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Abstract

In this study, the effect of type of lithium salts on the main properties of the nanostructure electrolytes was studied.
Electrospinning process was applied to production of solvent-free PEO-based nanofibrous electrolytes containing various lithium
salts, i.e., LiCl, LiClO,4, and LiTFSI. Then, the characteristics of the electrospun nanofibers were evaluated by various techniques.
The fraction of free ions was estimated by the FTIR spectrum. Also, to investigate the crystalline phases of the as-spun
electrolytes, the samples were subjected to X-ray analysis. The highest room temperature ionic conductivity of the fabricated
electrolytes was obtained as 0.33 mS cm ™' by the addition of 1.5 wt% LiClO, into the nanofibers. Furthermore, the cycling
stability of the as-spun structures was enhanced by increasing the amount of LiClO,4 and LiCl salts in the produced nanofibers.
The results implied that the prepared nanofibers are good candidates as solvent-free electrolytes for Li-ion batteries.
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Introduction

Rechargeable energy storage devices are required for a wide
variety of applications such as portable power tools and elec-
trical vehicles. Lithium secondary battery (LIB) has been
identified as a great candidate for the energy storage applica-
tion due to high energy density and long cycle life [1, 2].
However, the usage of liquid electrolytes in LIBs has some
major challenges such as dendrite formation and low safety [3,
4]. In recent years, extensive researches have been conducted
on the replacement of liquid electrolytes with solid-state elec-
trolytes. The solid polymer electrolytes (SPEs) are one of the
most promising approaches toward fabrication of safe, light-
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weight, and flexible LIBs [5, 6]. Although, the poor ionic
conductivity at room temperature (about 10 ¢ mS cm ') hin-
dered their practical applications [7]. In general, SPEs are
prepared by dispersion of an alkali salt in a polymer matric.
Commonly, SPEs are synthesized in the form of polymeric
thin films by using a standard film casting method [7, 8].
Ionic conductivity of the SPEs is influenced by the total amor-
phous regions and glass transition temperature (Tg) of the
fabricated polymeric membranes. As crystalline phases and
Tg decrease, ionic conductivity increases [7, 9]. Among all
the polymeric matrices, polyethylene oxide (PEO) has been
studied as the best polymer matric. PEO with a high dielectric
constant (€~5) is capable to dissolve various salts and addi-
tives. The low Tg of PEO (Tg=—63 °C) leads to the high
local motions of the polymer chains, which enhances the ionic
conductivity. Moreover, PEO has shown high electrochemical
stability against electrode materials [4, 10].

Lithium salt plays a significant role in various characteris-
tics of the SPEs [11-13]. Lithium hexafluorophosphate
(LiPF6), lithium perchlorate (LiC1O04), lithium tetra
fluoroborate (LiBF4), lithium chloride (LiCl), and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) are the most im-
portant lithium salts. The applied lithium salts in the SPE’s
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structures should be dissociated easily to provide the high
mobility for the Li" ions [13, 14].

Numerous researches have been devoted to the study of the
electrochemical properties of the lithium salts in nonaqueous
solution electrolytes as well as the polymeric film electrolytes.
Wang and Min [15] reported the high ionic conductivity of
2.25x 1077 S cm™ for an SPE containing LiCl as a lithium salt.
In addition, the jonic conductivity of 10%° S cm ! was reported
for a thermoplastic starch electrolyte containing 18 wt% LiCl
[16]. Baskaran et al. [17] showed an enhancement in the ionic
conductivity of a PVAc:LiClO4 SPE, from 7.6 x 107Sem 'to
62x107° S cmﬁl, with increasing of LiClO, ratio from 10 to
20 wt%. Huh et al. [18] reported the highest ionic conductivity
of 243 x107° S ecm™" for poly(ethylene glycol)-polyurethane
SPE containing LiClO, lithium salt at the oxygen-to-lithium
cation mole ratio ([O}/[Li*]) of 16. Ghelichi et al. [10] illustrat-
ed that the ionic conductivity of PEO/PMMA SPE has im-
proved with increasing the amount of LiCIO, salt up to the
optimum ratio (JO]/[Li] = 50). However, the ionic conductivity
of this SPE was reduced by further increment of the LiClO,.
Saleem Khan and Shakoor [19] also compared the effect of
LiClI and LiCIOy lithium salts on the ionic conductivity of the
PEO-based solution-casted polymer electrolytes. Based on this
study, the ionic conductivity could be improved from 1.38 x
10°*Scem ™ t03.16x107 S em ™' and 6.13x 107 S cm ™,
respectively. Watanabe and Nishimoto [20] showed that the
ionic conductivity of an SPE could be enhanced from
10%S em ' t03.5%x107° S.em ' at 370 K with increasing
the LiTFSI ratio from 0.02 to 0.08 wt%. In addition,
Marzantowicz et al. [14] reported the highest ionic conductivity
of 4x107°S ecm ! at room temperature for a PEO-LiTFSI SPE
with the [O]/[Li*] ratio of 8. Moreover, Stolwijk et al. [21]
illustrated the improvement of the ionic conductivity from
05x10° S cem ' to 0.8x 107 S cm™! with increasing the
LiTFSI concentration in an SPE structure and reducing the
[OJ/[Li*] ratio from 1000 to 60.

