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Abstract
As a new trial of overcoming constraints regarding degradation stability, amorphous structure nature, high potential of 
breakdown and band offsets process ability and reproducibility of polymer composite electrolytes used in energy storage 
systems such as lithium ion batteries was here reported. In presence of three different polymers, PMMA, PVDF-co-HFP 
and PEO, with a respectively molar ratio of 1:1:0.5, electrospun fibers nano composites electrolytes containing different 
concentrations of nano TiO2 filler and lithium tetrafluoro borate salt were successfully synthesized using electrospinning 
technique. All results of structure characterization confirmed that the sample containing 12 wt.% nano TiO2 filler (NPEC4) 
has the optimized structure for the electrical properties performance. This sample exhibited low crystallinity, high thermal 
stability, suitable pore diameter and fiber diameter of its electrospun. The same sample showed high ionic conductivity 
(ơAC = 1.08 × 10–3 Ω−1 cm−1) at room temperature. Electrical properties of this sample, in addition to a comparison with 
previous studied similar electrolyte systems, exhibited the ability of this electrospun fiber nano composite electrolyte to be 
used as a promised solid electrolyte for lithium-ion batteries application. All results were collected and discussed.
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Graphical Abstract
One electrospun nano fiber composite containing 12 wt.% nano TiO2 filler exhibited structural promised properties support-
ing the electrical properties performance.
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1  Introduction

Both of environmental pollution and global warming have 
stimulated extensive explorations of renewable clean energy 
(solar, wind, and hydrogen energies et al.) However, the dis-
continuous nature of renewable energies requires efficient 
energy storage units to supply continuous and stable energy, 
including batteries, fuel cells, and supercapacitors. Many 
scientific trials using different energy units [1–12] were 
performed to overcome that nature. Lithium-ion batteries 
have received considerable attention as the most popular 
energy storage system for a wide variety of portable elec-
tronic devices including laptops, digital cameras, and cell 
phones with the worldwide market valued at ten billion dol-
lars. They are also one of the most promising candidates 

as the large-scale power source for electric vehicles and 
emerging smart grids because they have several important 
advantages including high energy density, no memory effect, 
long cycle life, and low self-discharging [4, 13, 14]. New 
battery components need developement to achieve good 
performance Li-ion batteries with low cost and high safety 
[15, 16]. Many polymeric materials as solid polymer elec-
trolyte were used for lithium ion batteries application. As 
examples: poly(propylene oxide) (PPO) [17, 18], Polymeth-
ylmethacylate (PMMA) [19], poly(ethylene oxide) (PEO) 
[20] and their various copolymers [21], polyphosphazene 
(MEEP) [22], polyketones [23], polyethyleneglycol [24], 
polyurethane and polyether blends [25], polyvinylidene fluo-
ride (PVdF) and their different copolymers with hexafluo-
ropropylene (HFP) or trifluoroethylene (TrFE) [26]; many 
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different polymer nano composites were also used [27]. Till 
now, different constraints relating to degradation stability, 
amorphous structure nature, high potential of breakdown 
and band offsets process ability and reproducibility still 
needed to be solved [28]. Many trials were performed to 
overcome the above mentioned constraints; by using pure 
or mixed types of polymer (blending of two polymers) to 
form matrixes which can exhibit good structure for oxida-
tion–reduction processes of lithium ion batteries application. 
The main problem of this target is how to mix polymers 
(blending) in a definite type and molar ratio concentration, 
which can deliver suitable textural structure, including high 
amorphicity and a good thermal stability. Some polymers, 
as following, were used pure as polymer electrolytes and 
exhibited some advantages, beside some of disadvantages. 
PMMA is one of the most important polymeric materials 
that has different energy applications, such as electrolytes for 
Li-ion batteries. Different methodologies were used to adjust 
the different properties of PMMA electrolytes. The best 
results were achieved using ionogel composite containing 
poly (methyl methacrylate) (PMMA) in presence of various 
types of organic salts [29–32]. Also, one of the most impor-
tant polymeric materials is Poly (vinylidene fluoride-co-hex-
afluoro propylene) (PVdF-co-HFP) [33–35]. Although poly-
mer electrolytes of PVdF-co-HFP achieved good thermal 
stability at different temperatures, they showed only ionic 
conductivity at high temperature with flexible nature, and as 
a result poor thermal stability. Polyethylene oxide (PEO) is 
also one of the good polymeric material for electrolyte mem-
branes because it has high electrochemical stability and also 
exhibits good compatibility in presence of various lithium 
salts [36–38]. At the same time, ionic conductivity value of 
the PEO-electrolyte is insufficient for application because its 
chains have high crystallinity value. According to literature, 
Different fillers such as TiO2, SiO2, Al2O3, ZnO, etc., were 
used to enhance both of the conductivity value and electro-
chemical stability behavior of polymer electrolytes [39–41]. 
These fillers can reduce the ion paring due to the presence of 
Lewis acid surface groups and as a result increasing the con-
ductivity value. Additionally, these fillers can also achieve 
interphase stabilization and decrease the resistance value 
with electrodes [42–44]. In this paper, as a new methodol-
ogy, polymer nano composite electrolyte containing three 
different polymers; PMMA, PVdF-co-HFP and PEO at 
the same time will be prepared in a definite molar ratio as 
a trial to overcome the last above observed constraints of 
theses polymers when used as pure ones. The aim of this 
blending is to decrease the crystallinity percent, especially 
for PVdF-co-HFP and PEO polymers and also to enhance 
matrix thermal stability, which will make the composite 
having good electrochemical stability value as reported in 
previous studies [19]. The problem of mixing three different 
polymers to form suitable matrix for the charge motion is 

