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Abstract
Electrochromic devices based on polymer-free gel electrolytes (PFGE), offer several advantages over
polymer electrolytes. The preparation and characterization of a fumed silica-based PFGE and its
applications in TiO2 electrochromic devices (ECD) were the main aims of the present study. A series of
liquid electrolytes were prepared by mixing lithium chloride (LiCl) and ethylene Glycol (EG). The total
oxygen moles of EG to lithium ions of LiCl ratio (O: Li+) was altered from 5:1 to 80:1 and the ionic
conductivities were measured. The highest ionic conductivity was observed for 15: 1 molar ratio with the
value being the 1.28 × 10-2 S cm−1.

In order to prepare PFGE, (10 wt. %) of fumed silica from the total weight of EG and LiCl were added to
the optimized liquid electrolyte EG/LiCl as the polymer-free gelling agent. The maximum ionic
conductivity was found in O: Li = 10: 1, with the value being 8.94 × 10-3 S cm-1. Notable electrochromic
properties of TiO2/FTO were observed with higher optical modulation of 73% at 700 nm and a noticeable
switching speed of Tbleaching= 42.5 s and Tcoloring= 16.7 s were observed.

1. Introduction
The expanding crisis of energy and environmental challenges feels a necessity for the evolution of
sustainable, economical and renewable resources. Electrochromism is referred to as unique characteristic
of materials in which optical properties being vary their color state reversibly when subjected to a small
electric �eld. In recent two decades, electronics has taken much more attention regarding low power
consumption in daily life routine. For the technology of smart windows, electrochromism,
thermochromism, and photochromism are effective energy conservation techniques which control
lighting and temperature [1–3]. ECDs are widely used in promising applications such as buildings,
displays, windows, sunroofs, and agricultural lighting controllers to control and maintain incoming light
and heat.

Electrochromism is one of the best experiences for the color changes in a redox reaction of
Electrochromic materials (ECMs) and active ions. An ECD mainly be made up of three main components
such as an active electrode, an electrolyte, and a counter electrode. ECMs are mostly organic or inorganic
compounds [4]. The optical properties such as transmittance, absorption, and re�ectance can be changed
due to changes in the electronic state of complex molecules. This change in the electronic state of the
molecule is a reversible process and it can be happened by applying su�cient voltage. It results in the
absorption of a range of electromagnetic radiation of different visible colors when switching between
redox states.[5, 6]. Cation (M+) insertion to the ECM is the common type and electronic stability is
balanced by the absorption of a balancing electron. This can be illustrated in the following stoichiometric
equation [7].

 [1]ECM + xe− + xM+ ↔ MxECM
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Normally, oxide-based ECDs have two types of electrochromic �lms, and they are named as cathodic
oxide (e.g., W, Mo, Ti and Nb) and anodic oxide (e.g., Ni and Ir) [8–13].

Although lots of materials show electrochromic properties, quite all of them are not commercialized and
out of them, tungsten oxide (WO3) has been the most deeply studied ECM used in ECDs[14–16]. However,
the electrochromic properties and coloration cycle of WO3 strongly depend on its preparation techniques
and structure. Vacuum evaporation and sputtering technique are given high coloring performances in
WO3 thin �lms.

However, these methods are di�cult to apply in large-area commercial applications since they are
expensive and time-consuming. Among other ECMs, TiO2 might be a possible substitution for tungsten
trioxide owing to its inherent advantages such as low cost, abundance, and low environmental impact. In
early studies, transparent �lms were also fabricated using processed TiO2 applying simple techniques
such as doctor blading [17], screen printing [18], spraying [19] etc.

Apart from the active electrode, another critical component is an electrolyte. It is crucial for the
improvement of the e�ciency and stability of ECDs due to the ionic movements through it. Liquid-type
electrolytes are more common in e�cient ECDs and their pragmatic applications are bounded due to
some technical issues, such as durability, leakage, and relatively low long-term stability related with other
chemical constituents and the presence of water and volatile solvents. Therefore, considerable interest is
raised in solid-state or quasi-solid-state electrolytes for ECDs.

In spite of the advantages of gel electrolytes, quiet there are a few drawbacks such as low ionic
conductivity and relatively small cycle life. Generally, crystalline polymers are not suitable for batteries
and ECDs due to their low conductivity [20]. In solvent-doped polymer electrolytes systems have
overcome promising properties such as volatilization, electrode corrosion, and the absence of leakage for
ECDs. Although organic polymer electrolytes are widely used in ECDs, several limitations such as cycle
life and �ammability have been monitored[21][22].

