technology Limited., 
China). The rate performance of Li/electrolyte/LiFePO4 was 
performed between 2.5 V and 4.2 V vs.  Li+/Li at different 
charge/discharge current density of 0.1C, 0.2C, 0.5C and 
1.0C at room temperature. The charge–discharge cycle per-
formance for Li/electrolyte/LiFePO4 is conducted between 
2.5 V-4.2 V vs.  Li+/Li at the current density of 0.2C at room 
temperature.

Results and discussion

Physicochemical properties of inorganic filler 
dendritic mesoporous silica nanoparticle (DMSN)

It can be clearly seen from the SEM and TEM images of 
Fig. 2a–d that DMSN owns dendritic structure and uniform 
particle size with an average particle size of about 250 nm. 
The uniform particle size and dendritic structure with large 
specific surface area of DMSN is favourable for using in 
electrolyte to improve performance. Comparing with other 
silica nanoparticles [49], although the particle size of DMSN 
is bigger, but the porous structure, which contains abundant 

(4)tLi+ =
Is(ΔV − IoRo)

Io(ΔV − IsRs)
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inter-connective pores, would form a larger number of path-
ways when liquid electrolyte permeated into the pores for 
fast migration of  Li+. Moreover, from the SEM image of 
DMSN in Fig. 2b and the TEM images of Fig. 2c, d, it can 
be seen that the surface of DMSN with dendritic structure 
is rough and has abundant wrinkled structures caused by 
the removal of the micelle template. These wrinkled struc-
tures contribute to larger specific surface area which avails to 
enhancing contact area with polymer electrolyte to enhance 
the mechanical strength polymer electrolyte. Besides pro-
viding more channels for lithium ion transmission, the 
larger specific surface area can also increase the number of 

 TFSI− interacting with DMSN to promote the dissociation 
of the lithium salt and make more free  Li+ to participate 
in conduction for improving ionic conductivity [49–51]. 
These advantages are beneficial for polymer electrolytes to 
boost the performance of lithium battery. The energy disper-
sive X-ray spectroscopy (EDS) of DMSN in Fig. 2e, f only 
shows Si and O element, which confirms that the template 
is eluted completely and DMSN has been successfully pre-
pared. Besides, it is can be seen from the FT-IR spectrum 
of DMSN in Fig. 2g, the absorption peak at 1087  cm−1 is 
corresponded to the antisymmetric stretching vibration 
of the Si–O-Si bond, and the strong absorption peaks at 

Fig. 2  a, b SEM images of DMSN; c, d TEM images of DMSN; e, 
f The element distribution Si and O; g FT-IR spectrum of DMSN; h 
The chart of DMSN particle size distribution; i Isothermal nitrogen 

adsorption and desorption curve of DMSN (the inset showed the pore 
size distribution diagram)
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802  cm−1 and 465  cm−1 are related to the symmetric stretch-
ing vibration and bending vibration of the Si–O-Si bond in 
DMSN respectively [52, 53]. The broad absorption peaks at 
3448  cm−1 and 1636  cm−1 are ascribed to the asymmetric 
stretching vibration of the active -OH group on the surface 
of DMSN. These results also provide evidence for the suc-
cessful preparation of DMSN. What’s more, the asymmetric 
stretching vibration peak of -CH2- of CTAB at 2851  cm−1 is 
not observed in Fig. 2g, which shows that CTAB had been 
completely removed during the post-treatment process, and 
the influence of impurities in the subsequent electrochemical 
properties study were excluded. The average particle size 
got from dynamic light scattering (DLS) in Fig. 2h is about 
340 nm and is larger than that obtained from SEM and TEM 
images, which is due to the particle size got from DLS is 
hydration radius. More importantly, it also can be seen from 
Fig. 2h that the particle size of DMSN is uniform, which is 
consistent with the result from Fig. 2a–c. Figure 2i is the 
isothermal nitrogen adsorption and desorption curve of 
DMSN. As shown in Fig. 2i and the inset figure, DMSN 
is a typical IV-type isotherm with an H1 hysteresis ring, 
and the pore size is mainly distributed around 10.68 nm as 
shown in Table S1. In addition, the specific surface area 
of the nanoparticles is as high as 463.88  m2  g−1. The high 
specific surface area corresponding to the dendritic structure 

of DMSN is beneficial to improving the ionic conductivity 
of polymer electrolyte with DMSN.