how to determine the molar ratio composition that can keep 
finally the good physical properties of polymers composite, 
such as its mechanical property. Additionally, nano TiO2 
will be added in different concentrations to help in enhanc-
ing the textural structure (especially for matrix amorphicity, 
thermal stability and new pathways of charger migration) 
through well interactions with polymers matrix. Moreover, 
the methodology of pores creation, which can induce more 
favorable conduction pathways for the charge carriers, will 
also be performed to prepare electrospun fiber of these poly-
mers matrix using electrospinning technique.

2 � Experimental

Mate r i a l s :  PMMA (Po lymet hylmet hac r yl a t e , 
M.wt = 350,000, Sigma-Aldrich, 99.99%), PVdF-co-
HFP (polyvinyldienefluoride-co-hexafluoro propylene 
M.wt = 300,000, Sigma-Aldrich, 99.99%), PEO (polyeth-
ylene oxide, M.wt = 600,000, Sigma-Aldrich, 99.99%), 
TiO2 (Titanium dioxide, Aerosil PF2, particle size = 20 nm, 
Sigma-Aldrich, 99.99%), LTFB (Lithium tetrafluoro borate, 
Sigma-Aldrich, 99.99%) and DMF (N, N Di-methyl forma-
mide, Sigma-Aldrich, 99.99%).

2.1 � Electrospun Fiber Synthesis of Pure Polymer 
Composite, Polymer Nano Composites 
and Polymer Nano Composites Electrolytes

To obtain electrospun fiber of pure polymer composite, after 
many trials of optimization for the polymers molar ratio, 
three different polymers of PMMA, PVdF-co-HFP and PEO 
in a respectively molar ratio of 1:1:0.5 were dissolved in 
23 ml DMF at 40 °C. The viscous solution was stirred over-
night before electrospinning process. As shown in Fig. 1A, 
a high voltage of 20 kV is applied using a power supply 
(Gamma) between the electrospinning solution contained 
in the syringe and the grounded collector plate. When the 
voltage reached a critical value, the electrostatic force over-
comes the surface tension of the pendant drop of the polymer 
solution at the tip of the stainless needle and a liquid jet is 
ejected. Fibers deposit on the grounded collector plate and 
form a non-woven structure. Electrospun fiber of pure poly-
mer composite was collected as a free-standing membrane 
(Fig. 1B). The feeding rate value was 1 ml/h and the distance 
between tip and collector was 12 cm. To get rid of solvent, 
drying of fiber membrane was performed at 60 °C for 24 h. 
Following, different concentrations (3, 6, 9, 12 wt.%) of 
nano TiO2 was added using the same above method to obtain 
polymer nano composites electrospun fibers. The addition of 
more than 12 wt.% of nano TiO2 made the electrospun fibers 
having not stable mechanical property. The thickness of all 
membranes were measured using a micrometer screw gauge 
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and found around 60 µm. Also, polymer nano composite 
electrolytes electrospun fibers were prepared by polymer 
nano composites fibers soaking process in a liquid electro-
lyte containing Lithium tetrafluoro borate (LTFB) salt (1 M 
lithium tetrafluoroborate (LTFB) in ethylene carbonate and 
diethyl carbonate (EC + DEC, 1:1 by volume).