Newly, electrospinning has been identified as a versatile
method for the fabrication of highly-porous membranes con-
taining high surface-to-volume ratio nanofibers. Recent re-
searches compared the polymeric films with the electrospun
membranes and showed the superior ionic conductivity of the
electrospun membranes. High porosity along with the small
and tiny pores improves the ion motions in the nanofibrous
polymeric electrolytes and so favors their electrochemical per-
formance. In addition, presence of the unwanted salt-polymer
crystalline regions ((LiX), PEO) in the solution-casted mem-
branes results in trapping of the Li" ions and so reduction of
the ionic conductivity. The aforementioned crystalline phases
are formed due to slow evaporation rate of the solvent from
the solution-casted mats. However, these unwanted crystalline
regions are absent in the nanofibrous membranes. High sur-
face to volume ratio of the polymer jet accelerates the evapo-
ration rate of the solvent in the electrospinning electrical field
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and therefore, does not allow the polymer chains and the salt
molecules to create such crystalline regions [22-24]. There is
few research that used electrospun membrane as SPE. For
example, Freitage et al. [24] reported the ionic conductivity
of 0.2 mS.cm™" at room temperature for a PEO-succinonitrile
(SN)-LiBF,4 nanofibrous SPE. Walke et al. [25] investigated
the effect of LiTFSI on the ionic conductivity of a nanofibrous
PEO-SN electrolyte. The ionic conductivity of 2.8 x
10* S ecm™' was reported for the electrospun PEO-SN-
LiTFSI electrolyte. However, the polymeric film electrolyte
with similar chemical composition illustrated 5 x 107> S cm ™
ionic conductivity. In previous works, electrospun PEO-based
electrolytes incorporated with inert ceramic fillers including
zinc oxide and titanium dioxide were evaluated, which
showed superior ionic conductivity than the solution cast ones
[22, 26]. In this study, nanostructured electrolytes containing
different lithium salts including LiCl, LiClO,4, and LiTFSI
were prepared via electrospinning method for LIB applica-
tions. The effects of these lithium salts on the structural and
electrochemical properties of produced nanofibrous PEO-
based electrolytes were investigated.

Experimental
Materials

Polyethene oxide (PEO, MW =300,000) and lithium chloride
(LiCl) were purchased from Sigma-Aldrich (USA), and lithi-
um perchlorate (LiClO,4) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) were supplied
by Alfa Aesar (Germany) and ACROSS organics
(Germany), respectively. Also, acetonitrile and ethylene car-
bonate (EC) were obtained from Merck (Germany). All
chemicals were used without any purification.