The morphology, structure, mechanical property 
and ionic conductivity of GPE

The composition, morphology and structure of GPE are 
critical to its electrochemical performance. Figure 3a shows 
the photographs of GPE films prepared based on different 
ionic liquid contents. As seen from the Fig. 3a, the six elec-
trolyte membranes with smooth surface synthesized by 
adding various proportions of IL ([BMIM]TFSI) are trans-
lucent. Figure 3a shows no obvious damage in the photo-
graphs of as-prepared GPE with repeated folded-unfold, 
which reveals that GPE have excellent flexibility and pro-
cessability. The SEM images of GPE-80% are Fig. 3b and 
show numerous small pores on the surface, which may be 
ascribed to swelling of the polymer crosslinking network 
absorbing a large amount of the IL and phase separation 
during the evaporation [11, 54]. In consideration of the ionic 
conductivity is vital to electrolytes, the ionic conductivity 
of as-prepared GPE are got from their EIS in Fig. S1 and 
shown in Fig. 3c and Table S2. As shown in Fig. 3c, the 
ionic conductivity of GPE increases with the increasing of 
IL until to the maximum value of 1.57 ×  10–4 S  cm−1 at the 

Fig. 3  a  Photographs of PVDF@GPE prepared based on different 
ionic liquid contents; b The SEM images of GPE-80% electrolyte; c 
Ion conductivity of GPE with different content of IL ([BMIM]TFSI) 

at 20 °C; d XRD patterns of GPE-0% and GPE-80% electrolyte mem-
brane. e Stress–strain curve of GPE (Inset is the enlarged view of 
GPE-0%)
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content of 80% IL, then the ionic conductivity decreases 
with the increasing of IL. It is due to the increasing content 
of the IL as plasticizer would increase the consecutive liq-
uid phase in GPE for fast transference of  Li+, but the struc-
tural integrity of GPE would be destroyed when the content 
of IL is high enough and the ionic conductivity would be 
decreased. The GPE is formed by dissolving liquids in poly-
mer matrix, so the mechanical strength of GPE hardly hold 
their normal function when content of liquids plasticizer 
is too high, which is responsible for the decrease of ionic 
conductivity for measurement under some pressure. So the 
GPE with 80% IL (GPE-80%) is selected for further studies. 
To further reveal the effect of the IL on GPE, the prepared 
electrolyte membranes and pristine PVDF power are also 
analysed by XRD. Figure 3d shows the XRD patterns of 
pristine PVDF power, GPE-0% and GPE-80% electrolyte 
membranes. For pristine PVDF power, two small peaks at 
18.5° and 20.1° corresponding to α-phase PVDF appear in 
XRD pattern [55]. However, as can be seen from Fig. 3d, a 
wide dispersion peak appears in XRD patterns of GPE-0% 
and GPE-80%, indicating that the addition of lithium salt 
(LiTFSI) and IL makes GPE to be amorphous and is favour 
of movement of PVDF chain segment for improving the 
ionic conductivity of the electrolyte. Besides, the mechani-
cal strength of GPE will decrease with increasing of IL. 
As shown in Fig. 3e, the tensile strain of GPE with 80% IL 
increases from 3.5% to 200%, but the tensile strength falls 
from 7.5 MPa to 2.89 MPa dramatically. In consideration of 
the weak mechanical strength of GPE with high ionic con-
ductivity, DMSN is tried to be used to improve mechanical 
strength and electrochemical performance.

