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Abstract The aim of the present work was to perform a
preliminary study of the physicochemical properties of hybrid
organic—inorganic gel electrolytes for Li-ion batteries based
on the PAN/TMS - poly(acrylonitrile)/sulfolane - polymeric
matrix and surface-modified precipitated silicas. Modifica-
tions were done by means of the so-called dry method using
silane U-511 3-methacryloxypropyltrimetoxysilane. Scanning
electron microscopy (SEM), noninvasive back scattering
method (NIBS), specific surface area (BET), the degree of
modification of the silica fillers—Fourier-transform infrared
spectroscopy (FT-IR), impedance analysis, and charging/
discharging were carried out. It is found that the silica fillers
were homogeneously dispersed in the polymeric matrix,
which enhanced conductivity and electrochemical stability
of porous polymer electrolytes. Applicability of the prepared
gel electrolytes for the Li-ion technology was estimated on the
basis of specific conductivity measurements. It was shown
that modification of the silica surface by the silane causes an
increase in the gel-specific conductivity by about 2 orders of
magnitude as compared to gel with unmodified silica.

Introduction

In recent years, much attention has been focused on the
development of new inorganic—organic composite materials
of prospective use in many areas [1-4]. Among the inorganic
substances, silicon dioxide has become greatly important as an
active filler of polymers [5—7]. Its importance follows from the
possibility of controlling its physical properties (by method of
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synthesis) [8, 9] and chemical properties (by surface modifi-
cation) [10].

Gel-type electrolytes are regarded as a prospective alterna-
tive for traditional liquid electrolytes as far as lithium-ion (Li-
ion) batteries are considered. Gel electrolytes are obtained by
placing some amount of liquid plasticizer and/or solvent in a
polymer matrix. This idea was first demonstrated in 1975 by
Feuillade and Perche [11] who studied the process of plasti-
cizing a polymer (host matrix) with an aprotic solution con-
taining an alkali metal salt. Since then, many different poly-
mers were examined as possible gel matrices, including
poly(vinylidene fluoride) (PVdF) [12], poly(acrylonitrile)
(PAN) [13, 14], poly(methyl methacrylate) (PMMA) [15],
and others.

The advantage of gel electrolytes over liquid electrolytes
lies in the fact that the risk of leakages in the battery systems
containing gels is reduced, since in principle, no free liquid is
present in such systems. In addition to that, their specific
conductivities are close to those exhibited by purely liquid
electrolytes.

As was demonstrated in the works of Gozdz and Tarascon
[16, 17], some gel electrolytes can have processing properties
that enable successful application in large-scale production
processes. One of the important findings of Gozdz and
Tarascon was that the addition of highly dispersed silica to
the PVdF—HFP matrix significantly enhances the solvent ab-
sorption ability, thus leading to a considerable increase in the
measured conductivities. The positive effect of various ceram-
ic particles (also Al,O3, TiO,, and others) on the conductivi-
ties of dry polymer electrolytes is also well-documented in the
literature [18-23]. The key factors responsible for the perfor-
mance of these ceramic additives are believed to be particle
size and surface chemistry. Caillon-Caravanier et al. [24]
found that the addition of unmodified silica provided better
mechanical stability and improved the solvent absorption
ability of membranes, thus enhancing the conductivities. In
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more recent works, Lee et al. studied the possibility of gener-
ating in situ fine silica particles dispersed in the PEO matrix
[21] as well as of functionalization of silica surface with glycol
chains [25]. Application of crosslinkable silicas modified with
certain methacrylate monomers was also reported [26].

Currently, the most widely used separators in lithium-ion
batteries are manufactured from polyolefins, predominantly
polyethylene (PE) or polypropylene (PP), due to their suitable
chemical stability, thickness, and mechanical strength [27].
However, several intrinsic factors such as low porosity, poor
thermal stability, and insufficient electrolyte wettability and
large difference of polarity between the highly polar liquid
electrolyte and the nonpolar polyolefin separator lead to high
cell resistance, low rate capability, and even internal short
circuits of LIBs [28-30], which severely restricts the electro-
chemical performance of the LIBs, especially affects the safe-
ty performance of the LIBs. Therefore, the development of
new separators possessing high porosity, good thermal stabil-
ity, and high ionic conductivity is strongly demanded, espe-
cially in the thermal stability which seriously influences the
practical application of LIBs.