All prepared fibers were denoted as following: PC, NPC1, 
NPC2, NPC3, NPC4, PEC, NPEC1, NPEC2, NPCE3, 
NPEC4 for pure polymer composite, polymer composite 
containing 3 wt.% nano TiO2, polymer composite con-
taining 6 wt.% nano TiO2, polymer composite containing 
9 wt.% nano TiO2, polymer composite containing 12 wt.% 
nano TiO2, polymer electrolyte composite, polymer elec-
trolyte composite containing 3 wt.% nano TiO2, polymer 
electrolyte composite containing 6 wt.% nano TiO2, polymer 
electrolyte composite containing 9 wt.% nano TiO2 and pol-
ymer electrolyte composite containing 12 wt.% nano TiO2, 
respectively.

2.2 � Characterization of Samples

On a Diano (Cu-filtered CuKα radiation (λ = 1.5418 Å)) 
energized at 45 kV, and 10 mA, X-ray diffraction analysis 
was done. The samples were characterized in a range from 
2θ = 10 to 70°, at room temperature. The Fourier transform 
infra-red spectra were measured in a range between 400 and 
4000 cm−1 by a Brucker—FT-IR. In air atmosphere and a 
temperature range of 303–873 K, thermal gravimetric (TG) 
and differential scanning calorimetry (DSC) analyses were 
performed. The heating rate was 10 °C/min. using Shimadzu 
DSC-60H. JOEL scanning electron microscopy (JSM-35CF) 
was used to investigate the composites nature. To investigate 
the composites porosity, Brunauer–Emmett–Teller (BET) 
nitrogen adsorption–desorption isotherm was performed 
with a Micrometrics (ASAP2020) apparatus. Using a pro-
grammable automatic LCR bridge (Model RM 6306 Phillips 

Bridge), electrical properties were also studied in a tem-
perature range from 303 to 373 K and a frequency one from 
100 Hz to 1 MHZ.

3 � Results and Discussion

Figure 2 displayed X-ray diffraction patterns of A1: PVdF-
co-HFP; A2: PEO and PMMA and B: PC, TiO2, NPC1, 
NPC2, NPC3 and NPC4. Figure 2A1, A2 showed the semi-
crystalline structure of both PVdF-co-HFP (Peaks in a 
range of 2Ɵ = 10–25 degree) and PEO (Peaks in a range of 
2Ɵ = 25–35 degree), and the amorphous nature of PMMA. 
Figure 2 B showed absence of all crystalline peaks of the 
two polymers (PVdF-co-HFP and PEO) in the PC sample. 
This can be attributed to the good interactions of each. 
Moreover, the figure also showed the addition effect of dif-
ferent nano TiO2 filler concentrations on the PC sample con-
taining the three mixed polymers. The addition of nano TiO2 
filler showed crystalline peaks, which corresponding to the 
crystalline phase of TiO2, in all NPC samples. The NPC4 
sample showed the lowest intensity of these peaks which 
also due to the good interactions of nano filler (12 wt.%) 
with the PC matrix. This interaction process can be repre-
sented as in Fig. 3.

Figure 4 showed FT-IR patterns of A: PVDF-co-HFP, 
PEO and PMMA; B: PC and C: TiO2, NPC1, NPC2, NPC3 
and NPC4. The A and B patterns showed a shift of the main 
band of each polymer in the PC sample, confirming the good 
interactions between the three polymers as shown above 
from X-ray analysis. The wave number value assignment of 
each polymer main band, in addition to its corresponding 
shift one in PC sample were investigated, Table 1. In con-
trast, the C patterns also showed a shift of TiO2 main band 
in NPC samples, confirming the good interactions between 
the nano filler and the polymers matrix as also confirmed in 

Fig. 1   Schematic diagram 
for A preparation method of 
electrospun fibers and B their 
photographs
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X-ray analysis part. The wave number value assignment of 
the nano filler main band, in addition to its corresponding 
shift one in NPC samples were investigated, Table 1.