Fumed silica has been used as a substitution for the gelling medium. It is concerned as a high-surface
molecule in surface chemistry. In an aprotic solvent, hydroxyl groups can interact with silica via hydrogen
bonding of the surface, which results in the formation of a three-dimensional structure. In composite
polymer electrolytes (CPEs), fumed silica isn't used as a catalyst like ethylene carbonate, while it is used
as a catalyst supporter instead. The properties of carbon and silicon are almost different if silicon is
below to carbon in the same group. Because Si-O linkages with polymers are important due to thermal
stability, chemical stability, and oxidative stability.

There are a lot of studies have been done addressing SiO2 and TiO2 nanoparticles with polymer matrix as
a �ller by enriching the amorphous nature of the gel polymer[23, 24]. Almost all early research and
experiments have been done on SiO2 composite polymer gel electrolytes, but they did not apply merely
fumed silica to the electrolyte of ECD. By considering all the aforementioned reasons, the fabrication of a
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novel polymer-free gel electrolyte-based electrochromic device using TiO2 as the electrochromic material
with FTO as the counter electrode and a mixture of EG/LiCl/Fumed silica as the ion-conducting
electrolyte was focused.

2. Experimental

2.1 Materials
In this study, highly pure chemicals and materials were used as starting materials. Ethylene glycol (EG)
(anhydrous, purity ≥ 99.8%), Lithium chloride (LiCl) (purity ≥ 99.98%), fumed silica (SiO2) (F. W. 60.09,

hydroscopic, surface area 380 m2 g − 1, 7 nm, Sigma Aldrich, purity > 99.8%), Titanium dioxide (TiO2)
(Sigma-Aldrich, Titania paste, transparent) were purchased.

2.2 Preparation of electrolyte
An appropriate amount of vacuum-dried LiCl was added to the EG solvent and a set of liquid electrolytes
were prepared by varying the ratio of total oxygen atoms from EG molecules to a Li+ ion from LiCl
molecule (O: Li+ = n: 1). Different weight percentages of dehydrated fumed silica (10, 12 and 15 wt. %)
were introduced to the liquid electrolytes and mixtures were stirred until a clear gel was obtained. The 10
wt.% fumed silica was selected to prepare the gel electrolytes for further characterization.

2.3 Electrolyte characterization
The ionic conductivities of the liquid and the gel electrolyte were calculated applying AC complex
impedance spectroscopy using Solatron SI-1260 impedance analyzer and Autolab 3 instruments in the
frequency range 20 Hz – 10 MHz. The liquid electrolyte was �lled into a special holder by blocking two
stainless steel electrodes and the impedance was measured at room temperature. The PFGE was trapped
between two stainless steel electrodes and put it into an oven to measure the AC impedance
measurement with respect to different temperatures. Concerning the electrochemical performances and
the stability of the liquid and the gel electrolytes, the highest conducting liquid and PFGEs were selected
and characterized. They were characterized by testing cycle life and performance by changing the scan
rate by using Metrohm Auto lab 2 and Bio Logic SP-300. FTIR spectrums of liquid and polymer-free gels
were obtained in the range of 4000–550 cm− 1 using Bruker tensor 27 IR spectrophotometer and the
attenuated total re�ectance attachment was used to obtain the spectrum for the gels and liquids. The
morphology and microscopic information of the PFGEs were investigated using Scanning electron
microscopy (SEM).

2.4 Fabrication of the ECD
FTO glass was coated by commercial TiO2 paste using the “Doctor Blade” technique and it was sintered
in a high-temperature furnace at 450°C. ECDs were �xed as FTO glass/TiO2/ PFGE/FTO glass with

dimensions 2.0 × 1.5 cm2 as follows. A 0.2 mm spacer was kept on the TiO2 electrode to maintain even



Page 5/23

spacing for the electrical insulation from the FTO. Then the frame was �lled with the PFGE and another
FTO plate was put on the electrolyte layer as a counter electrode.

