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Abstract A new type of ceramic filler (TiO2-SiO2) was used
in composite gel polymer electrolytes for application in
lithium-ion batteries (LiMn2O4|Li). TiO2-SiO2 ceramic pow-
ders were obtained by co-precipitation from solutions of tita-
nium sulphate and sodium silicate. The resulting submicron-
size powders were used as fillers in composite gel polymer
electrolytes for Li-ion batteries based on polyacrylonitrile
(PAN) membranes and sulpholane (TMS). The composite
gel polymer electrolytes (PE) were analysed structurally and
electrochemically, demonstrating favourable properties in
terms of electrolyte uptake and electrochemical characteristics
in Li-ion cells. The surface morphology of the PE was studied
using scanning electronmicroscopy (SEM). It was found to be
a stable, porous and flexible polymer electrolyte with an ionic
conductivity of 9.8×10−4 S cm−1 at 25 °C. The performance
of the LiMn2O4|PE3|Li cell was tested using electrochemical
impedance spectroscopy (EIS) and galvanostatic charge/dis-
charge. The LiMn2O4 cathode exhibited good cyclability and
coulombic efficiency (ca. 145 mAh g−1 after 50 cycles) when
used together with 1 M LiPF6 in PAN/TMS/TiO2-SiO2+
8 wt.% VC.

Introduction

Composite polymer electrolytes (CPEs) have received exten-
sive attention in recent decades for their potential application

in higher-energy-density and higher-power-density lithium
batteries, owing to their lack of leakage, high flexibility within
the cell geometry, high physical and chemical stability and
good interfacial compatibility with electrodes [1–5]. One of
the most promising ways to obtain CPEs is the addition of
nanosized or microsized ceramic fillers. The positive effect
of various ceramic particles (SiO2 [3, 6], Al2O3 [4] and TiO2

[5, 7, 8]) on the conductivities of dry polymer electrolytes is
also well documented in the literature.

The obtained CPEs alone can offer improved ionic conduc-
tivity, mechanical strength and electrolyte-electrode compati-
bility. Generally speaking, a CPE used as a device component
must be capable of maintaining its rated performance for a
sufficiently long time, as appropriate to the particular applica-
tion [9, 10].

Increased interest in inorganic oxide systems has prompted
the intensive development of methods for their synthesis and
functionalisation. This interest stems from their specific phys-
icochemical properties such as large surface area and chemical
and thermal stability, which are vital for the production of
composite systems, such as TiO2-SiO2 composite materials
[11–16]. Specific applications of such oxide systems or their
derivatives require well-defined physicochemical parameters
[17–19]. The physicochemical properties of the functionalised
commercial and synthetic oxide systems depend mainly on
the effectiveness of the modification process and its imple-
mentation [20, 21]. The effectiveness of inorganic oxide sys-
tems’ surface functionalisation is evaluated on the basis of
adsorption properties, dispersion and morphological charac-
terisation, hydrophobic/hydrophilic properties and chemical
interactions, as well as electrokinetic measurements [17–24].

A combination of TiO2 with crystalline structure and SiO2

with amorphous structure permits the majority of the afore-
mentioned desired properties to be attained. The presence of
SiO2 brings a reduction in the particle size and an increase in
the surface area or in the mechanical strength [25–27]. The
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composite is chemically neutral and UV-transparent and has a
large surface area [28]. The presence of SiO2 is also respon-
sible for the increased thermal stability of the composite,
which prevents transformation of anatase TiO2 into its rutile
variety [25]; this is of profound importance, as anatase has the
highest photocatalytic activity of all three varieties [26]. TiO2-
SiO2 oxide composites are used as effective catalysts and
photocatalysts for, for example, the polycondensation of
poly(ethylene terephthalate), hydration of carbon oxide or se-
lective oxidation by peroxides of organic compounds in the
liquid phase. TiO2-SiO2 oxide composite also acts as a
photocatalyst in the neutralisation of wastewater from the pro-
duction of nitriles, nylon, plastics, synthetic rubber, benzene,
nitrobenzene, herbicides and gold [26, 27].