Figure 5A, B represents the thermal properties (TGA and 
DSC) of PVDF-co-HFP, PEO, PMMA and PC. Thermal sta-
bility investigation shows the using ability of membrane for 
lithium ion batteries application as a solid electrolyte. As 
shown in TGA curves, all samples represented weight loss in 
two regions. For the first region (from room temperature till 
300 °C), all samples exhibited low weight loss, which can be 
attributed to the dehydration process and melting behavior. 

Fig. 2   X-ray diffraction patterns of A1 PVDF-co-HFP; A2 PEO and 
PMMA and B PC, TiO2, NPC1, NPC2, NPC3 and NPC4

PC - matrix

Nano TiO2 filler NPC4 sample

Interactions 

Fig. 3   Schematic diagram illustrating the nano filler interactions with 
the three mixed polymers matrix

Fig. 4   FT-IR patterns of A PVDF-co-HFP, PEO and PMMA; B PC 
and C TiO2, NPC1, NPC2, NPC3 and NPC4



1988	 Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:1983–1999

1 3

For the second region (from 300 °C till around 400 °C for 
PMMA and PEO, and from 300 till 500 °C for PVdF-co-
HFP and PC), all samples exhibited high weight loss due to 
the decomposition of polymeric matrix. Moreover, the four 
samples showed different thermal stability behavior against 
decomposition process. The PVdF-co-HFP sample showed 
high thermal stability behavior compared to the others with 
the following order: [PC > PEO > PMMA]. This shows that 

PC sample containing the three different polymers show very 
good thermal stability compared to pure PEO and PMMA. 
This also represents that the interactions between the three 
polymers, which was confirmed before from X-ray and 
FT-IR analyses have a good effect on the polymeric matrix 
structure in presence of this polymers molar ratio, which can 
support one of our main targets that can induce enhanced 
electrospun fiber for lithium ion batteries application as solid 
electrolyte. Additionally, DSC curves were also studied to 
confirm the suggested interpretation of weight loss processes 
of the four samples. The curves showed three main endother-
mic peaks at different temperatures for all samples. The first 
two ones were observed at the same region of TGA weight 
loss curves (from room till 300 °C), which can confirm the 
suggested presence of dehydration and melting processes of 
the samples. In contrast, the second one was also observed 
at the same region of TGA weight loss curves (from 300 till 
500 °C). This also confirm the decomposition process of the 
polymers. Both of melting and decomposition temperatures 
values of all samples were exactly calculated and tabulated, 
Table 2. To also investigate the thermal stability behavior 
of PC sample with nano TiO2 filler (NPC samples), TGA 
and DSC curves were also studied, Fig. 6A, B. The TGA 
curves showed regions of weight loss similar to what dis-
cussed before for PC sample. Addition of nano TiO2 filler 
decreased the decomposition range of PC sample (Fig. 5A) 
from 350–500 °C to 350–420 °C, exhibiting that nano filler 
interactions with polymeric matrix can induce more amor-
phous structure as confirmed from X-ray analysis. Moreover, 

Table 1   FT-IR spectral main band value assignment of PMMA, PEO, PVDF-co-HFP, TiO2 and its corresponding shift one in PC and NPC sam-
ples

Sample PMMA PEO PVDF-co-HFP PC

Wave number of a main 
characteristic band 
(cm−1)

1150–1250 (C–O–C 
stretching vibration)

1050–1160 (C–O–C vibra-
tion modes)

1200 (-CF2 group of 
PVdF-CO-HFP)

1162–1255, 1090–1193, 
1226 for PMMA, PEO 
and PVdF-co-HFP, 
respectively

Sample TiO2 NPC1 NPC2 NPC3 NPC4

Wave number of a main characteristic band (cm−1) 690 (Ti–O stretching band) 551 542 543 539

Fig. 5   A TGA and B DSC patterns of PVDF-co-HFP, PEO, PMMA 
and PC

Table 2   Values of melting 
temperature (Tm) and 
decomposition temperature 
(Td) of PVDF-co-HFP, PEO, 
PMMA, PC, NPC1, NPC2, 
NPC3 and NPC4