In many studies, the fluorinated polymer poly(vinylidene
fluoride) (PVdF) has been chosen as a polymer host due to its
excellent thermal stability, outstanding mechanical property,
and inertness to solvent [27, 31]. Silicon dioxide, as the
second component, was adopted for the interaction between
the polar group of inorganic silicon dioxide sol surface and the
interaction between the polar group, and fluorine atoms of
PVdF molecular chain enhanced the adhesion properties be-
tween the fibers. Moreover, the addition of inorganic silicon
dioxide could decrease the crystallinity of polymer, improves
absorption for the electrolyte solution and ionic conductivity,
thus improving the electrochemical performance of the sepa-
rator. It also could highlight the advantage of inorganic mate-
rials, thus greatly improving the heat resistance of separators,
which could enhance the safety of LIBs. Eun-Sun Choi et al.
have made a research about SiO,/poly(vinylidene fluoride-
hexafluoropropylene)-coated poly(ethylene terephthalate)
nonwoven composite separator for a lithium-ion battery
[27]. In their study, they have done much work on the influ-
ence of particle size, tunable porous structure of SiO,, on the
performance of nonwoven composite separator. The separa-
tors prepared by relevant researchers provided substantial
improvement in the thermal shrinkage, liquid electrolyte wet-
tability, and electrochemical performance. Nevertheless, we
noted that coating modification using varisized inorganic sil-
icon dioxide particles was directly employed, which have
some problems in controlling the stability and uniformity of
SiO, particle size during the processes of preparation and
charging/discharging.

In some cases, hybrid membranes were prepared by sol—gel
techniques [32-35]. The same approach was used to synthe-
size tailored organic-modified silica bearing a variety of
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functional groups, with a preference for hydrophilic frag-
ments. The latter systems are devised to improve the proton
conductivity and the water uptake of the resulting hybrid
Nafion-based materials [36-39]. At present, the influence of
the physicochemical properties of the inorganic fillers on the
structure and the properties of the composite proton
conducting polymer electrolytes is not well-understood and
prompted us to investigate systematically composite Nafion-
based membranes under different conditions [40].

A completely different approach is followed in the devel-
opment of polymer electrolyte membranes consisting of a
basic polymer such as polybenzimidazole impregnated with
phosphoric acid [41]. These systems are designed to operate at
high temperatures, above 150 °C, which solves engineering
problems arising from cell operation at lower temperatures
[41]. Recent advances in polymer electrolytes for fuel cells
include substitution of a proton-conducting ionic liquid
(PCIL) for water as the proton transport medium [42-45],
and the development of polyelectrolyte membranes capable
of carrying OH— anions from the cathode to the anode which
leads to systems able to operate effectively even in the absence
of electrocatalysts based on platinum-group metals (PGM)
[46, 47].

Thus, the motivation of this work was to examine the
properties of SiO, filler for composite polymer electrolytes.
It may be expected that certain favorable properties of both
unmodified and modified SiO, will be reinforced and a syn-
ergic effect will be detected. This paper describes the synthesis
and preliminary results for a new type of filler for PAN/TMS/
LiPF4-based composite gel electrolytes which is a precipitated
silica oxide submicron powder.

Experimental
Materials

Silica dioxide was produced in the emulsion system using
cyclohexane (analytical grade, made by POCh SA) as the
organic phase, and sodium silicate and hydrochloric acid
solutions used as precipitating agent. The nonionic surfactants
from the group of oxyethylene alkylophenols, known as
Rokafenol N3 and N6, were used as emulsifiers. The silica
obtained in this way was modified with the proadhesive
compound U-511 (3-methacryloxypropyltrimethoxysilane).

Graphite (G, SL-20, BET surface area 6.0 m* g ', Superior
Graphite, USA), carbon black (CB, Fluka), poly(vinylidene
fluoride) (PVdF, MW=180,000 Fluka), lithium foil (Aldrich,
0.75-mm thick), vinylene carbonate (VC, Aldrich), N-methyl-
2-pyrrolidinone (NMP, Fluka), dimethylformamide (DMF,
Aldrich), lithium hexafluorophosphate (LiPFg¢, Aldrich), and
sulfolane (TMS, Fluka) were used as received.
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Measurements and apparatus
Silicas

Chemical composition of the silicas was analyzed using an
Elementar model Vario EL Cube apparatus. During the mea-
surements, the percentage contribution of N, C, H, and S was
estimated. The degree of modification of the silica fillers was
determined by FT-IR.

Specific surface areas of the selected silica powders were
determined by N, adsorption (BET method) using ASAP
2020 instrument (Micromeritics Instrument Co.). Moreover,
the volume and size of pores of precipitated fillers applying
BJH algorithm were examined. Samples were degassed at
120 °C for 2 h prior to measurements.