2.5 Electrochemical performances
Electrochemical properties of the ECD were analyzed by using cyclic voltammetry and, it was carried out
using Metrohm Autolab 2 with three electrode con�gurations, where TiO2 coated FTO served as the
working electrode, silver /silver chloride (Ag/AgCl) electrode served as the reference electrode and carbon
rod as the counter electrode. The liquid electrolyte has been tested for 500 cycles under cyclic
voltammetry for different scan rates ranging from 4 mVs− 1 to 400 mVs− 1.

The performance of the ECDs was tested, by applying a small voltage externally between two electrodes.
The potential difference between the counter electrode and the working electrode was increased gradually
from 0.0 V to 4.2 V. The transmittance of the devices was measured by Using Shimadzu UV-1800 under a
range between 400–1100 nm. Transmittance at 700nm was recorded while toggling applied voltage 4.2
V and − 0.5 V to obtain the kinetic graph.

3. Results And Discussion

3.1 Ionic Conductivity
Clear transparent solutions were obtained for different compositions of EG and LiCl with O to Li ratio of
n:1.(O to Li ratio is the number of Oxygen atoms from EG molecules to the no of Li atoms from LiCl) LiCl
salt is highly dissolved in EG and results in highly viscous electrolytes. Conductivity variations of the
liquid electrolytes at room temperature are shown in Fig. 1 as a function of n: 1 molar ratio. Results
indicate that the ionic conductivity enhancement in the liquid electrolytes with the decrease of n:1 ratio
from 5: 1with the highest value being the 1.28 x 10− 2 S cm− 1at n: 1 = 15 :1. According to the graph,
further increment in the salt concentration gradually decreases the ionic conductivity. Increment in the
ionic conductivity with the Li+ concentration is interconnected with the number of mobile ions. However,
the fall in the ionic conductivity of liquid electrolyte from 15:1 to 5:1 molar ratio is due to the
agglomeration of ions and the hindrance to the ionic mobility due to agglomerations[25]. This reduces
the free ions in the solution and the ionic mobility[26]. If the concentration goes beyond the solubility limit
of the salt in the solvent, it will separate as a precipitate and this may cause to make crystalline phase in
the electrolyte. Hence resistance for ion transfer increases and ionic conductivity decreases accordingly.

[Fig. 1. about here.]

LiCl, EG, Nano-Silica polymer free gel electrolyte was prepared by adding different percentages of
dehydrated fumed silica (8, 10, 12, and 15 wt. %) into the liquid electrolyte, and mixtures were stirred until
a clear gel was obtained. The best gelling properties was observed for the 10 wt.% fumed silica and it
was selected to prepare the gel electrolytes for further characterization. When 10 wt. % of fumed silica
was added to the liquid electrolyte, the ionic conductivities of GEs of all O: Li+ ratios were dropped
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compared to the conductivities of liquid electrolytes. The reduction of the ionic conductivity in the gel
form is due to hindrance to the ionic mobility in the gel medium due to increased viscosity. The ionic
conductivity of the PFGEs increases with the salt concentration until O: Li+ = 10:1 and decreases
gradually when the salt concentration is increased further. Although the ionic conductivity of the liquid
electrolyte was optimized at O: Li+ =15:1, the highest conductivity for gels were obtained at O: Li+ =10:1
with 10 wt.% fumed silica. This can be veri�ed by calculating the pre-exponential factor and the
activation energy for the PFGE and values are given in Table 1. The activation energy (Ea) of a gel
electrolyte presents the properties of energy characteristics. Among the studied samples, the lowest
activation energy was obtained in sample 2 which has the maximum ionic conductivity. The amount of
charge carriers in the electrolyte is proportional to the pre-exponential factor and values obtained for the
electrolyte composition for O: Li+ =15:1 and O: Li+ =7.5: 1 ratio were almost the same. This might be due
to the reduced ion aggregations of electrolyte O: Li+ = 10:1 with the addition of the fumed silica and it
shows low activation energy than the O: Li+=7.5: 1 ratio.

 
Table 1

Ionic conductivity values, pre-exponential factor 'A' values and activation energy Ea of the polymer free
gel electrolyte

Electrolyte
Sample

Ratio of the total Li+ ion moles
to O moles of the EG (n:1)

σRT

× 10− 3

(Scm− 1),
(298K)

σ

× 10− 3

(Scm− 1),
(333K)

A (S
cm− 1 K)

Ea(kJ
mol− 1)

1 7.5:1 3.212 0.869 40.3665 23.452

2 10:1 8.935 2.057 45.3722 21.369

3 15:1 6.706 1.508 40.1090 21.878

[Table 1 about here.]