Td, °C Tm, °C Sample

464 272 PVDF-co-HFP
394 273 PEO
363 282 PMMA
413 279 PC
402 315 NPC1
394 314 NPC2
403 308 NPC3
411 319 NPC4
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the different concentrations of nano TiO2 filler (NPC sam-
ples) showed small difference of thermal stability behavior. 
The NPC4 exhibited the end of high weight loss region at 
420 °C compared to 400 °C for the others, which makes it 
having the highest thermal stability one. The DSC curves 
(Fig. 6B) showed endothermic peaks of chemical changes 
(dehydration, melting and decomposition) similar to what 
discussed before for PC sample. Also, all values of melt-
ing (Tm) and decomposition (Td) temperatures for all NPC 
samples were exactly calculated, Table 2. The NPC4 sample 
exhibited the highest value of both melting and decomposi-
tion temperatures (Tm = 319 °C, Td = 411 °C) compared to 
the others. Here, it is important to mention that NPC4 sam-
ple also exhibited the lowest crystalline nature compared to 
the others (X-ray analysis). This shows that this sample has 
an optimized structure for the electrical properties compared 
to the other ones.

To investigate the porosity nature and morphology of 
prepared electrospun fibers (PC and NPC samples), SEM 
analysis was performed, Fig. 7A–E. All samples showed 

obviously the formation of electrospun fiber without 
agglomeration of nano TiO2 particles through polymeric 
matrix. Moreover, the electrospun fibers showed different 
diameters. All fibers diameter were calculated from the SEM 
photographs (average value), Table 3. The data exhibited 
that PC sample has the biggest diameter (F.S = 798 nm), 
while the NPC3 sample has the smallest one (F.S = 700 nm). 
Also, the porosity nature of the polymeric matrix was stud-
ied using Brunauer–Emmett–Teller (BET) nitrogen adsorp-
tion–desorption isotherm. All data were tabulated, Table 3. 
As shown in Fig. 7 (dVp/W (nm), pore size distribution), 
the NPC2, NPC3, NPC4 samples showed the highest pore 
diameter value (24.60 nm) compared to the other ones. This 
also make the NPC4 sample having another advantage for 
the electrical properties performance. In contrast, the mean 
pore diameter value of PC sample (1048 nm) was the highest 
one compared to the others, confirming that nano TiO2 filler 
plays a role in decreasing the pore diameter of the electro 
spun fibers. Additionally, the mean pore diameter value of 
NPC2 sample (14.15 nm) was the lowest one. The porous 
structure of all electrospun fibers electrolytes can increase 
both of diffusion process of solid state Li-ion [45–49] and 
accommodate volume changes to keep the structure integrity 
[50, 51]. To investigate the electrical property of elctrospun 
fibers, all samples (PC, NPC1, NPC2, NPC3 and NPC4) 
were soaked in a 1 M LTFB to get electrospun fibers elec-
trolytes (PEC, NPEC1, NPEC2, NPEC3, NPEC4).

To study the effect of LTFB salt on the polymeric matrix 
structure, X-ray diffraction analysis was performed, Fig. 8. 
As obviously shown, the crystalline peaks of LTFB salt dis-
appeared completely in presence of the polymeric matrix 
of PC, NPC1, NPC2, NPC3 and NPC4, leading to more 
amorphous structure for all investigated electrospun fibers. 
This shows the ability of the polymers matrix to dissoci-
ate the salt, and as a result more interactions with lithium 
ions will be expected. The temperature effect on AC-elec-
trical conductivity of PEC, NPEC1, NPEC2, NPEC3 and 
NPEC4 was studied in a temperature range of 303–373 K 
and at a frequency of 100 Hz, Fig. 9A. The figure obviously 
revealed an increase behavior of the AC-conductivity value 
with temperature increase for all electrospun fibers electro-
lytes. This increase behavior follows Arrhenius equation, 
σ = σ0 exp(− Ea/RT), where R, T, σ and σ0 are gas constant, 
temperature, the AC-conductivity and the pre-exponential 
factor, respectively. Jumping of lithium ions into adjacent 
vacant sites leads to ionic conductivity value increase. The 
ions motion in polymer electrolytes can be interpreted in a 
light of liquid-like mechanism, where the polymer segmental 
motion can enhance ions movement. Therefore, high tem-
perature induces high segmental motion which helps ion 
hopping or provides a pathway for faster ionic conductiv-
ity [52]. The values of AC-conductivity of all electrospun 
fibers electrolytes were determined at room temperature, 

Fig. 6   A TGA and B DSC patterns of NPC1, NPC2, NPC3 and 
NPC4
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Fig. 9B. From the figure, the NPEC4 sample has the high-
est ionic conductivity value (ơAC = 1.08 × 10–3 Ω−1 cm−1) 
compared to the other electrospun fibers electrolytes. This 
also can be interpreted in vein of the above studied struc-
ture characterization of this sample. This sample exhibited 

the lowest crystallinity structure, the highest value of both 
melting and decomposition temperatures and the high-
est value of pore diameter. All these structural properties 
support the ions motion through the polymers matrix at 
low and high temperatures. The others electrospun fibers 