Incorporation of an inorganic filler into the gel polymer
electrolyte further increases the uptake of the liquid electrolyte
and enhances the dimensional stability of the membrane
[28–31]. These advantages have inspired extensive research
into the use of gel polymer electrolyte and composite gel
polymer electrolytes in lithium/sulphur (Li/S) batteries
[32–41].

It was decided to use a new polymer electrolyte to investi-
gate the system LiMn2O4|PE3|Li (Table 1).

LiMn2O4 is ideal as a high-capacity Li-ion battery cathode
material by virtue of its low toxicity, low cost and the high
natural abundance of Mn. A further advantage of spinel is its
high thermal stability and enhanced safety; however, the cycle
life and calendar life are limited. Low internal cell resistance is
the key factor for fast charging and high-current discharging.
This spinel structure, which is usually composed of diamond
shapes connected into a lattice, appears after initial formation.
Spinel provides low resistance but has a more moderate spe-
cific energy than cobalt. Li-manganese has a capacity lower
by roughly one-third than that of Li-cobalt, but the battery still
offers about 50 % more energy than nickel-based chemistries.
Design flexibility allows engineers to optimise the battery for
either longevity (life span), maximum load current (specific
power) or high capacity (specific energy). For example, the
long-life version in the 18650 cell has a moderate capacity of
1100 mAh; the high-capacity version provides 1500 mAh but
has a reduced life span.

Spinel-type lithium-manganese oxide LiMn2O4 is one of
the most frequently studied cathode materials for use in Li-ion
batteries. It has a specific capacity of 120 mAh g−1 between

3.5 and 4.3 V and has no memory effects [42, 43]. However,
the theoretical capacity of the spinel is 148 mAh g−1 [44]. In
addition, LiMn2O4 is cheap and contains no heavy metals;
hence, it is environmentally friendly. LiMn2O4 has been ex-
amined in ionic liquids based on trimethylhexylammonium
[45, 46], N-methyl-N-propylpiperidinium [47], 1-
cyanomethyl-3-methylimidazolium [48] cations and
bis(trifluoromethanesulphonyl)imide anion. The LiMn2O4

cathode in the ionic liquid was observed to exhibit thermal
stability, which is a favourable property for the improvement
of battery cell safety. The phosphazenic compound
triethoxyphosphazen-N-phosphoryldiethylester [49] and a bi-
nary mixture of triethylphosphate and EC [47] have also been
studied as non-flammable electrolyte additives for Li-ion cells
with the LiMn2O4 cathode [50].

The role of the two oxides in industry is therefore
enormous. However, titania’s high tendency towards ag-
glomeration has prompted scientists to search for ways
to limit this phenomenon. The addition of silica can
improve the degree of dispersion of titania as well as
increasing its activity and contributes to the transforma-
tion of anatase into the rutile form. There are many
methods for preparing hybrid TiO2-SiO2 oxide, which
lead to products with different properties. It may be
expected that certain favourable properties of both
SiO2 and TiO2 will be reinforced and a synergic effect
will be detected.

Thus, the motivation of this work was to examine the prop-
erties of a hybrid TiO2-SiO2 filler for CPEs.

In this study, a LiMn2O4 lithium-polymer battery, compris-
ing a PAN/TMS/TiO2-SiO2 composite polymer membrane,
was assembled and examined. The electrochemical perfor-
mance of the LiMn2O4|PE3|Li polymer battery was examined
using a galvanostatic charge-discharge method at variable
rates.

Experimental

Materials

The composite material was precipitated by an emulsion sys-
tem with the use of cyclohexane (POCh SA, analytical grade)
as the organic phase. The procedure is described in detail in a
previous publication [51].

LiMn2O4 powder (Aldrich), graphite KS-15 (G) (Lonza),
poly(vinylidene fluoride) (PVdF, MW=180,000 Fluka), lithi-
um foil (Aldrich, 0.75 mm thick), vinylene carbonate (VC,
Aldrich), N-methyl-2-pyrrolidinone (NMP, Fluka), polyacry-
lonitrile (PAN, Aldrich), dimethylformamide (DMF, Aldrich),
lithium hexafluorophosphate (LiPF6, Aldrich) and sulpholane
(TMS, Fluka) were used as received.