Preparation of the polymer solutions
and the electrospun electrolytes

PEO polymer powder and EC plasticizer were added to ace-
tonitrile with weight ratios of 7 and 9 wt%, respectively. Each
of lithium salts, including LiClO4 and LiTFSI with various
concentrations of 0.5, 1, 1.5, and 2 wt%, was added to the
prepared mixtures, separately. For the preparation of the
PEO-based nanofibrous electrolytes containing LiCl as lithi-
um salt, 7 wt% PEO, 9 wt% EC, and various ratios of LiCl salt
including 0.5, 1, and 1.5 wt% were added to distilled water.
The obtained mixtures were stirred vigorously for 24 h at
ambient temperature to gain homogenous solutions. In order
to compare the effect of the solvent on various characteristics
of the nanofibrous samples, polymer solutions of PEO-EC-
1 wt%, LiClO4, and PEO-EC- 1 wt% LiTFSI were also pre-
pared by using the distilled water as the solvent.
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PEO-based nanofibrous electrolytes were fabricated by
electrospinning of the as-prepared polymer solutions. The
schematic representation of the applied horizontal
electrospinning set-up is shown in Fig. 1. The polymer solu-
tion was loaded in a 1-ml plastic syringe with a stainless-steel
needle (gauge 20). The polymer solution was fed with a rate of
0.5 mlh™" by an infusion pump. A rotational drum was used to
collect the electrospun nanofibers. The distance between the
syringe needle and the collector was kept constant at 15 cm. A
high-voltage power supplier was utilized to apply an 18.4 kV
between the syringe needle and the collector. The attributed
codes to the electrospun samples are listed in Table 1. The
electrospun membranes were stored in a desiccator under vac-
uum for further characterization.

Characterization of the electrospun electrolytes

Surface morphology of the electrospun nanofibers was char-
acterized by field emission scanning electron microscopy
(FESEM, NOVA NANOSEM 230, Philips CM120). The av-
erage diameter of the nanofibers was examined through a
hundred measurements by using ImageJ software (National
Institutes of Health, Bethesda, MD). The Fourier-transform
infrared spectrophotometer (FT-IR, BOMEM-MB100) in the
wavenumber region between 4000 and 400 cm ' was used to
record the spectra of the electrospun nanofibers. The fraction
of free lithium ions (%) was examined from the FTIR spec-
trum using Eq. (1):
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Syringe

Magnetic Stirrer

Fig. 1 Schematic illustration of electrospinning apparatus

The area under the anion peak

Fracti f free Lii %) =
raction of free Li ions (%) The area under the ion pair peak

(1)

The X-ray diffraction (Philips X pert MPD) in the diffrac-
tion angle range of 20 = 10-60° was used to estimate the crys-
talline phases (%) of the electrospun electrolytes according to
Eq. 2).

__ Total area of the crystalline peaks

Crystalline phases (%) =

(2)

Total area of all peaks

Electrochemical analysis of the nanofibrous
electrolytes

Electrochemical impedance spectroscopy (EIS, Autolab:
PGSTAT302N, EcoeChemie, The Netherlands) in the frequen-
cy range of 1 MHz to 0.01 Hz was used to measure the ionic
conductivity of the as-spun nanofibers. An oscillation voltage
of 500 mV (open circuit potential) was applied to the cell con-
figuration of stainless-steel electrode| nanofibrous electrolyte]|
stainless-steel electrode. The bulk resistance (R},) was obtained
from the interception of the semicircle and the tilted spike ap-
peared in the high frequency and low frequency of the imped-
ance spectra, respectively. The ionic conductivity (o) of the as-
spun electrolytes was calculated by following Eq. (3).

o(S.em™) = sxr,

(3)
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Table 1 The average diameter, crystallinity, fraction of free ions, and Li-ion conductivity of the electrospun electrolytes
Sample ID The electrospun polymer solution Average fiber Crystalline Fraction of free Conductivity
diameter (nm) regions (%) Li ions (%) (mS.cm )
FFS PEO-EC-acetonitrile 425 £ 216 15.61 - -
LiClI@PEO 1 PEO-EC-0.5 wt% LiCl-acetonitrile 363 £ 132 14.85 59.2 0.061
LiCI@PEO 2 PEO-EC-1 wt% LiCl-acetonitrile 410 + 175 16.04 63.8 0.084
LiClIO4@PEO 1 PEO-EC-0.5 wt% LiClO4-acetonitrile 890 + 371 16.48 64.2 0.009
LiClIO4@PEO 2 PEO-EC-1 wt% LiClOg4-acetonitrile 1133 + 402 18.19 67.5 0.042
LiClIO4@PEO 3 PEO-EC-1.5 wt% LiClO4-acetonitrile 1339 + 754 19.27 71.8 0.33
LiTFSI@PEO 1 PEO-EC-0.5 wt% LiTFSl-acetonitrile 417 + 199 14.24 72.5 0.062
LiTFSI@PEO 2 PEO-EC-1 wt% LiTFSI-acetonitrile 427 + 241 15.55 77.8 0.073
LiTFSI@PEO 3 PEO-EC-1.5 wt% LiTFSI-acetonitrile 698 + 382 17.32 58.5 0.034
LiClO4@PEO-W PEO-EC-1 wt% LiClO,-distilled water 421 + 177 19.43 50.3 0.033
LiTFSI@PEO-W PEO-EC-1 wt% LiTFSI distilled water 610 + 425 16.25 51.6 0.031