Fig. 7   SEM photographs of A 
PC; B NPC1; C NPC2; D NPC3 
and E NPC4
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electrolytes showed the following AC-conductivity value 
order: NPEC3; ơAC = 5.03 × 10–4 Ω−1 cm−1 > PEC; ơAC = 4.5
2 × 10–4 Ω−1 cm−1 > NPEC1; ơAC = 1.50 × 10–4 Ω−1 cm−1 > N

PEC2; ơAC = 1.45 × 10−4 Ω−1 cm−1. These results exhibit that 
TiO2 addition creates favorable pathways for the free lithium 
ions through Lewis acid–base interactions between different 

Fig. 7   (continued)
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species in the polymers matrix [53]. Moreover, the activation 
energy (Ea) values of all electrospun fibers electrolytes were 
also calculated using the Arrhenius model. The values of 
activation energy were represented in Fig. 9C. These values 
reflects the energy related to the defect formation and the 
ion migration process. Additionally, activation energy value 
gives an indication for the suitable environment and the ion 
migration conditions for smoother ion transport. The high 
activation energy value can also be attributed to the high 
energy of ion migration [54, 55]. Figure 9C showed that 
NPEC4 has the lowest activation energy value (Ea = 0.12 eV) 

compared to the others electrospun fibers electrolytes, which 
showed the following order: NPEC1; Ea = 0.31 eV > NPEC2; 
Ea = 0.30 > NPEC3 = PEC;Ea = 0.18 eV. The lowest activa-
tion energy value of NPEC4 comes in a good matching with 
the same elctrospun fiber electrolyte of the highest conduc-
tivity value, stating that activation energy of the free ions 
determines ionic conductivity value, and the smaller the acti-
vation energy value, the smoother the cation migration [56]. 

Fig. 7   (continued)

Table 3   Parameters values of N2 adsorption/desorption isotherms 
and NLDFT/GCMC pore size distribution analysis of PC, NPC1, 
NPC2, NPC3 and NPC4

Sample Fiber 
diameter 
(nm)

Total pore 
volume 
(cm3/g)

Mean 
pore 
diameter 
(nm)

W, peak 
(Area) 
(nm)

Vp (cm3/g)

PC 798 9.50 × 10−2 1048 22.80 9.60 × 10−2

NPC1 743 2.65 × 10−2 46.50 0.44 4.21 × 10−3

NPC2 736 3.04 × 10−2 14.15 24.60 3.25 × 10−2

NPC3 700 9.60 × 10−2 155.30 24.60 11 × 10−2

NPC4 775 2.85 × 10−2 42.30 24.60 2.95 × 10−2

Fig. 8   X-ray diffraction patterns of LTFB, PEC, NPEC1, NPEC2, 
NPEC3 and NPEC4
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Figure 10 showed the frequency dependence (from 100 Hz 
to 1 MHz) of AC-conductivity for PEC, NPEC1, NPEC2, 
NPEC3 and NPEC4 at room temperature (303 K). The figure 
showed an increase behavior of AC-conductivity value with 
frequency. Also, the NPEC4 sample exhibited the highest 
AC-conductivity values compared to the others at all differ-
ent frequencies values. According to the above structure and 
properties results of the investigated electrospun fiber elec-
trolytes, the NPEC4 sample is the best one exhibiting good 
ionic conductivity value at room temperature with a good 
thermal stability behavior. More studies of the electrical 