Table 1 Polymer electrolyte composition and specific conductivity of
the gel at 25 °C

Electrolyte Composition/wt% Specific conductivity/
S cm−1

PAN TMS LiPF6 TiO2-SiO2

PE3 20.15 70.70 6.15 3 9.8×10−4
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Preparation of titania/silica support

A detailed description of the TiO2-SiO2 oxide composite
emulsion-precipitation process has appeared in previously
published work (Scheme 1) [51].

Preparation of the polymer and electrode

Composite gel polymer electrolytes (PEs) were prepared by
the casting technique. First, the polymer (PAN) was swollen in
DMF at 60 °C. After 24 h, the polymer solution was mixed
with the electrolyte (1 M LiPF6 in TMS), both pure and with
the addition of 3 wt.% TiO2-SiO2. The viscous solution of the
polymer in a mixture of the solvent (DMF) and sulpholane
was cast onto a glass plate. Sulpholane was the environment
used to dissolve the salt LiPF6. Moreover, sulpholane (TMS)
plays the role of both plasticiser and diluent of the lithium salts
or ionic liquid, which makes the system more conductive.
After weighing, the plate was transferred to a desiccator,
where the solvent was slowly evaporated under a stream of
dry nitrogen, first at room temperature, then at 60 °C and
finally at reduced pressure.

After evaporation of the volatile component, the plate with
the composite gel polymer electrolyte foil was reweighed, and
the composition was determined from the mass balance (with
an accuracy of 10−4 g). When the appropriate weight of non-

volatile components was attained, this suggested that all of the
DMF had been removed. The thickness of the electrolytes was
in the range 0.2–0.4 mm. All samples were prepared in a glove
box in an argon atmosphere.

The composition of the final composite gel polymer elec-
trolyte is given in Table 1. The resulting gel-type polymer
electrolytes were free-standing, homogeneous membranes.
The polymer electrolyte was soaked with a drop of vinylene
carbonate (VC, 7–8 %) before the cells were assembled. Gen-
erally, the electrochemical reaction of the electrolyte additive
(for example, lithium carbonate or salicyloborate, vinylene
carbonate, etc.) at the graphite electrode may result in the
formation of a coating and modification of the electrode sur-
face. Vinylene carbonate seems to be one of the most effective
additives to the electrolyte. Positive electrodes were prepared
by casting a slurry of the LiMn2O4, graphite (G) and PVdF (in
the ratio 85:5:10) in N-methyl-2-pyrrolidone (NMP, Fluka) on
a gold current collector (anticorrosive, radius 12 mm). The
cathode layer was formed by vacuum evaporation of the sol-
vent (NMP) at 120 °C. The electrode typically contained 1.5–
2.5 mg of LiMn2O4.

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 com-
ponents was G/CB/PVdF=85:5:10 (by weight). After evapo-
ration of the solvent (NMP) at 120 °C in vacuum, a layer

Scheme 1 Technological scheme of TiO2-SiO2 ceramic filler using emulsion-precipitation method: 1 open container, 2 reactor with stirrer, 3 decanter, 4
vacuum evaporator, 5 vacuum filter, 6 stationary drier
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containing the active material (G), the electronic conductor
(CB) and the binder (PVdF) was formed on the carbon elec-
trode. Typically, the masses of the electrodes were as follows:
Li: ca. 45 mg (0.785 cm2); anode: 3.0–4.0 mg.

Measurements

Electrochemical properties of the cells were determined using
electrochemical impedance spectroscopy (EIS) and galvano-
static charging/discharging tests. The LiMn2O4|PE3|Li cells
were assembled in a dry argon atmosphere in a glove box.
Lithium foil and a cathode electrode were separated by the
polymer electrolyte, placed in an adapted Swagelok®
connecting tube. The geometrical surface area of the Li and
LiMn2O4 electrodes was 1 cm2. Interface resistance at the
electrode/polymer electrolyte interface was measured with
an AC impedance analyser (Atlas-Sollich Systems, Poland).
The impedance spectra were recorded from 0.01 Hz to 10 kHz
at an amplitude of 10 mV.