The water wettability of the obtained fillers was measured
in order to investigate the hydrophobic or hydrophilic charac-
teristics of the surface. The measurements were carried out
with the use of a K100 tensiometer (Kriiss) equipped with
appropriate software. The measurements were conducted over
an equal time period, until a stable sample mass value was
obtained (approx. 10 min; the mass was 0.4 g).

Particle size distributions of silica suspensions were char-
acterized in isopropanol and in the monomer with a Zetasizer
Nano ZS (Malvern Instruments Ltd.). Size of silica particles as
well as particle size distribution (PSD) were performed
employing the technique of noninvasive back scattering meth-
od (NIBS) with a constant 173° scattering angle, at 25+
0.1 °C. The obtained particle size is a volume-weighted mean
diameter, which is also called “z-average diameter.” Particle
size was measured for each composition six times; the final
result assumed a mean value.

The morphology and microstructure of silica particles were
characterized with low-voltage SEM (EVO40, Zeiss).

Electrodes and electrolytes

Polymer electrolytes (PEs) were prepared by the casting tech-
nique. First, the polymer (PAN) was swollen in DMF at 50 °C.
After 24 h, the polymer solution was mixed with the electro-
lyte (1 M LiPF4 in TMS - sulfolane was the environment to
dissolve the salt: LiPF¢) clean and with the addition of 3 wt.%
unmodified and modified SiO,. The viscous solution of the
polymer in a mixture of the solvent (DMF) and sulfolane was
cast onto a glass plate. After weighing, the plate was trans-
ferred into a desiccator, where the volatile solvent (DMF) was
slowly evaporated under a stream of dry argon, first at room
temperature. The composition of the system was monitored by
weight. When the weight of nonvolatile components was
achieved, this suggested that all amount of DMF was re-
moved. After evaporation of the volatile component, the plate
with the polymer electrolyte foil was weighed again and the
composition was determined from the mass balance (with an

accuracy of 10~* g). The resulting gel-type polymer electro-
lytes were self-standing membranes, homogeneous, and trans-
parent. Polymer electrolytes were soaked with a drop of
vinylene carbonate (VC, 7-8 %) before cells assembling.
Tested anodes were prepared on a copper foil (Hohsen, Japan)
by the casting technique, from a slurry of graphite (G), carbon
black (CB), and PVdF in NMP. The ratio of components was
G:CB:PVdF=85:5:10 (by weight). After solvent (NMP)
evaporation at 120 °C in vacuum, a layer of the carbon
electrode, containing the active material (G), the electronic
conductor (CB), and the binder (PVdF), was formed. Typical-
ly, mass of electrodes was as follows: Li: ca. 45 mg
(0.785 cm?) and anode: 3.0-4.0 mg.

Electrochemical properties of the cells were characterized
using electrochemical impedance spectroscopy (EIS) and gal-
vanostatic charging/discharging tests. The Li/electrolyte/Li
and the Li/electrolyte/G cells were assembled in a dry argon
atmosphere in a glove box. Two lithium foils or lithium foil
and a graphite electrode were separated by polymer electro-
lyte, placed in an adapted Swagelok® connecting tube. Geo-
metrical surface area of Li and graphite electrodes was 1 cm?.
Interface resistance at the electrode/polymer electrolyte inter-
face was measured with an ac impedance analyzer (Atlas-
Sollich System, Poland). The impedance spectra were record-
ed from 0.01 Hz to 10 kHz at the amplitude of 10 mV.

Conductivity of liquid electrolytes was measured in a two-
electrode (Pt) thermostated conductometric glass cell with the
constant of 4.80 cm ', The corresponding conductivity data
for polymer electrolytes, sandwiched between two gold
blocking electrodes, were measured in the Swagelok®
connecting tube, placed in an air thermostat. During conduc-
tivity measurements of both the liquid and polymer electro-
lytes, impedance were recorded between 1 Hz and 10 kHz at
the amplitude of 10 mV. The cycling tests on the Li/
electrolyte/G cells were performed between 0.001 and 2.5 V
at the current rate of C/10. After electrochemical measure-
ments, cells were disassembled, graphite electrodes washed
with DMC and dried in vacuum at room temperature. The
morphology of polymer electrolyte was observed with a scan-
ning electron microscopy (SEM, Tescan Vega 5153).