properties will be discussed for NPEC4 sample to investi-
gate its ability as a solid electrolyte for lithium ion batter-
ies application. Figure 11A shows the temperature effect on 
AC-conductivity at different frequencies (100 Hz–1 MHz) 
for NPEC4 sample. The AC-conductivity increases with 
temperature increasing, and also with frequency increas-
ing as well. The activation energy values, at different fre-
quencies, were calculated using the Arrhenius model. Fig-
ure 11B shows the frequency effect on activation energy for 
NPEC4 sample. The figure exhibited a decrease behavior 
of activation energy values with frequency increasing. This 
can be attributed to the enhanced lithium ion motion with 
frequency increase [19]. Also, the frequency dependence 
of AC-conductivity at different temperatures for NPEC4 
sample was also studied, Fig. 11C. The figure showed an 
increase behavior in two ranges; the first was from 100 Hz 
to 1 kHz, and the second from 1 kHz to 1 MHz. Effect of 
Temperature and frequency on dielectric constant, at differ-
ent frequencies (100 Hz to 1 MHz) and temperatures (303 
to 373 K), was investigated for NPEC4 sample, Fig. 12A, B. 
Figure 12A showed an increase of dielectric constant value 
with temperature at different frequencies. This behavior can 
be interpreted in a light of viscosity decrease [57] of the 
polymers matrix. Moreover, crystalline or semi-crystalline 
phases of NPEC4 sample may dissolve, at high tempera-
tures, in the amorphous phase [58]. Figure 12B showed 
that dielectric constant decreases with frequency increasing 
at different temperatures, which may be attributed to the 
interface charge accumulation that causes an ionic medium 
polarization process, which form a space charge region at 
the interface of electrode-electrolyte [59–65]. Also, From 
the figure, The NPEC4 sample showed dielectric constant 
(ϵ′) value equals 5,656,154 at room temperature (303 K) and 
100 Hz.

Fig. 9   A Temperature dependence of AC-conductivity (at 100  Hz 
frequency), B nano filler (TiO2) concentration dependence of AC-
conductivity (at room temperature, 303 K) and C Activation energy 
values for PEC, NPEC1, NPEC2, NPEC3 and NPEC4

Fig. 10   Frequency dependence of AC-conductivity for PEC, NPEC1, 
NPEC2, NPEC3 and NPEC4 at room temperature (303 K)
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The temperature and frequency dependence of dielectric 
loss at different frequencies (100 Hz to 1 MHz) and tem-
peratures (303 to 373 K), was also investigated for NPEC4, 
Fig. 13A, B. Figure 13A exhibited an increase of dielectric 
loss value with temperature increasing at different frequen-
cies. This behavior may be attributed to the relaxation pro-
cess of the dipole molecules in presence of relaxation time 
resulting drop. This process exerts a dielectric loss double 
effect. The dipoles friction will increase and as a result, 

energy dissipation will also increase. Figure 13B showed a 
decrease of dielectric loss value with frequency increasing at 
different temperatures. The NPEC4 sample showed a value 
of dielectric loss (ϵ″) equals 17,690,924 at room temperature 
(303 K) and 100 Hz.

To further study the dielectric relaxation behavior, dielec-
tric modulus was also investigated for NPEC4 sample. Both 
of real and imaginary parts (M′, M″) of dielectric modulus, 
at different temperatures, were represented in Fig. 14A, B. 
As obviously seen, the relaxation peaks are absent. Addition-
ally, an increase values were observed in the high frequency 
range. Also, the sample exhibited a long tail before the zero 
end for all temperatures of low frequency range. This long 
tail represents the electrical double layer suppression effect 
at electrode–electrolyte area [66], which can be attributed to 
the high electrode capacity value of the polymer electrolytes 
[67].

Figure 15 shows a complex impedance of NPEC4 sam-
ple at different temperatures. The figure represented a 
spectrum consists of a semicircular part and a spike. This 

Fig. 11   A Temperature dependence of AC-conductivity at different 
frequencies, B Frequency dependence of activation energy and C Fre-
quency dependence of AC-conductivity at different temperatures for 
NPEC4 sample

Fig. 12   A Temperature dependence of dielectric constant at different 
frequencies and B Frequency dependence of dielectric constant at dif-
ferent temperatures for NPEC4 sample
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spike reflects the ionic conduction nature and blocking 
double layer capacitance. The semicircular part at high 
frequencies can be attributed to the conduction process 
increase when frequency increases [68]. The equivalent 
circuit was also included in Fig. 15, where R1 is the bulk 
resistance of the electrolyte, CPE1 is the bulk capacity 
of the electrolyte and CPE2 is a capacity of bulk elec-
trode–electrolyte interface. Figure 16 showed that bulk 
ionic conductivity value increases with temperature 
increasing, exhibiting the following order at different tem-
peratures: σb = 2.16 × 10–3 Ω−1 cm−1 at 303 K < σb = 2.78 
× 10–3 Ω−1 cm−1 at 323 K < σb = 3.29 × 10–3 Ω−1 cm−1 at 
353 K < σb = 3.63 × 10–3 Ω−1 cm−1 at 373 K.