The morphology, structure, mechanical property, 
and ionic conductivity of GPE@SiO2

Basing on improvement of GPE-80%, DMSN is introduced 
to prepared  SiO2 composite polymer electrolyte mem-
branes (GPE@SiO2) and named them as GPE-80%, GPE@
SiO2-5%, GPE@SiO2-10%, GPE@SiO2-15% according 
to the content of DMSN (0 wt.%, 5 wt.%, 10 wt.% and 15 
wt.%). The surface photographs of GPE@SiO2 are shown 
in Fig. 4a and they are all colorless and translucent. As 
same as GPE shown in Fig. 3a, GPE@SiO2 also show no 
obvious damage after repeatedly folded-unfold in Fig. 4a, 
revealing excellent flexibility and processability. From 
the SEM images of GPE@SiO2-5% in Fig. 4b, c, it can be 
seen that DMSN nanoparticles are dispersed in the PVDF 
matrix and the energy spectrum of Si and O elements for 
GPE@SiO2-5% in Fig.  4d, e  also show the existing of 
DMSN, but the dispersion of DMSN nanoparticles is une-
ven with a few agglomerations. The ionic conductivity of 
GPE@SiO2 calculated from the EIS in Fig. S2 is shown 
in Fig. 4f and Table S3, which can be got from is that the 

ionic conductivity of GPE@SiO2 is improved to 2.47 ×  10–4 
S  cm−1 with 5 wt.% DMSN, then it decreases drastically 
with increasing of DMSN. The improved ionic conductivity 
for GPE@SiO2 is most likely due to the DMSN disturb the 
arrangement of the polymer segment and decrease the crys-
talline of polymer matrix [49, 56]. Besides, the larger spe-
cific surface area of dendritic DMSN which increases anion 
 (TFSI−) interacting with the silanol (Si–OH) of DMSN by 
Lewis acid–base interaction and lets more carriers  (Li+) to 
participate in conduction [51]. The  Li+ can move in poly-
mer electrolyte along the channels formed on the surface 
of DMSN with large specific surface area for fast transmis-
sion, which also contributes to the improved ionic conduc-
tivity [26, 33, 57, 58]. The improved ionic conductivity of 
GPE@SiO2 with 5 wt.% DMSN (GPE@SiO2-5%) also can 
be seen in Fig. 4g. Figure 4g shows that the temperature 
dependences of ionic conductivity for GPE-80% and GPE@
SiO2-5% obtained from Figure S3 and S4 all can linear fit 
with Arrhenius Eq. (3). The activation energy  (Ea) of GPE@
SiO2-5% calculated from the slope (k = -1.2454) of the fitted 
line is 23.74 kJ  mol−1 which is lower than that of GPE-80% 
with a value of 31.69 kJ  mol−1 calculated from the slope 
(k = -1.6538) as displayed in Table S4, indicating that  Li+ 
in GPE@SiO2-5% transfers more easily than in GPE-80% 
at low temperature. However, excess DMSN would occur to 
aggregation due to the large surface energy of DMSN par-
ticle, which decreases the specific surface area and hinders 
the transmission of  Li+ to decrease the ionic conductivity. 
Besides, the mechanical strength of GPE@SiO2 is studied 
and the results are shown in Fig. 4h. As shown in Fig. 4h, 
the mechanical strength of GPE@SiO2 is enhanced with 
the addition of DMSN and the tensile strength reaches the 
biggest value of 5.28 Mpa with 15 wt.% DMSN, which is 
almost 2 times as high as that of GPE-80%. While GPE@
SiO2-5% obtains a tensile strength of 3.84 MPa and tensile 
strain of 279.95%, which are also improved much compar-
ing with GPE-80% with a tensile strength of 2.89 MPa and 
tensile strain of 200%. In view of the highest ionic conduc-
tivity and moderate mechanical strength of GPE@SiO2-5%, 
GPE@SiO2-5% is used to do following studies. Moreover, 
it can be seen from Fig. 4i that the XRD pattern of GPE@
SiO2-5% shows almost a same wide dispersion peak between 
10° and 20° as GPE-80%, which indicates that the addition 
of dendritic mesoporous  SiO2 nanoparticles (DMSN) has no 
obvious effect on amorphism of GPE@SiO2-5%. However, 
it can be seen from XRD pattern in Figure S5 that the two 
small peaks at 18.5° and 20.1° for pristine PVDF become 
weak with addition of DMSN, which is due to the crys-
talline of PVDF is decreased by adding DMSN filler [59]. 
The results demonstrate that DMSN also can decrease the 
crystalline of PVDF to increase the ionic conductivity of 
polymer electrolyte.
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Fig. 4  a Photographs of GPE@SiO2-X% (X = 5, 10, 15) composite 
electrolyte; b, c  SEM images of GPE@SiO2-5% composite electro-
lyte; d, e The distribution of Si and O elements in GPE@SiO2-5% 
composite electrolyte; f  Ion conductivity of GPE with different con-

tent of IL ([BMIM]TFSI) at 20  °C; g Temperature dependence of 
ionic conductivity ( σ ) and Arrhenius linear fitting of GPE-10% and 
GPE@SiO2-5%; h Stress–strain curve of GPE-80% and GPE@SiO2; i 
XRD patterns of GPE@SiO2-X% composite electrolyte