Where, ¢ (cm) and S (cm?) are the thickness and the area of
the electrolyte, respectively. The activation energy (Ea) of the
fabricated electrolytes was evaluated by providing the temper-
ature dependence conductivity in the temperature range of 298
to 313 K and Eq. (4).

0 = 0pexp (_%w) (4)

Where, oy is pre-exponential factor, 7 (K) is temperature,
and R is universal gas constant (8.314 J.K™'.mol™"). The po-
larizing ability of the prepared SPEs was evaluated by calcu-
lating the dielectric permittivity (€*). The €* is a complex
quantity presented in Eq. (5).

e = e—jei (5)

Where, €, and €; are dielectric constant and dielectric loss,
respectively. The dielectric parameters can be obtained
through Egs. (6) and (7):

ZIm
P R 6
ZRe
i 7
S 7t ) 7

Here, Cy = # is the vacuum capacitance, €, is permit-
tivity of free space (8.854 x 1072 Fm™"), S'is the area and # is
the thickness of the electrolyte. In addition, w is equal to 27tf,
where f'is the frequency of the applied ac field. The dissipation
factor or the ratio of energy loss to energy stored was also
obtained by using Eq. (8).

tan(6) = :f— (8)

The electrospun membranes were also sandwiched in a
symmetric cell between two stainless-steel electrodes to
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examine the cycling durability by using a potentiostat/
galvanostat (pocket STAT Model). Discharge capacity was
measured by applying a constant current density between the
voltages of — 1 to 1 V at room temperature.

Results and discussion

The FESEM images of the electrospun electrolytes are shown
in Fig. 2. As can be seen, the homogenous and bead-free
nanofibers were obtained in all samples. The average diameter
of'the nanofibers is listed in Table 1. According to the obtained
results, thinner nanofibers were formed by adding of 0.5 wt%
LiCl and LiTFSI into the polymer solutions. However, the
average diameter of the nanofibers increased beyond this
quantity. In addition, the average diameter of the nanofibers
containing LiClO, lithium salt was increased by an increment
of the LiCIO, ratio. The variation on the nanofiber diameters
by the addition of lithium salts can be attributed to the effects
of the salts on the electrospinning procedure. First, the elec-
tron conductivity of the polymer solutions enhances with the
introduction of the salt particles into the polymer solutions.
Higher electron conductivity of the polymer solutions causes
more repulsive columbic force between the solution particles
which leads to the higher elongation rate of the polymer jet.
When the elongation rate increases, the finer nanofibers are
formed. Second, the expelled mass flow from the syringe nee-
dle increases by enhancement of the solution conductivity,
which leads to the formation of thicker electrospun fibers.
The average diameter of the electrospun nanofibers is impact-
ed by one of the above-mentioned situations. The observed
trends are in line with the previous studies. Choi et al. [27]
observed formation of thinner nanofibers by the addition of
benzyl trialkylammonium chlorides into a poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) polymer solution.
While, Yalcinkaya et al. [28] reported an increment in the
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Fig. 2 FESEM images of the electrospun nanofibrous electrolytes

PEO-based nanofiber’s diameter by the addition of LiCl lith-
ium salt. Moreover, flat fibers were obtained in the as-spun
nanofibers containing 1.5 wt% LiClO,. This can be linked to
lack of sufficient time for complete evaporation of the solvent
due to the high rate of the ejected mass flow. Furthermore,
when the water was used as solvent instead of acetonitrile, the
reducing of the fiber diameter is further affected because of
higher melting point of the water. It is worth to note that the
electrospun nanofibers containing 1.5 and 2 wt% LiCl, 2 wt%
LiClOy, and 2 wt% LiTFSI could not be collected on the
rotational drum. The reason may be attributed to the repulsion

< LiCIO4@PEO 3 F5¢

LITFSI@PEO 3 &*

of the fabricated nanofibers on the collector caused by the
charge aggregation in the electrospun nanofibers.