Comparison of electrical properties for electrospun fiber 
nano composite electrolyte (NPEC4) sample with previous 
studied similar electrolyte systems was performed, Table 4. 

Fig. 13   A Temperature dependence of dielectric loss at different fre-
quencies and B Frequency dependence of dielectric loss at different 
temperatures for NPEC4 sample

Fig. 14   Frequency dependence of Modulus; A M′ and B M″ at differ-
ent temperatures for NPEC4 sample

Fig. 15   Complex impedance spectra for NPEC4 sample at different 
temperatures
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The table showed good values of conductivity, dielectric 
constant and dielectric loss of this sample compared to lit-
erature ones.

From all the above studied electrical properties results, 
in addition to those of the comparison ones, we can con-
clude that this elctrospun fiber electrolyte can be consid-
ered as a promised solid electrolyte for lithium-ion batteries 
application.

4 � Conclusions

As a new methodology, electrospun fibers nano compos-
ites solid electrolytes containing three different polymers 
of PMMA, PVDF-co-HFP and PEO, in and without pres-
ence of nano TiO2 filler were successfully synthesized 
using electrospinning technique. The complete dissolution 
of LTFB salt into polymers matrix was confirmed by XRD 
analysis. SEM showed the good dispersion of nano TiO2 
filler within the three polymers matrix, in addition to the 
formation of fibers. The NPEC4 sample showed the opti-
mized structural properties, which support the improved 
electrical properties. This sample exhibited high melting 
(Tm = 319 °C) and decomposition (Td = 411 °C) tempera-
tures compared to the other ones. At the same time, this 
sample showed the lowest crystallinity structure, which 
was confirmed from X-ray diffraction. Moreover, a high 
value of the pore diameter was achieved for the same 
sample with fiber diameter equals 775 nm. Good electri-
cal properties were observed for this sample, such as the 
highest ionic conductivity (ơAC = 1.08 × 10–3 Ω−1  cm−1 
at room temperature), high dielectric constant and loss 
(5,656,154 and 17,690,924, respectively, at room tempera-
ture (303 K) and 100 Hz) and high bulk ionic conductiv-
ity value (σb = 2.16 × 10–3 Ω−1 cm−1 at room temperature 
(303 K)). All the studied electrical properties results and 
those of the comparison ones exhibited the ability of this 
electrospun fiber nano composite electrolyte to be used 

Fig. 16   Temperature dependence of bulk conductivity for NPEC4 
sample

Table 4   Comparison of electrical properties for electrospun fiber nano composite electrolyte (NPEC4) sample with previous studied similar 
electrolyte systems

System Dielectric constant (ϵ′), 
at room temperature and 
100 Hz

Dielectric Loss (ϵ″), at 
room temperature and 
100 Hz

Ionic conductivity (ơAC), 
ohm-1 cm−1, at room temperature 
and 100 Hz

References

Electrospun nano fiber (PMMA/
PVdF-co-HFP/PEO/TiO2/)/LTFB

5,656,154 17,690,924 1.08 × 10–3 This study

Polymethylmethacrylate/LiCF3SO3/
montmorillonite

834 37,500 2.09 × 10–6 [19]

PEO/LiClO4/nanoAl2O3 2.21 × 106 7.42 × 106 8.30 × 10–5 [39]
PVdF-co-HFP/PVAc/LiPF6/nano 

ZnO
2.00 × 103 19,450 3.69 × 10–4 [41]

PVdF-co-HFP/LiCF3SO3/nano 
MgO

450 11,750 8.78 × 10−5 [52]

PEO/LiClO4/nano LiAlO2 1.22 × 106 1.05 × 107 9.76 × 10–5 [69]
PEO/LiClO4/ZnO 8.58 × 105 6.30 × 106 6.33 × 10–5 [70]
PVdF-co-HFP/PVAc/LiCF3SO3/

nano LiAlO2 (gel electrolyte)
1.00 × 105 79,432 4.98 × 10–3 [71]

PVdF-co-HFP/PVAc/LiClO4/nano 
Citric acid

– – 8.00 × 10–4 [72]

PVdF/Clay/LiPF6 (gel electrolyte) – – 3.08 × 10–3 [73]
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as a promised solid electrolyte for lithium-ion batteries 
application.
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