3768 Ionics (2022) 28:3761–3775



1 3

Thermal stability of electrolytes

The thermal stability of GPE is one of the key indicators 
to evaluate its safety, which is related to the application 
of lithium battery in a wide temperature range. TGA and 
DSC are used to determine the thermal stability of the pre-
pared GPE. As shown as the TGA curve of GPE in Fig. 5a, 
it can be clearly observed that GPE-80% occurs weight 
loss between 200–300 °C, which is related to the thermal 
decomposition of [BMIM]TFSI. The following weight loss 
between 300–450 °C is attributed to the thermal decom-
position of lithium salt LiTFSI and the PVDF matrix [60, 
61]. The TGA curve of GPE@SiO2-5% is almost same with 
GPE-80% as shown in Fig. 5a, while the weight loss related 
to the decomposition of [BMIM]TFSI between 200 and 
320 °C and the weight loss attributed to the thermal decom-
position of LiTFSI and PVDF between 320 and 450 °C for 
GPE@SiO2-5% are different with GPE-80% [60, 61]. From 
the result of TGA, the thermal decomposition temperature 
of as-prepared GPE@SiO2-5% is about 200 °C, which can 
guarantee the safety of lithium battery with GPE@SiO2-
5% below the temperature of 200 °C. However, as the DSC 
curves shown in Fig. 5b, there is endothermic peak at around 
149 °C for three polymer electrolytes, which is related to the 
melt of them. The result indicates the GPE-80% and GPE@
SiO2-5% can keep normal electrochemical properties up to 
the temperature of 149 °C. In consideration of the improved 
ionic conductivity and mechanical strength for GPE@SiO2-
5% with DMSN, the thermal stability unaffected by DMSN 
is satisfactory result for GPE@SiO2-5% applied in lithium 
battery.

Electrochemical stability, lithium ion transference 
number and interfacial stability

The electrochemical stability of electrolytes is often 
described with the electrochemical window, which deter-
mines the operating voltage and energy density of lithium 
battery. The electrochemical windows of as-prepared poly-
mer electrolytes are obtained by linear sweep voltammetry 

(LSV) and the result is shown in Fig. 6a, b. As shown in 
Fig. 6a, b, there is no obvious current signal in the LSV 
curves of both electrolytes until the potential higher than 
4.3 V vs.  Li+/Li where the electrochemical oxidation can be 
occurred for the electrolytes. The limiting oxidation poten-
tial of GPE@SiO2-5% get from the LSV curves is 4.3 V vs. 
 Li+/Li which is a little lower than 4.5 V vs.  Li+/Li for GPE-
80%. The decreased oxidation potential for GPE@SiO2-5% 
may be attributed to the electrochemical oxidation of group 
on DMSN. The result reveals that the addition of DMSN 
has on obvious influence on the electrochemical stability of 
GPE@SiO2-5%, and the wide electrochemical windows of 
GPE-80% and GPE@SiO2-5% allow them to be assembled 
with cathode with moderate voltage, such as  LiFePO4 (LFP) 
with 3.6 V vs.  Li+/Li and  LiCoO2 (LCO) with 4.2 V vs.  Li+/
Li, to improve the operating voltage and energy density of 
lithium battery [62–66].