Preparation of precipitated silica

Two types of emulsions were prepared. The first one labeled
as E2 and referred to as acidic was composed of the organic
phase (cyclohexane POCh SA) and a 5 % solution of hydro-
chloric acid (POCh SA). It also included
nonylphenylpolyoxyethyleneglycol ethers (NP3 and NP6,
PCC Rokita SA). The second emulsion labeled E1 was re-
ferred to as the basic one. It contained a fixed volume of a
20 % solution of sodium silicate (Vitrosilicon SA) into which
cyclohexane and emulsifiers (NP3 and NP6) were introduced
in appropriate amounts. The emulsions were obtained by
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dissolving weighted portions of nonionic surfactants in cyclo-
hexane. The mixture obtained was applied in small doses into
the water phase being a water solution of sodium silicate for
E1 and a water solution of hydrochloric acid for E2. The E2
emulsion was homogenized in the next step for 20 min at the
rate of 8,800 rpm and placed in a reactor (QVF Miniplant
Pilot-Tec) of 10 dm® in capacity (under continuous stirring at
the rate of 760 rpm). Then, E1 was homogenized at the rate of
8,800 rpm for 20 min. After this stage, E1 was introduced in
doses into E2 at the rate of 20 cm® min' using a peristaltic
pump. As a result of dispergation a white sediment of silica
appeared, which was later destabilized at 80 °C in order to
separate the organic phase. The sample was filtered of under
reduced pressure. The filtration residue obtained was washed
a few times with hot water and then with methanol in order to
remove possible residues of surfactants. The last phase of the
process was the removal of humidity from the silica by spray
drying in a GeoNiro A/S.

Figure 1 presents a possible mechanism of silica precipita-
tion from a system of two emulsions followed by destabiliza-
tion in order to separate the silica of spherical shape particles
and recovery of the hydrocarbon used (for example
cyclohexane).

Modification of silica particles

The modification of silica surface was performed in a reactor
containing 20 g of silica support and a solution of the modi-
fying compound. The solution contained 3-
methacryloxypropyltrimethoxysilane (U-511) in the amount
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of'5, 10, 20 weight parts by mass (wt.%) and a certain amount
of the solvent of water and methanol mixed at the 1:4 (v/v)
ratio. The modification was performed in a mixer according to
the earlier described procedure [48].

Results

At the first stage of the study, the spherical silica was precip-
itated and subjected to dispersion analysis. The particle size
distribution (Fig. 2a) revealed a single band corresponding to
the particles of diameters covering the range 164-295 nm,
with the maximum volume of 37.2 % corresponding to the
particles of 220 nm in diameter. The SEM of the silica
(Fig. 3a) confirmed the above result as the sample showed
high uniformity and a few agglomerates. The polydispersity
index of this silica material was 0.250.

The surface modification caused a shift in the particle size
range of the filler. Respectively, for 5 wt.% (Fig. 2b): 396—
825 nm, 10 wt.% (Fig. 2c): 296-725 nm, and 20 wt.%
(Fig. 2d): 342—712 nm. The polydispersity values are 0.280—
0.310. The mean diameter of the silica particles and value of
polydispersity means that the samples are rather homoge-
neous. The state of dispersion is illustrated in the SEM image
(Fig. 3b—d).

The introduction of alkoxysilanes in small amounts of 5,
10, and 20 wt.% does not cause significant changes in the
particle size distribution. The average particle diameter is
changed as follows: 5 wt.%: 615 nm, 10 wt.%: 515 nm,
20 wt.%: 531 nm.
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Fig. 2 PSD and of silica unmodified a) and modified with 5 b), 10 ¢), and 20 d) wt.% of U-511 silane

The FT-IR spectroscopic analysis has provided infor-
mation on the SiO,/modifier interactions. The unmodi-
fied silica (sample SiO,) has its functional groups—
silanols almost totally blocked (3,748 cm™'; Fig. 4). It
is explained by a strong interaction of the emulsifiers
with the precipitating silica and their partial grafting
into the surface structure of the silica.

The mechanism of this interaction may be based on the
chemical reaction of the silanol group present on the silica
surface with the hydroxyl group or on the formation of hy-
drogen bonds between the hydroxyl groups on the SiO,
surface and those from the emulsifier. Moreover, in the spec-
trum of the unmodified sample, the characteristic broad band
assigned to the physically bound water (3,200-3,600 cm ')
has low intensity, while the band assigned to the stretching
vibrations of = CH (2,965-2,850 cm') is relatively well
pronounced. After modification with U-511, the intensity of
the band assigned to the silanol groups at 3,660 cm ' de-
creased, while that of the band assigned to the o C-H bond,
at 2,965-2,850 cm_l, increased. These changes prove the
chemical character of the silica surface modification with 3-

methacryloxypropyltrimethoxysilane. The presence of this
band confirms strong interactions of the emulsifier used with
the surface of SiO,. Modification with the alkoxysilane stud-
ied led to similar changes in the intensity of the spectroscopic
bands.