The conductivity of the electrolytes was measured in a two-
electrode (Pt) thermostated conductometric glass cell with a
constant of 4.80 cm−1. 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. In the conductiv-
ity measurements of polymer electrolytes, impedance values
were recorded between 1 Hz and 10 kHz at an amplitude of
10 mV.

The morphology of the polymer electrolyte was observed
with a scanning electron microscope (SEM, Tescan Vega
5153).

Results and discussion

A high ionic conductivity (1.47×10−3 S cm−1) was deter-
mined for a PAN-PVA/EC/DMC/LiBF4 system with molar
ratio 20:28:45:7. The charge/discharge performance of the
maximum ionic conductivity complex was also studied. The
practical performance and thermal stability of Li-ion polymer
batteries with LiNi0.8Co0.2O2, mesocarbon microbead-based
graphite and poly(acrylonitrile) (PAN)-based gel electrolytes
were reported by Akashi et al. [52].

Following preliminary studies using composite gel poly-
mer electrolytes based on TMS/PAN/TiO2-SiO2, it was decid-
ed to choose the electrolyte PE3 (see Table 1), because this
exhibited the best properties and performance when used in a
G|PE3|Li cell [51].

In the preparation of a polymer electrolyte using the new
composite, an emulsion precipitation method was applied.
The basic physicochemical properties of TiO2-SiO2 have been
described in previous work [51], and only some of them will
be highlighted here.

The essential aspect of the study was the addition of the
composite functionalised with 10 % U-611 filler, in a quantity
of 3 %, to the polymer electrolyte prepared based on the so-
lution of sulpholane with LiPF6 (Table 1).

Figure 1 shows the variation in ionic conductivity for PE3
over the temperature range 5–60 °C. As the graph shows, the
PE3 conductivity is 9.8×10−4 S cm−1 at 25 °C and increases
with temperature up to 1.5×10−3 S cm−1 at 60 °C. These
results are comparable with literature data [53–56]. The con-
ductivity of PE3 is lower than the conductivity of Li–IL solu-
tion, but this is not the most important parameter demonstrat-
ing the usefulness of an electrolyte for application in LIBs.

The conductivity data are in good agreement with solvent
uptake results. Gels containing functionalised fillers exhibit
the highest conductivities, approaching×10−4 S cm−1. It is
noteworthy that the highest conductivities were measured for
gels with moderately functionalised fillers. Gels without any
filler exhibit somewhat lower conductivity (2.0×10−4 S cm−1)
[51]. Interestingly, higher conductivity values were obtained
for membranes containing sub-micro- rather than nano-sized
TiO2-SiO2.

The morphology of a typical gel-type foil with
functionalised fillers (PE3), 0.37 mm in thickness, is shown
by the SEM images in Fig. 2a, b. The surface of the membrane
shows the porous structure of the system. As can be seen, a
porous membrane with small and uniformly distributed pores
was obtained, which would improve the electrolyte solution
uptake and promote stability of the GPE morphology during
cycling. Moreover, small and uniformly distributed pores
might increase the mechanical stability of the polymer
electrolyte.

The cathode was tested in a LiMn2O4|PE3|Li cell (an
example is shown in Figs. 3, 4 and 5). In all experiments,
the mass of the metallic lithium counter-electrode (ca.
40 mg) was much higher than that of the tested cathode (ca.
3 mg). Figures 3 and 4 show the charging/discharging curves
for the LiMn2O4|PE3|Li cell assembled from the LiMn2O4

Fig. 1 The dependence of ionic conductivity on temperature for PAN/
TMS/LiPF6/TiO2-SiO2+3 w/w of U-611 (PE3)
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cathode. It can be seen that the capacity of this electrode was
stable during the cycles for all current rates.

Lithium intercalation/deintercalation in cathodic half-cells
with LiMn2O4 working electrodes can be regarded as the ul-
timate performance test of a gel electrolyte.