Lithium ion  (Li+) transference number ( tLi+ ) can present 
the efficiency of current produced by transference of  Li+. 
The tLi+ of GPE-80% and GPE@SiO2-5% can be obtained 
from chronoamperometry and ac impedance spectra (EIS), 
and the results are shown in Fig. 6c, d and Table 1. As the 
equivalent circuit shown in insets of Fig. 6c, d, the imped-
ance spectra contain semicircles at high frequency and low 
frequency, which are corresponding to passivation layer 
resistance  (Rp) and charge transfer resistance  (Rct) respec-
tively, and they make up interface resistance  (Rint). The  Rb 
represents the bulk resistance of electrolyte and its value can 
be got from the intercept on the real axis at high frequency. 
As shown in Fig. 6d and Table 1, the initial current (Io) and 
resistance (Ro) before polarization for GPE@SiO2-5% are 
0.032 mA and 591 Ω, then the steady current (Is) and resist-
ance (Rs) after polarization with a polarization voltage ( Δ 
V) become 0.028 mA and 586 Ω. The tLi+ of GPE@SiO2-5% 
calculated with formula (4) is 0.26 which is smaller than that 
of GPE-80% with 0.24 got from Fig. 6c. The increased tLi+ 
for GPE@SiO2-5% is attributed to that the silanol (Si–OH) 
on the acidic surfaces of DMSN will compete interact with 
anions  (TFSI−) of lithium salt by Lewis acid–base interac-
tion, which would lead more lithium salts to dissociate and 

Fig. 5  a TGA curve of polymer 
electrolytes; b DSC curves of 
polymer electrolytes
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Fig. 6  LSV curves of as-prepared GPE-80% (a) and GPE@SiO2-5% 
(b); Chronoamperometry curves of GPE-80% (c) and GPE@SiO2-
5% (d) (Insets are the ac impedance spectra before and after polari-

zation); Interfacial resistance of Li/GPE-80%/Li (e) and Li/GPE@
SiO2-5%/Li (f) at different storage time at 20 °C (Inset is AC imped-
ance spectra of Li/GPE/Li after different storage time)

Table 1  Lithium ion 
transference number of GPE-
80% and GPE@SiO2-5%

Sample Ro (Ω) Rs (Ω) Io (mA) Is (mA) Δ V (mV) t
Li

+

GPE-80% 770 801 0.02645 0.02423 20 0.24
GPE@SiO2-5% 591 586 0.03203 0.02817 20 0.26
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free more  Li+ for conduction [15, 26, 51, 57, 58, 67]. The 
increasing for tLi+ of GPE@SiO2-5% is favorable for decreas-
ing the effect of polarization during the charge–discharge of 
lithium battery to enhance the capacity and safety.

Stable interfacial property between electrolyte and elec-
trode can improve the capacity, safety and performance of 
lithium battery. Figure 6e, f shows the change of interfacial 
resistance  (Rint) for GPE-80% and GPE@SiO2-5%, which 
can reveal the interfacial stability of electrolyte and lithium 
electrode. The interfacial resistances are composed of pas-
sivation layer resistance  (Rp) and charge transfer resistance 
 (Rct) as shown in inset of Fig. 6e, f. As shown in Fig. 6e, f, 
the interfacial resistances of GPE-80% and GPE@SiO2-5% 
decrease firstly until  3rd day, subsequently increase with stor-
age time and finally steady around 284 Ω and 132 Ω respec-
tively. The interfacial resistance decreasing in first 3 days is 
due to the polymer electrolytes infiltrate to electrode, while 
the increase of interfacial resistance is ascribed to the for-
mation of passivation layer (SEI). The formation of stable 
passivation layer (SEI) can prevent the irreversible reaction 
between electrolyte and electrode, which can increase the 
capacity and suppress the growth of lithium dendrites for 
improving safety of lithium battery. In the Fig. 6e, it can be 
seen that the interfacial resistance between GPE-80% and 
lithium electrode fluctuates with storage time. The inter-
facial resistances decrease from initial value of 286 Ω to 
265 Ω after 3 days storage time, and then it increases obvi-
ously to 304 Ω and steady around 283 Ω finally. However, as 
shown in Fig. 6f, the interfacial resistance between GPE@
SiO2-5% and lithium electrode decreases from initial value 

of 174 Ω to 142 Ω after 3 days and has no large fluctuation 
in the following storage time. The result reveals that the 
addition of DMSN nanoparticles improves the interfacial 
property between GPE@SiO2-5% and lithium electrode, 
which decreases the interfacial resistance and allows form 
more stable SEI.