Hydrophilic nanoparticles and hydrophobic polymers are
not compatible in nature, which will result in poor interfacial
interaction [49, 50]. Above all, it is necessary to modify the
surface of silica (nano)particles. Surface modification tech-
niques for preventing nanoparticles from aggregation became
important in the applications of nanoparticles [49]. In general,
there are two basic routes to surface modification of inorganic
fillers: physical adsorption of polymer and covalently attach-
ment by chemical reaction. The resultant bonding is often a
mixture of secondary and chemical bonds. Physical treatment
(through covering the filler with a low molecular weight
surfactant or a high molecular weight polymer) usually results
in secondary forces (such as van der Waals, hydrogen and
electrostatic forces) between particles and the modifier [51].
The covalent-bond polymer can usually overcome drawbacks
of'the prepared by physical adsorption, such as adhesive force
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Fig. 3 SEM image of silica
unmodified a) and modified with
5b), 10 ¢), and 20 d) wt.% of
U-511 silane

and a low grafting densities [52], because the covalent attach-
ment modifier avoids its desorption from the particles surface.

Surface modification of silica fillers resulted in a distinct
shift towards a more hydrophobic with increasing the quantity
of U-511. Figure 5 shows wettability profiles with water of
both unmodified and modified silicas. Character of the wet-
ting curve of modified silica confirms the change in the
surface character of the support from hydrophilic to partially
hydrophobic.

For the silica samples modified with U-511, the results of
the wettability test indicated high chemical affinity and the
possibility of interaction with water molecules through
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Fig. 4 FT-IR spectra of silica unmodified and modified with 5, 10, and
20 wt.% of U-511 silane
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hydrogen bonds. Furthermore, the increased hydrophobicity
corresponds to an increased amount of the emerging function-
al groups derived from the silane and decreasing a surface area
resulting from the saturation of the active filler.

Furthermore, N, sorption experiments were carried out to
determine the structural properties of the silica fillers (Table 1).
The surface area (Aggr) of unmodified silica SiO, is much
larger (48 m? g ') than for modified silicas (15-37 m? g ).
The pore volume (¥},) of the unmodified silica is greater than
the silane-grafted silicas. However, the average pore diameter
(Sp) of modified silica is slightly greater than the unmodified
sample, which can be explained by the migration of modifier
into the pores.

0.6
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(]
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Fig. 5 Wettability of silica unmodified and modified with 5, 10, and
20 wt.% of U-511 silane
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Table 1 Parameters of porous
structure of unmodified and si- Acronym filler Silica fillers Aggr/m® g Vp/cm3 g ! S,/nm
lane-grafted silicas
S SiO, 48 0.59 12.43
SM5 SiO, + 5 wt.% U-511 37 0.42 13.104
SM10 SiO, + 10 wt.% U-511 27 0.20 18.89
SM20 SiO, + 20 wt.% U-511 15 0.15 18.1

The products were also subjected to elemental analysis to
get percentage contents of C and H (Table 2). The contents of
carbon and hydrogen increase in proportion to increasing
U-511 concentration in the solution used for modification.

Modification of SiO, causes change in the chemical and
physical properties, mainly hydrophilic-hydrophobic proper-
ties, as well as the introduction of the surface of the silica-
specific functional groups that can easily react with the centers
in which these systems will be used. To determine the hydro-
philic-hydrophobic surface properties of silica particles be-
fore and after modification, the parameters in the water wet-
tability were measured.

Studies have shown that the nature of the wetting profile
depends mainly on the amount of modifier used. The increase
in hydrophobicity of the surface of SiO,, especially when
using larger quantities of modifier, reduces the rate of wetting.

The only noticeable difference in the change between the
applied silicas can be seen in the measurement of the surface
area. It should be noted that in the case of Aggr, precipitated
silica corresponds mainly to the external surface, such as silica
is almost perfectly spherical particles.

Modification of the silica surface is a complex process
dependent on many parameters. The type of solvent and
modifying substance, its quantity in the solution, the pH of
the environment, modification time, and additives that cata-
lyze the modification process is important [52]. By the choice
of suitable polyfunctional compounds containing not only
groups capable of interacting with the surface of silica, but
also a group of the chemical affinity with the functional
groups of organic compounds, adsorption capacity of the
silica carrier can be corrected.