The Nyquist plot of the gel electrolyte with O: Li+ ratio of 10:1 at 25°C is given in Fig. 2(a). High-frequency
semi-circle disappearing in the plot is due to poor electrochemical activity and the charge exchange
process[27]. Figure 2(b) shows the ionic conductivity variations of studied gel electrolyte samples
according to the temperature. It shows an increase in the ac conductivity with increasing temperature.
This may be due to the dissociation of ion aggregates with increasing temperature. The curves obtained
for the variation of ionic conductivity (σ) of the gel electrolyte systems at elevated temperatures can be
well �tted with the Arrhenius equation given in Eq. 2.

σ = Aexp(− )
Ea

kT
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2
Where A is the Arrhenius constant (pre-exponential factor), Ea is the activation energy, and T is the
absolute temperature. And k is the Boltzmann constant

[Fig. 2 about here.]

3.2 FTIR analysis
FTIR spectroscopy was analyzed to get a better understanding of binding ability among compounds,
solubility, and structural behavior of EG/LiCl blends[28]. The best ionic conductive solutions of the
EG/LiCl series and pure EG were systematically studied in order to determine the interaction of the Li ions
with the solution. In the FTIR spectrum, particular attention on the peaks analogous to functional groups
in the range of 4000 − 550 cm− 1 [29] was mainly focused.

[Fig. 3 about here.]

Peaks inherent in 3100–3600 and 900–1200 cm− 1 are identical to the (O-H) and (C-O) stretching modes.
The peak in 3100–3600 cm− 1was corresponded to the O-H stretching mode of EG [30]. Variation of the
peak intensity of C-O bonds (900–1200 cm− 1) with the addition of LiCl salts is shown in the Fig. 3b.
However, O-H stretching vibrations decreases with the increasing Li-ion concentration as in Fig. 3a. This
may be due to the hydration of Li+. This effect causes the sudden decrease of the ionic conductivity while
increasing the Li+ ion of liquids from n:1 = 15:1 to 5:1 molar ratio. This is agreeing with the diminution of
ionic conductivity with the increment of LiCl concentration beyond 15:1 molar ratio. The ion
transportation characteristics are mainly affected by the ionic clusters in electrolyte systems. Ion
transportation of Mg-based electrolyte has been investigated for the ionic agglomeration with the
electroactive species analyzing the solvation structure and found that it was not affected by the solute
concentration [31]. Li-ion agglomeration in this study is mainly due to the arrangement of ions and
molecules as ion pairs and aggregates. The possible ion pair and aggregates were illustrated in Fig. 4.
The presence of different ionic species could be proved by FTIR analysis if large cations have been used.
The cation modes are very sensitive to what those are bonded to[32, 33]

[Fig. 4 about here.]

However, as expected, C-O-H bending vibration mode has a peak at 1405 cm− 1, CH2 wagging vibrations at

1330cm− 1 and C-O stretching vibrations at 1081 cm− 1 have been shifted with the increase of the salt
concentration due to the bathochromic shift. The rearrangement of π-electrons in alternating bonds are
shorten the distance and condensed each other while increasing the salt concentration[34, 35]. Also, the
intensity of the C-C stretching mode at 864 cm− 1 has reduced with the increasing Li + concentration and
no change in the peak position as well. It clari�es the minimum effect of Li+ ions to the C-C bonds
because the attraction of Li ions to EG molecules. This con�rms the symmetric bonding of two Li to the
two OH groups on the two sides of the EG molecules.
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The FTIR spectra of liquid electrolyte and PFGE have almost identical peaks except mainly the Si-O
bending vibrations at 801 cm− 1 in the spectrum of PFGE and C-H stretching vibrations at 1260 cm− 1 in
the spectrum of liquid electrolyte. Owing to low interaction of fumed silica with EG is facilitating the ionic
conductivity of the PFGE.

[Fig. 5 about here.]

According to Fig. 5, the C-O stretching vibration mode has shifted identically with the reducing Li+ ion
concentration in the gel electrolyte. C-O stretching mode of the pure EG at 1083 cm− 1 has systematically
shifted up to 1076 cm− 1 from 10:1 liquid electrolyte sample to 20:1 PFGE sample. It is identi�ed that it
should be shifted right with the reducing Li+ concentration. But it has been shifted left due to the impact
of agglomeration with fumed silica. Other identi�ed vibrational modes of liquid electrolyte and PFGE were
listed in table II.