Figure 3 shows the FT-IR spectra of the nanofibrous elec-
trolytes. In free salt PEO-EC spectrum (I), the peaks at
2881 em™', 1957 cm™', 1465 cm™', 1149 cm ™', and
844 cm ! are assigned to CH symmetric stretching, CH asym-
metric stretching, CH, scissoring bending, C-O-C stretching,
and CH, wagging bending, respectively. By the addition of
LiClOy salt to the PEO-EC nanofibers, the band at 1957 cm™'
was shifted to 1959 cm ™! (I and III) and 1955 cm™ ' (IV). In
addition, incorporation of 1.5 wt% LiClO, into the as-spun

@ Springer



3254

lonics (2020) 26:3249-3260

Li'TFSI ion pairs

WTFSI' anions

0 A N, e

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Fig. 3 FTIR spectra of the nanofibrous samples electrospun using (a)
acetonitrile and (b) water solvents : (I) PEO-EC, (II) LiCIO4@PEO 1,
(III) LiClIO4@PEO 2, (IV) LiCIO4@PEO 3, (V) LiTFSI@QPEO 1 and

nanofibers shifted CH symmetric stretching and C-O-C
stretching bands to 2893 cm ™' and 1141 cm ', respectively.
The vibration of CH, wagging was also changed to 840 cm '
(I and III) and 837 cm ' (IV). In the LiTFSI-loaded
electrospun nanofibers, the CH symmetric band was shifted
to 2873 cm ' (V) and 2885 cm™ ' (VI and VII). In addition, C-
O-C stretching was shifted to 1145 cm ™. By incorporation of
the LiCl salt into the electrospun membranes, the peaks at
2881 cm ' and 1149 cm ™' were shifted to 2889 cm ™' and
1153 cm !, respectively. Changes in the wavenumber of the
PEO characteristic peaks were also reported by several re-
searchers [19, 29]. The observed changes in the wavenumber
of the peaks confirm the complexation of the lithium salts with
PEO-EC in the nanofibrous structures. In fact, the carbonyl
group (C=0) in EC molecules is an electron donor which acts
as a Lewis-base and enter in competition with the anions of the
lithium salts and the ether groups of PEO polymer chains to
interact with the Li* cations. So, the following interactions are
formed in the prepared solutions: Li*-anion (CI, CIO4 and
TFSI) ion-ion interaction, Li*-PEO ion-dipole interaction,
and Li*-EC ion-molecule interaction [30].

In the salt-loaded nanofibers, two peaks are appeared attrib-
uted to ion pairs (Li*Cl", Li*ClO,4 , and Li*TFSI) and free
anions (CI', ClO,4 , and TFSI'). In II, III, and IV spectra, the
peaks at 621 cm ' and 524 cm ™ are assigned to Li*ClO, ™ ion
pairs and ClO,4 anions, respectively. By the addition of LiTFSI
(V, VI, and VII), Li*TFSI” ion pair peak, and TFSI", the peak
appeared at 786 cm™ ' and 736 cm ', respectively. Also, Li*Cl~
and CI™ peaks were observed at 590 cm™ ' and 528 cm ™', respec-
tively, in VIII and IX spectra. According to the obtained spectra,
the fraction of free ions was calculated and listed in Table 1. As
can be seen, the fraction of free ions enhanced by increasing the
LiCl and LiClO, ratios in the as-spun nanofibers. By an incre-
ment of the LiTFSI proportion up to 1 wt%, the fraction of free
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ions increased. However, the fraction of free ions decreased
beyond this amount. The observed reduction in the fraction of
free ions can be linked with the agglomeration of the salt parti-
cles resulting from the larger size of TFSI anions compared
with CIO; and CI™ anions. Moreover, the order of free ions is
as follows: LiCI@PEO < LiClO4@PEO < LiTFSI@PEO. The
reason can be attributed to the difference between the lattice
energy of the applied lithium salts. The LiTFSI ion pairs are
easily dissociated due to the lower lattice energy compared with
two other lithium salts [29]. Furthermore, lower free ions were
formed by applying the distilled water as the solvent
(LiClO4@PEO-W and LiTFSI@PEO-W). The reason may cor-
respond to the higher melting point of the water in comparison
with the acetonitrile. Therefore, it seems that evaporation of the
distilled water takes more time, which provides the possibility
for the agglomeration of the salt particles.