Alkoxysilanes can bind chemically with the silica surface
in the presence of water only. Thus, the silane molecules must
be hydrolyzed before the reaction with the mineral surface of

Table 2 Elemental con-

tent of carbon and hy- Acronym filler Elemental content/%

drogen of tested silica

fillers C H
S 1.486 1.983
SM5 5.054 1.502
SM10 4815 1.625
SM20 10.310 1.919

the substrate. The mechanism of this process is shown in
Scheme 1.

Figure 6 shows the comparison of morphology between
membranes without silica fillers and containing modified
silica with 5 wt.% U-511. In the case of adding silica to the
polymer electrolyte, SiO, aggregates can be seen in the holes
of membranes. There are no SiO, aggregates to be seen on the
upper surface, indicating that the added SiO, is, therefore,
concentrated in the phase-separated water droplets and filled
in the holes when porous membrane is formed. Moreover, you
can see a clear difference between the electrolytes. The addi-
tion of only 5 % of the modified silica allows detecting the
presence of spherical particles.

Figure 7 shows the temperature dependence of ionic con-
ductivity of pristine and composite polymer electrolytes. The
gel electrolytes based on modified silica composite mem-
branes present higher ionic conductivities than that based on
pristine membrane, indicating that silica composite improved
ionic conductivity of gel electrolyte based on porous
membrane.

The lowest value of the ionic conductivity at 25 °C shows a
pure electrolyte (EN) - it is 1x10™* S cm™". The addition of
unmodified silica (ES) caused an increase in conductivity by
orders of magnitude - 2.8x107°> S cm ™. Modification of SiO,
with selected alkoxysilane U-511 results in a significant in-
crease of conductivity. The maximum value observed with the
addition of filler to polymer electrolyte modified 5 wt.%
U-511 (ESM5) - 49x102 S cm . Moreover, increasing the
amount of silane resulted in a decrease of conductivity: for
10 wt.% U-511 (ESM10), 3x1072 S cm™ " and for 20 wt.%
U-511 (ESM20), the value was much lower: 5.9x10° S cm !
(Fig. 8).

What is interesting is that the higher conductivity values
were obtained for membranes containing bigger diameter and
not smaller of the SiO, particles. Surface modification resulted
in an increase average diameter composite particles intro-
duced into the polymer electrolyte. For a pure SiO,, average
particle diameter was about 220 nm, and for modified com-
posites it increased to SMS, 615 nm; SM10, 515 nm; and
SM20, 531 nm. This may mean that SiO, of greater size
comprises a greater number of active groups resulting from
the modification. The highest ionic conductivity value at
25 °C was measured for the membrane containing microsize
SiO, with methacryloxy groups on the surface (5 wt.%) (4.9 x
102 S cm ) (Fig. 8) [53].
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Scheme 1 Proposed mechanism
of silane compounds that bind

Hydrolysis of alkoxysilane

with surface silanol on silica C.H,0 ) _3C,H,0H HO\ )
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The specific conductivity of a number of representative
ionic liquids is shown in [54]. As can be seen, the room

Fig. 6 Scanning electron microscope images of electrolytes membrane:
a) ES and b) ESMS5
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temperature conductivities, o, are within a broad range of
0.1-18 mS cm ', Generally, conductivity of the order of
10 mS ecm ™ is typical of ionic liquids based on [EtMelm]".
On the other hand, ionic liquids based on
tetraalkylammonium, pyrrolidinium, piperidinium, and
pyridinium cations are characterized by considerably lower
conductivities, in the range between 0.1 and 5 mS cm . Even
the highest room temperature ionic liquid conductivity is
much lower in comparison to conventional aqueous electro-
lyte solutions applied in electrochemistry. For example, the
specific conductivity of aqueous KOH (29.4 wt.%) solution,
applied in alkaline batteries, is 540 mS cm™'. The electrolyte
applied in lead-acid batteries, 30 wt.% aqueous H,SOy, shows
a conductivity at the level of ca. 730 mS cm '. However,
nonaqueous solutions show 1 order of magnitude lower con-
ductivity. One of the most conductive Et;NBF, solutions, in
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Fig. 7 Temperature dependencies of ionic conductivities determined of
the gel electrolytes with various fillers presented as Arrhenius plots
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Fig. 8 Ionic conductivity of the dry polymer electrolytes at 25 °C a);
charging capacity of the cell: Glelectrolyte|Li (C/5) - b)