Battery performance

To investigate the performance of the as-prepared polymer 
electrolytes in lithium batteries, Li/polymer electrolyte/
LiFePO4 batteries are assembled and their charge–discharge 
rate and cycle performance are measured. Figure 7 shows 
the rate performance of Li/GPE-80%/LiFePO4 battery and 
Li/GPE@SiO2-5%/LiFePO4 battery measured at differ-
ent rates. As shown in Fig. 7a, c, the capacity of batteries 
decrease with the increase of charge/discharge current den-
sity. The discharge capacity of Li/GPE@SiO2-5%/LiFePO4 
battery are 141 mAh·g−1, 135 mAh·g−1, 115 mAh·g−1, 66 
mAh·g−1, and 35 mAh·g−1 at discharge current density of 
0.1C, 0.2C, 0.5C, 1C, and 2C respectively. Besides, the dis-
charge capacity recover to 143 mAh·g−1 when the discharge 
current density return to 0.1C from 2C, showing perfect rate 
performance. While, Li/GPE-80%/LiFePO4 battery delivers 
discharge capacity of 98 mAh·g−1, 96 mAh·g−1, 85 mAh·g−1, 
70 mAh·g−1, and 29 mAh·g−1 at discharge current density of 
0.1C, 0.2C, 0.5C, 1C, and 2C respectively, and the discharge 
capacity recover to initial value when the discharge current 
density return to 0.1C from 2C. The decrease of capacity 
with the increase of charge/discharge current density is due 

Fig. 7  The charge and discharge 
specific capacity at different 
rates (a) and corresponding 
charge–discharge curves (b) 
for Li/GPE-80%/LiFePO4 bat-
tery; The charge and discharge 
specific capacity at different 
rates (c) and corresponding 
charge–discharge curves (d) for 
Li/ GPE@SiO2-5%/LiFePO4 
battery (The measurements 
are performed under room 
temperature)
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to the polarization in batteries. As shown in the charge–dis-
charge curves of Fig. 7b, d, the charge plateau and discharge 
plateau increase and decrease respectively with the increase 
of current density due to the polarization voltage which can 
be relieved by improving ionic conductivity and lithium ion 
transference number. Thank for the high ionic conductivity 
improved by DMSN filler, the discharge capacities of Li/
GPE@SiO2-5%/LiFePO4 batteries at different rate are much 
higher than that for Li/GPE-80%/LiFePO4 batteries. In spite 
of the good rate performance performed by Li/GPE-80%/
LiFePO4 batteries, Li/GPE@SiO2-5%/LiFePO4 batteries 
assembled with GPE@SiO2-5% show higher capacities at 
same current density and obtain better rate performance.

The cycle performance at one certain current density 
is significant for the cycle life of lithium battery. Figure 8 
shows the charge and discharge specific capacity of Li/GPE-
80%/LiFePO4 battery and Li/GPE@SiO2-5%/LiFePO4 bat-
tery at different cycle number under current density of 0.2C, 
and their charge–discharge curves for different cycle num-
ber as insets are shown in Fig. 8a, b. As shown in Fig. 8a, 
the initial specific discharge capacity for Li/GPE-80%/
LiFePO4 battery is 106 mAh  g−1. After 80 cycles, the dis-
charge capacity of the battery is still as high as 88 mAh 
 g−1 and the coulombic efficiency is higher than 98%. It 
can be seen from Fig. 8b that the discharge capacity of Li/
GPE@SiO2-5%/LiFePO4 battery for  1st cycle is 138 mAh 
 g−1. With the increasing of the cycle number, the discharge 
capacity of Li/GPE@SiO2-5%/LiFePO4 battery decreases 
to 108 mAh·g−1 after 80 cycles with a coulombic efficiency 
closed to 100%. The low coulombic efficiency at  1st cycle 
for both polymer electrolytes is ascribed to the formation of 
passivation layer (SEI), and a stable SEI would allow the 
battery to deliver a stable discharge capacity in cycle [68]. 
As shown in Fig. 8, the discharge capacity of Li/GPE-80%/
LiFePO4 battery is much smaller than that for Li/GPE@
SiO2-5%/LiFePO4 battery due to bigger polarization which 
can be deduced from larger charge potential/smaller dis-
charge potential in insets of Fig. 8. For example, the dis-
charge voltage plateau of  1st cycle for Li/GPE@SiO2-5%/
LiFePO4 battery is 3.33 V which is higher than that for Li/
GPE-80%/LiFePO4 battery with a value of 3.26 V, which 