XRD spectra of the as-spun electrolytes are depicted in Fig.
4. The crystalline regions were obtained for all samples (see
Table 1). The results showed that by introduction of LiCl and
LiTFSI salts into the as-spun fibers, the crystalline phases
were first decreased and then increased. In addition, the amor-
phous regions decreased by incorporation of LiClO, salt into
the nanofibrous electrolytes. The observed trends can be
assigned to the effects of salts on the morphology of the poly-
meric structures and the electrospinning procedure [31]. First,
the addition of salts into the polymeric structures causes a
reduction in the orientation of the polymer chains and as a
result increases amorphous phases [29]. Second, the existence
of the salt in polymeric solutions increases the solution con-
ductivity, which leads to more stretching and so higher orien-
tation of the polymer chains [27]. In addition, the nanofibrous
samples loaded with LiTFSI presented lower crystalline re-
gions compared with the electrolytes containing LiCl and
LiClOy4. The reason could be due to the larger size of the
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Fig. 4 XRD patterns of the electrospun samples fabricated using (a)
acetonitrile and (b) water solvents :(I) PEO-EC, (II) LiCIO4@PEO 1,
(1) LiClI04@PEO 2, (IV) LiCIO4@PEO 3, (V) LiTFSI@PEO 1, (VI)

TFSI anions in comparison with the ClI" and ClO4 anions.
Moreover, using the distilled water instead of the acetonitrile
led to the formation of more crystalline phases. This can be
attributed to the slower evaporation rate of the distilled water,
more bending instabilities in the electrospinning field and so
formation of thinner fibers. As fiber diameter decreases, poly-
mer chains are forced to place with more orientations which as
a result enhances the crystalline regions.

As it has been reported in many researches, the crystalline
peaks attributed to the PEO-salt crystalline phases are appeared
in the degree ranges of 20 = 25-30° in the polymeric film elec-
trolyte’s spectra. The created crystalline regions trap lithium
ions and so reduce the ionic conductivity [22, 24]. As can be
apparently seen in the obtained XRD spectra (Fig. 4), these
unwanted crystalline phases were absent in the as-spun struc-
tures. The reason may be assigned to the high surface to volume
ratio of the electrospun jet which leads to the fast evaporation of
the solvent in the electrospinning procedure. However, the
slower rate of the solvent evaporation in the solution-casted
polymer membranes allows the PEO polymer chains and the
salt particles to form such crystalline phases [24].

In the SPEs, Li* ions migrate through the segmental motion
of the polymer chains or via a hopping mechanism. A sche-
matic representation (Fig. 5a) illustrates the free motion of Li*
ions in a single nanofiber. Enhancement of the ionic conduc-
tivity by the addition of EC plasticizer was confirmed in the
previous study [26]. Nyquist spectra of the electrospun elec-
trolytes containing various lithium salts are presented in Fig.
Sb—e. According to the obtained data, the ionic conductivity of
the nanofibrous electrolytes enhanced with increasing of the
LiCl and LiClOy ratios. In accordance with the estimated frac-
tion of free ions from FTIR spectra, the observed enhancement
in the ionic conductivities can be linked with the rising of the

Intensity (a.u.)

Degree (20)