acetonitrile, for application in double-layer capacitors is char-
acterized by 0=60 mS c¢m . Lithium ion containing solu-
tions, for use in lithium-ion batteries, show a conductivity at
the level of 10 mS cm !, similar to that characteristic for some
ionic liquids. The conductivity of a solution of LiPFg¢
(1 mol dm™) in a mixture of ethylene carbonate with 1,2-
dimethoxyethane (EC + DME) is 16.6 mS cm . A dilution of
neat ionic liquids with solvents (molecular liquids) also brings
about an increase in conductivity. For example, the specific
conductivity of neat [EtMeIm] [BF,] is 14 mS cm ™', while its
2 mol dmsolution in acetonitrile shows a conductivity of
47 mS cm . This is not unexpected, as an ionic liquid +
molecular liquid mixture is a solution of a salt in a solvent,
and therefore, ions are separated by solvent neutral molecules.
However, at higher salt concentrations, all solvent molecules
are involved in the ions primary salvation shell, and the
resulting system, called “solvent in salt solution,” may show
properties rather characteristic for ionic liquids than that typ-
ical of classical solutions. In such a case, the conductivity
increases with the increasing amount of the salt, goes through
a maximum, and decreases with a further increase of the salt
concentration [54].

Figure 9 shows the charging/discharging curves for the
Glelectrolyte|Li cell assembled from the graphite anode. It
can be seen that such an electrode capacity was stable during
the cycles. The current rate C/5 was optimal for all
electrolytes.

The charging and discharging capacity of the graphite
anode with electrolytes containing modified silica was be-
tween 238 mAh g ' (ESM20), 300 mAh g ' (ESM10), and
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Fig. 9 Charge capacity a), discharge capacity b), and coulombic effi-
ciency ¢) of the cell: Glelectrolyte|Li (C/5)

350 mAh g~' (ESM5). The resulting capacity for graphite
electrode can be applied to the conductivity. The highest
capacity and conductivity belong to the electrolyte which
contains Swt.% of 3-methacryloxypropyltrimethoxysilane
(U-511). The charge/discharge efficiency of the cell:
Glelectrolyte|Li (C/5) was ca. 98 % after 20 cycles.

The number of possible charging/discharging cycles is one
of the most important factors characterizing any energy stor-
age device. Lithium-ion batteries working with classical elec-
trolytes show the life cycle of ca. 500—1,000. In the case of
studies on ionic liquid electrolytes, usually 10-100 cycles are
reported. Also, the capacity loss may be higher when ionic
liquids are used as electrolytes [55].

Graphite is usually used as an anode for the Li-ion second-
ary batteries with different types of electrolytes, including
ionic liquids. In the case of the primary battery, metallic
lithium may be used due to its high specific energy. The anion
[X ] of the ionic liquid [Li"][A"][X ] is important from the
point of view of the graphite electrode performance. The
bis(trifluoromethanesulfonyl)imide anion seems to be the

@ Springer
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most popular component of ionic liquids applied as electro-
lytes in Li-ion batteries. However, the graphite anode requires
the presence of a SEI forming additive. It has been found that
replacing the bis(trifluoromethanesulfonyl)imide anion
(IN(CF350,), ] or [NTf; ]) by bis(fluorosulfonyl)imide an-
ion ([N(F,S0,), ] or [Nf, ]) may prevent the irreversible Li+
intercalation into graphite [56]. The influence of the anion
([NTf; ] or [Nf, ]) on cycling performance of the Li/LiCoO,
cell filled with the [MePrPip']-based ionic liquid was exam-
ined [57]. The initial capacity of the cell containing
[MePrPip J[NTf, ] was slightly lower than that containing
[MePrPip ‘][Nf, ]. Capacity retention at the next cycle (at
0.1C rate) was 90 % in the case of the [MePrPip |[Nf, ]-
containing cell, while the cell containing [MePrPip J[Nf, ]
showed only 50 % efficiency [57]. The influence of the [Nf; |
anion on the reversible anode capacity has also been shown in
the case of a number of other ILs [58, 59]. High lithiation
capacity and good safety characteristics of amorphous silicon
make it a good candidate for the anode material in Li-ion
batteries. A thin film Si anode in [Li"][MePrPip*][Nf, ] ionic
liquid electrolyte showed a capacity of the order of
3,000 mAh g ', with a small decrease in performance during
35 cycles [60].