Figure 3 shows the charging/discharging curve for the
LiMn2O4|PE3|Li cell for different current rates. The capacities
of the charging (qch) and discharging (qdis) processes in the
first cycle were 130 (C/5) and 160 mAh g−1 (C/10), respec-
tively. As a result, the initial coulombic efficiency in the first
cycle was ca. 90 and 78 %. Figure 4 shows that discharge and
charge capacity increased as the current rates were varied from
C/2 to C/10.Moreover, the capacities of the electrode, both qch
and qdis, gradually stabilised during the cycling. However, the
coulombic efficiency, proportional to the ratio qdis/qch, in-
creased during the cycling, reaching almost 100 % (for C/2
and C/5) after the fourth cycle (Fig. 4). The addition of VC
(8 wt.%) considerably improved both the charging and
discharging capacities, in comparison with the ionic liquid
without any additive (discharge capacity and coulombic effi-
ciency for the spinel electrode used with the neat electrolyte,
as well as with additive, are shown in Fig. 6). The

improvement is probably due to the ability of the additive to
induce solid electrolyte interface (SEI) formation on the lith-
ium surface.

Figure 2c, d shows SEM images of a pristine electrode and
those after electrochemical cycling with different electrolytes.
The pristine cathode (Fig. 2c) has a morphology with an ag-
glomerated structure and is porous. However, after electro-
chemical cycling in 1 M LiPF6 in TMS 10 wt.% VC, the
cathode is covered with small aggregates (Fig. 2d). This ‘mi-
cro-roughness’ may indicate the formation of an SEI layer.

The discharge capacity of the LiMn2O4|PE3|Li cell de-
pends on the current rates (Fig. 4). The highest capacity (ca.
138 mAh g−1) was obtained at the lowest rate, C/10. The cell
could operate relatively efficiently, over many cycles, at
higher rates. The discharging rate C/5 led to an electrode ca-
pacity of ca. 100 mAh g−1. However, at the rate C/2, the
discharge capacity dropped to 80 mAh g−1. The same pattern
was observed for charging capacity. The charge capacity was
much higher than discharge capacity in the case of the current
rates C/7 (ca. 150 mAh g−1) and C/10 (ca. 160 mAh g−1). A
possible reason for the improvement in rate capability perfor-
mance using the TiO2-SiO2 separator is that it can hold

(a) (b) 

(d)(c)

Fig. 2 SEM image of (a, b), PE3,
(c) the LiMn2O4 cathode-pristine
electrode and (d) after 30 charge/
discharge cycles
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enough electrolyte to satisfy the demand of Li-ion rapid trans-
mission [57]. Hence, we observed a decrease in coulombic
efficiency to 85 % (C/7) and 78 % (C/10).

For comparison, the cells using the polymer separator and
the SiO2 separator exhibited initial discharge capacities of
101.95 and 108.46 mAh g−1, respectively. The cell with the
SiO2 separator always has higher discharge capacity andmuch
better cycling performance than that with the polymer separa-
tor. After 50 cycles, the discharge capacities of the cells with
the polymer separator and the SiO2 separator were 89.63 and
101.45 mAh g−1, respectively. The capacity retention of the
cell with the SiO2 separator (91.6 %) is higher than that for the
polymer separator (87.93 %). A possible reason for the im-
provement in the cell cycling performance is reduced side
reactions, since SiO2 can capture the trace amounts of mois-
ture and acidic impurity in the electrolyte to reduce the forma-
tion and growth of the SEI film [57].

Figure 5 shows how the capacitance of the LiMn2O4|PE3|G
cell depends on the number of cycles. The charging capacity of
the LiMn2O4/G cell was ca. 240 mAh g−1 after the first cycle
and stabilized at about 182 mAh g−1 after 100 cycles. During
cycling at 25 °C, the cell lost 0.02 % of its capacity per cycle.

Fig. 3 Galvanostatic charging and discharging of LiMn2O4|PE3|Li
system (1st, 30th, 50th cycles) at C/2, C/5, C/7 and C/10 rates

Fig. 4 Discharge capacity (a), charge capacity (b) and coulombic
efficiency (c) of LiMn2O4|PE3|Li cell of different C rates

Fig. 5 Charge capacity of the LiMn2O4|PE3|G. Current rate C/5
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Figure 6 shows impedance spectra for the LiMn2O4|PE3|Li
system taken immediately after the assembly of the cell and
after galvanostatic charging/discharging. In the case of all
salts, the impedance of the system decreased after electro-
chemical SEI formation. The impedance of the initial system
(without galvanostatic polarisation) may be interpreted as be-
ing the result of the reaction of lithium with the electrolyte
(solvent and salt) with the formation of a passivation layer.
This system has the highest impedance (of the order of 125 Ω
per 1 cm2 of the lithium’s geometrical surface area). During
the electrochemical charging/discharging, the passivation lay-
er is modified as a result of changes in thickness, composition
(solid lithium salts and polymers) and morphology.