LiTFSI@PEO 2, (VII) LiTFSI@PEO 3, (VIII) LiCI@PEO 1, (IX)
LiCI@PEO 2, (X) LiCIO4@PEO-W and (XI) LiTFSI@QPEO-W

free Li* ions in the as-spun membranes. In addition, the bulk
resistance decreased by increasing the LiTFSI concentration
up to 1 wt%. However, the ionic conductivity reduced by
incorporation of 1.5 wt% LiTFSI into the as-spun fibers due
to the aggregation of the salt particles. Similar results have
been examined by ShanShan Wang [29] and Zhao et al.
[32]. The highest ionic conductivity of 0.33 mS cm™' was
obtained by loading 1.5 wt% LiClOy, into the as-spun struc-
ture. Moreover, the order of the ionic conductivity by the
addition of 1 wt% lithium salts is LiCI04,@PEO 2 <
LiTFSI@PEO 2 < LiCI@PEO 2. As confirmed by FTIR and
XRD spectra, a higher fraction of free Li" ions in the
LiTFSI@PEO 2 nanofibrous electrolyte along with the lower
crystalline phases compared with LiCIO,@PEO 2 SPE
caused the higher ionic conductivity. However, LiCI@PEO
2 sample showed the highest ionic conductivity despite the
lowest fraction of free ions. This could be due to the existence
of the finer fibers and so smaller pores in the mentioned
electrospun membrane. Finer fibers provide more fiber-fiber
contact points, which facilitate Li-ion migration between the
nanofibers. In addition, transportation of the Li-ions through
tiny pores of the as-spun membrane leads to the improvement
of the ionic conduction [33]. Furthermore, applying the dis-
tilled water instead of acetonitrile as the solvent led to the
reduction of the ionic conductivity may be due to the forma-
tion of more crystalline phases and lower free Li-ions (based
on the obtained results from XRD and FTIR spectra).

The dependence of the ion conductivity versus temperature
for the as-spun electrolytes containing various lithium salts is
shown in Fig. 6. As can be seen, the ionic conductivity of the
nanofibrous membranes was improved with increasing the
temperature. Expansion of the polymer matrix with rising
the temperature leads to increasing of the free volume. So,
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Fig. 5 a Schematic illustration of the Li* transport in single nanofiber. b—e Impedance spectra of the electrospun nanofibers containing various lithium salts

the ion conductivity is improved may be due to more move-
ments of the polymer chains and higher motion of the Li* ions.
In addition, according to the obtained regression lines (see
Fig. 6), ion transportation in the as-spun electrolytes followed
the Arrhenius behavior. So, the ionic conductivity in the

@ Springer

electrospun samples was mostly based on the hopping mech-
anism. The activation energy (Ea) was also calculated for the
nanofibrous electrolytes (Fig. 6b). The results presented that
the nanofibrous electrolytes containing LiClO, as salt exhib-

ited lower Ea than the ones loaded with LiCl salt. Moreover,
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the samples incorporated with 0.5 and 1 wt% LiTFSI present-
ed the lowest Ea compared with two other lithium salts. The
reason can be attributed to the difference between the sizes of
Cl, ClO4 , and TFSI anions. Small anions of Cl cause
formation of a lattice network with high lattice energy. So,
dissociation of the Li*Cl™ ion pairs is more difficult than an-
other lithium salts, which leads to a higher Ea. Although
TFSI is a large anion with a wide distribution of the negative
charge around various atoms. Therefore, the bonding strength
of the LiTFSI ionic salt is lower than two other lithium salts.
Hence, the essential energy for the motion of Li* ions in the
LiTFSI-loaded samples is the lowest [29].

Figure 7 displays the dielectric constant (€,) and dielectric
loss (g;) factors as a function of frequency for the as-spun
electrolytes. €, is a measure of energy stored in the SPE on
application of an external electric field while €; shows the loss
energy corresponding to the motion and alignment of ions and
dipoles during the periodic reversal of the external electric
field. Both €, and €; presented high values at low frequencies.
However, the dielectric parameters reduced by increasing of
the frequency. The reason can be linked with the reversal
speed of the applied electric field. In low frequencies, the
electric field reverses slowly. So, there is sufficient time for
the alignment of the ions and dipoles which led to the higher €,
and €;. However, the fast reversal speed of the polarity of the
electric field at high frequencies does not allow the ions and
dipoles to be aligned. Then, the dielectric parameters decrease
with increasing of the frequency. Moreover, the electrospun
electrolyte, loaded with 1.5 wt% LiClO, lithium salt, showed
the highest values of €, and €;. The obtained results confirmed
higher ionic conductivity of LiCIO4@PEO 3 sample com-
pared with the other as-spun electrolytes.
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The frequency dependence of the dissipation factor (loss
tangent) of the electrospun electrolytes is presented in Fig. 8. It
is apparent that the dissipation factor first increased and then
decreased with increment of the frequency. The observable
peaks in the plots are assigned to the electrode polarization
frequency. The relaxation time (T) can be obtained by the
relaxation peak frequency (f) through the following equation
(r= ﬁ ). It can be seen that the relaxation time is inverse of

the frequency. As relaxation time enhances, the ionic conduc-
tivity decreases [34]. According to the obtained data, the sam-
ples LiClIO4@PEO 1 and LiClO4@PEO 3 showed, respec-
tively, the highest and the lowest relaxation times. The results
tied well with the calculated ionic conductivities of the sam-
ples through the Nyquist plots. Where, the LiCI0O,@PEO 1
and LiCl04@PEO 3 electrolytes presented the lowest and the
highest ionic conductivities, respectively.