indicates that the resistance of Li/GPE@SiO2-5%/LiFePO4 
battery is less than Li/GPE-80%/LiFePO4 battery. Small 
resistance in battery can decrease the effect of polarization 
on capacity, so the discharge capacity of Li/GPE@SiO2-
5%/LiFePO4 battery is larger than Li/GPE-80%/LiFePO4 
battery. Moreover, although the discharge capacity of Li/
GPE@SiO2-5%/LiFePO4 battery also decreases obviously 
in 80 cycles, the rate capacity and cycle capacity in meas-
urement is improved obviously. It is maybe due to the stable 
passivation layer is formed on the lithium electrode in Li/
GPE@SiO2-5%/LiFePO4 battery as shown in Figure S6. 
The surface optical photographs of lithium electrode in Li/
GPE-80%/LiFePO4 battery with 50 charge–discharge cycles 
in Figure S6(a) shows that the cracked and rough surface 
of lithium electrode is maybe due to the severe reaction 
between electrode and electrolyte, which is responsible to 
the low discharge capacity and high polarization. While, 
the surface optical photographs of lithium electrode in Li/
GPE@SiO2-5%/LiFePO4 battery with same cycles in Fig-
ure S6(b) is coated with one dense layer and the surface 
of lithium electrode under the dense layer is glossy. The 
dense layer is related to the formation of passivation layer, 
which suppresses the reaction between electrode and elec-
trolyte and contributes to higher discharge capacity [59]. So 
it is feasible that DMSN fillers are introduced into polymer 
electrolyte to prepare  SiO2 composite polymer electrolyte 
(GPE@SiO2) to improve the energy density of lithium bat-
tery with high safety.

Conclusions

In this study, one dendritic mesoporous silica nanoparti-
cle (DMSN) is prepared and introduced into gel polymer 
electrolyte (GPE) composed of PVDF matrix, ionic liq-
uid ([BMIM]TFSI) and lithium salt (LiTFSI) to prepared 
composite gel polymer electrolyte (GPE@SiO2). With the 
introduction of DMSN, the mechanical strength of GPE@
SiO2 can be enhanced 2 times compared with GPE-80% 
which is the GPE containing 80 wt.% [BMIM]TFSI. 
GPE@SiO2-5% electrolyte with 5 wt.% DMSN obtain an 

Fig. 8  a The charge and dis-
charge specific capacity of Li/
GPE-80%/LiFePO4 battery with 
different cycle number at 0.2C 
under room temperature; b the 
charge and discharge specific 
capacity of Li/GPE@SiO2-5%/
LiFePO4 battery with different 
cycle number at 0.2C under 
room temperature (Insets are 
charge–discharge curves for 
different cycle number)
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ionic conductivity of 2.47 ×  10–4 S  cm−1 which is higher 
than that of GPE-80% with a value of 1.57 ×  10–4 S  cm−1 
at 20 °C. However, the effect of DMSN on the thermal 
and electrochemical stability of GPE@SiO2-5% is not 
obvious. The thermal decomposition temperature of as-
prepared GPE@SiO2-5% is about 200 °C and the limiting 
oxidation potential of GPE@SiO2-5% is 4.98 V vs.  Li+/Li 
which can be assembled with cathode with high voltage 
to improve the operating voltage, safety and energy den-
sity of lithium battery. Moreover, the Li/GPE@SiO2-5%/
LiFePO4 battery shows good rate performance and higher 
rate capacity than Li/GPE-80%/LiFePO4 battery. Although 
the stable capacity is delivered by Li/GPE-80%/LiFePO4 
battery under the current density of 0.2C, the Li/GPE@
SiO2-5%/LiFePO4 battery obtains higher discharge voltage 
and capacity than Li/GPE-80%/LiFePO4 battery. In spite 
of the severe decrease for the discharge capacity of the Li/
GPE@SiO2-5%/LiFePO4 battery, it is feasible that  SiO2 
composite polymer electrolyte (GPE@SiO2) with DMSN 
fillers obtains improved ionic conductivity and mechanical 
strength, which can be used to improve the energy density 
of lithium battery.
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