As a result of the lithium/electrolyte interphase modifica-
tion, the total resistance (impedance) also changes. In the case
of LiMn2O4|PE3|Li, the total impedance increases by ca.
20 %. This may suggest that, in the case of Li|(LiPF6 in
TMS), the specific morphology (particles rather than a film
layer) is due to the formation of solid particles of Li salt (for
example LiF) surrounded by a polymer film [58–61].

The EIS curves for the LiMn2O4 electrode covered with the
SEI layer are shown in Fig. 6a (after intercalation and after 40
galvanostatic charging/discharging cycles). The curves con-
sist of a ‘flat semicircle’ or two semicircles at higher

frequencies and a line at lower frequencies. The shape of the
flat semicircle is a result of a combination of at least two time
constants RC, due to the SEI layer (RSEI, CSEI) and due to the
charge transfer process occurring at the double layer formed
between the SEI and the electrodes (Rct, Cdl). The incline line
in the low frequency is associated with Li-ion diffusion in the
LiFePO4 particles and represents the Warburg impedance
(ZW). The equivalent circuit used for impedance spectra
deconvolution is shown in Fig. 6b. In the case of the
LiMn2O4|PE3|Li system, low impedance values were ob-
served (Fig. 6a). After 40 galvanostatic charging/discharging
cycles, the charge transfer resistance and SEI resistance were
62 Ω and ca. 100 Ω, respectively. The large value of SEI
resistance indicates that the protective layer has a different
structure than in the case of graphite. There are two possible
reasons for the increase in impedance: (1) a chemical reaction
at the electrode surface may cause the SEI to increase in thick-
ness upon cycling; (2) the crystalline structure of the LiMn2O4

cathodematerial may be changed substantially during cycling.
The capacitance of both SEI (CSEI) and the double layer

(Cdl) is of the order of 10
−6 F. The impedance ZW is mainly

due to lithium diffusion between graphene layers and in the
LiMn2O4 particles. The Rct value should be regarded as the
sum of the charge transfer resistance and Warburg impedance
(Rct+ZW). This is due to the diffusion of lithium within a solid
electrode. Of course, the slow diffusion of lithium in the solid
electrodes (graphite, the cathode) is the stage limiting the rate
of the charge transfer process, which results in high resistance.

Conclusions

A new type of filler for gel polymer electrolytes has been used
in a LiMn2O4|PE3|Li cell. We have described some of the
structural properties and preliminary electrochemical results
for both unmodified and modified hybrid TiO2-SiO2 ceramic
powders. During the emulsion-precipitation process, the par-
ticle size as well as morphology can be monitored. Moreover,
the obtained filler exhibits better affinity to the polymer ma-
trix. New ceramic fillers greatly facilitate solvent uptake by
dry PAN/TMS with LiPF6 membranes, but only if they have
been surface-modified.

Good ionic conductivity (9.8×10−4 and 1.5×10−3 S cm−1

at 25 and 60 °C, respectively) and the fast method of prepara-
tion show the CPE to be a suitable electrolyte for application
in flexible lithium-ion batteries. Charge-discharge tests of a
LiMn2O4|PE3|Li cell at different C rates reveal good specific
capacities of 120 and 160 mAh g−1 at C/5 and C/10, respec-
tively. All of the results obtained show that the LiMn2O4|PE3|Li
cell is a good candidate for use in lithium-ion batteries.

Hybrid TiO2-SiO2 powders can be regarded as promising
filler materials for composite polymer-ceramic gel electrolytes
used in Li-ion batteries.

Fig. 6 Impedance spectra of the LiMn2O4|PE3|Li system taken
immediately after cell assembling (white triangle) and after
galvanostatic charging/discharging (white circle) (a) and an equivalent
circuit representing the electrode/electrolyte system (b)
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