Solid-state polymer electrolytes provide fabrication of flex-
ible and lightweight Li-ion batteries with high safety.
However, performance deterioration against cycling has been
widely reported for various polymer electrolytes. The cycling
stability is mainly influenced by the mobility of the Li* ions
and electrolyte-electrode interface. Formation of solid electro-
lyte interface (SEI) layer at the negative electrode is one of the
probable reasons of the capacity fading. The SEI layer is cre-
ated due the interaction between the electrode and residue
existence of the solvents in the electrolyte membrane. In ad-
dition, low penetration rate of the Li* ions in the polymer
matrix resulting from poor ionic conductivity could lead to
the low cycling durability [35, 36]. Cycling stability of the
nanofibrous electrolytes is shown in Fig. 9. As it can be clearly
observed, the capacity retention was enhanced by increasing
the loaded lithium perchlorate and lithium chloride ratios in

b

Fig. 6 a Conductivity versus temperature and b activation energy of the electrospun electrolytes
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Fig. 7 Variation of a dielectric constant and b dielectric loss versus frequency for the as-spun electrolytes

the as-spun fibers. Based on the obtained data from FTIR and
EIS spectra, it may be resulted from increment of the free Li*
ions in the as-spun fibers and improvement of the ionic con-
ductivity. In addition, the LITFSI@PEO2 nanofibers (~90%)
displayed higher capacity over cycling than the
LiClO4@PEO2 (~86%) electrolyte mat. Moreover, the as-
spun sample incorporated with 1 wt% LiCl (~72%) showed
the lowest capacity after 45 cycles in comparison with the
ones embedded with 1 wt% LiTFSI and LiClO,4. Therefore,
the observed trend may be referred to the differences between
the fractions of free lithium ions in the electrospun mem-
branes. Very recently, we presented the electrochemical prop-
erties of the filler-filled electrospun PEO-based electrolytes
containing 1 wt% LiClO,4 and 4.5 wt% EC. Although inert
ceramic fillers favor free Li* ions and facilitate Li* ion mobil-
ity, the nanofibrous samples incorporated with the TiO,, SiO,,
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Fig. 8 Variation of dissipation factor with frequency for the nanofibrous
electrolytes
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and Al,O3 nanoparticles revealed lower capacity retentions in
the range of 32 to 65 % [37]. However, the insertion of
MWCNT and GO nanofillers enhanced the cycling perfor-
mance up to 85% resulting from the existence of the conduc-
tive fillers in the electrospun membranes [38]. So, the com-
parison between the obtained data confirms the role of the salt
concentration on the cycling stability of the electrospun
membranes.

Conclusion

In summary, nanofibrous polymer electrolytes comprising
PEO, EC with LiCl, LiClO,4 and LiTFSI salts in various ratios
were fabricated through the electrospinning process. The ef-
fects of the various lithium salts on the structural
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characteristics (e.g., fiber diameters, a fraction of free Li* ions
and crystalline regions) of the nanofibrous membranes were
evaluated by using the FE-SEM, FTIR, and XRD analysis.
The electrochemical measurement showed an enhancement
in the ionic conductivity of the nanofibers by the addition of
the lithium salts. It was found that the nanofibrous electrolyte
containing 1.5 wt% LiClO, displayed the highest ionic con-
ductivity of 0.33 mS cm™ ' at room temperature. In addition,
the ion migration obeyed Arrhenius relation in the as-spun
electrolytes. The lowest activation energy of 13 kJ mol '
was presented by the electrospun sample loaded with 1 wt%
LiTFSI salt. Moreover, the as-spun structures retained more
capacity by increasing the LiC10,4 and LiCl ratios. Overall, the
results showed that solvent-free PEO-based nanofibers can be
applied as new polymer structures and solvent-free electro-
lytes in lithium-ion battery application.
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