Moreover, most of the research studies have shown that the
consumption of cyclable Li due to side reactions within the
cell is the main cause responsible for the capacity fade of LFP-
based Li-ion cells. Striebel et al. [61, 62] tested the cycled
graphite anode and LFP cathode of a cycled LFP/graphite cell.
They found that both the electrodes well-maintained their
specific capacity except the loss of lithium inventory. Dubarry
et al. [63] attempted to identify the contributions of several
factors to capacity loss by using an incremental capacity
analysis. Again, lithium inventory loss is found to be the main
cause of the capacity degradation of the LFP-based cell. Liu
et al. [64, 65] investigated the discharge profiles using a
differential analysis, and they confirmed that the loss of re-
versible Li is responsible for most of capacity fade. They also
used external lithium source to replenish the cycled cathode
which has lost 30 % of its capacity after 2,730 cycles. Most of
the lost capacity was recovered and the cell cycled for addi-
tional 1,500 cycles. We investigated the electrochemical cy-
cling behavior of a LFP-based cell with different upper volt-
age limits, and the results indicated that lithium inventory loss
is the most important factor leading to the capacity loss
regardless of the charge voltage limit applied to the cell [66].

Interfacial stability with electrode is an essential factor to
guarantee acceptable performance in the electrochemical de-
vices. The interfacial stability between the electrolyte and the
lithium electrode was investigated by monitoring the imped-
ance response of a symmetrical Li/electrolyte/Li cell for a
period of 542 h.

Evolution of impedance spectra of the symmetrical
Li|PE1|Li cell, kept under open circuit conditions, is shown

@ Springer

as a function of the storage time (Fig. 10). The cell was tested
immediately after its assembling without electrochemical
charging/discharging. Spectra consist of a flat quasi-
semicircle followed by a short straight line at the low-
frequency region. It may be seen that the impedance consid-
erably increases with storage time. Impedance measured im-
mediately after cell assembling is ca. 8,200 Q cm? while
during storage, it increases up to ca. 13,000 Q cm?® after
542 h. (Fig. 10b). The interfacial resistance between the
polymer electrolyte based on the modified silica (ESMS)
membrane and the lithium electrode is also found to gradually
increase from 2,000 to 3,400 © cm’ with the same storage
time, as shown in Fig. 10a. Similar values were obtained with
the addition of nanoSiO,—P(VDF-HFP) porous polymer elec-
trolytes for Li-ion batteries [67]. As shown in Fig. 10a, the cell
impedance mainly consists of a superimposed semicircle in
the high-frequency to medium-frequency range which can be
deconvoluted into two consecutive semicircles corresponding
to the impedance of SEI layer formed on the surface of the
electrodes (Rsg;) and that of the Faradic charge transfer resis-
tance (R), respectively [68, 69]. It is noted that the total cell
impedance increases from 1,950 Q2 after 10 h to 3,250 € after
542 h.

The increased reactivity of gel polymer electrolyte results
in thicker surface film and higher interphasial resistance that is
responsible for higher cell polarization, lower cell capacity,
and quick capacity decay with cycling. Scrosati et al. have
shown that this reactivity could be significantly reduced when
intercalation electrode such as LiyTisO;, was used to replace
lithium metal as the anode during battery fabrication [70]. In
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Fig. 10 Impedance evolution of the Li|electrolyte[Li system as a function
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the future, we will optimize the cell performance of lithium-
ion batteries using gel polymer electrolyte and dual intercala-
tion electrodes.

The higher interfacial resistance for the polymer electrolyte
based on direct composite membrane during the storage seems
to be associated with the growth of a passivation layer on the
lithium electrode surface and the degradation of the physical
contact between the electrolyte and lithium electrode [13, 71].
As analyzed by SEM, the insulative silica particles are con-
centrated in the surface of membrane for direct composite
sample, leading to an increase of resistance.

Conclusions

A new type of unmodified and modified filler for polymer gel
electrolytes SiO,—PAN/TMS has been described. The physi-
cal and electrochemical properties, such as porosity, specific
surface area, particle size distributions, degree of modification
of the silica diameter, uptake capacity, lithium-ion conductiv-
ity, and interfacial resistance, were investigated. New ceramic
filler precipitated from emulsion system greatly facilitate sol-
vent uptake by dry PAN/TMS with LiPFs membranes, but
only if they had been surface-modified. The state of the
ceramic’s surface chemistry seems to be an extremely impor-
tant factor as far as its performance as a filler in gel electro-
lytes. The highest capacity and conductivity belong to the
electrolyte which contains 5wt.% of 3-
methacryloxypropyltrimethoxysilane (U-511), 350 mAh g .
The charge/discharge efficiency of the cell: Glelectrolyte|Li
(C/5) was ca. 98 % after 20 cycles.

The modified silica is found to be much better than the
unmodified filler in lowering the interfacial resistance be-
tween electrolyte and lithium metal electrode, and presents
stable charge—discharge behavior and little capacity loss of
battery. Precipitation silica and additive to PAN/TMS is a
promising method to polymer electrolyte for lithium batteries.
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