[Table 2about here.]

 
Table 2

Identi�ed vibration modes in liquid electrolyte and polymer free gel electrolyte
Identi�ed Vibration Mode Liquid electrolyte

Wavelength (cm− 1)

Polymer free gel electrolyte

Wavelength (cm− 1)

OH stretching 3280 3274

CO stretching 1081 1076

C-C stretching 862 862

CH2 wagging - 1255

CH2 wagging 1371 1367

C-O-H bending 1407 1408

CH2 bending 1455 1457

C-H stretching sys. 2877 2877

C-H stretching asys. 2943 2943

C- H rocking 881 881

3.3 Stability of the liquid electrolyte system
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Cyclic voltammetry of optimized FTO/ TiO2, EG and LiCl liquid electrolyte from 1 to 500th cycle with scan

rate 100 mVs− 1 is shown in Fig. 6. Mostly, TiO2 based working electrodes change its colour between dark
blue and colorless due to the intercalation and deintercalation of ions on the �lm as shown in Eq. 3[17,
36]. Speci�cally, any cathodic peak has not been identi�ed in all samples and a distinct anodic peak was
observed at -0.6 V. It has good compliance with the previous studies for anatase structure of titania [37].

    [3]

Cyclic voltammetry techniques were performed to study the recyclability of TiO2 electrode in liquid
electrolyte. They were run continuously for 500 cycles in the potential range of -2.0 V and 0.25 V with the
standard Ag/AgCl reference electrode (Fig. 6). The high stability of the electrode and the liquid electrolyte
was con�rmed by the result obtained from the cyclic voltammetry as it cannot be seen any changes in
the shape of the CV or peaks in the CV.

[Fig. 6 about here.]

Cyclability and durability of the fumed silica-based PFGE in the application of ECDs with the setout of
FTO glass/TiO2/ PFGE /FTO, were characterized by using CV. Figure 7 shows the CV performance for the
�rst, 25th, 75th and 100th cycles. According to Fig. 7, oxidation and reduction peaks can be identi�ed due
to the existence of lithium in the PFGE. These peaks are represented chemical reactions that take place at
the surface of the FTO. The drop of current up to 100 cycles was less than 1×10− 3 A. The feature of the
voltammogram changes within the �rst few cycles, but the shape of the cyclic voltammogram does not
change sharply by cycling up to 100 cycles. The current density at the cathodic peak which corresponds
to the bleaching process has gradually increased up to the 100th cycle and then decreased while the
current density for the coloration process which characterizes the charge intercalation into TiO2,
increased within the �rst few cycles. However, there is no signi�cant change in either shape of CV or
current densities up to 100 cycles, suggesting that the device with the con�guration of FTO glass/TiO2/
PFGE /FTO glass has moderately high stability.

[Fig. 7 about here.]

3.4 SEM analysis
SEM images of LiCl, EG, and fumed silica gel electrolyte �lms are shown in Fig. 8 (a), (b) and (c).
Spherical shape particles shown in Fig. 8a. of the PFGE belong to the fumed silica matrix and it means
that the interaction of weak hydrogen bonding liquids enables to bond with the surface of the silanol
group. Such bonds between particles guide to form PFGE. The uniform distribution of spherical particles
can be seen in the SEM images. A large amount of dark liquid region in the micro level is accountable for
the high ionic conductivity and it has further increased by a large number of liquid linkages.

According to the early studies, the increase in silica content causes a decrease of porosity [38]. The
layered structure of the PFGE is shown in Fig. 8 (b) and it is con�rmed the improvement of the area to

TiO2(Transparent) + xLi
+ + xe− ↔ LixTiO2(deepblue)
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increase the conductivity. Figure 8 (c) shows the photograph of the PFGE with high concentration of
pores and it causes to improvement in the ionic conductivity in PFGE. According to the uniformity, wrinkle
and smooth morphology of the PFGE claims the perfect solubility of the LiCl and complete amorphous
properties. Dark areas in microstructure are mainly focused liquid linkages and solvent retention potential
in the PFGE. SEM images of PFGE con�rm the better compatibility of LiCl, EG, and fumed silica which are
used in the PFGE preparation.

[Fig. 8 about here.]

3.5 UV-Vis. Spectrum analysis
The transmittance properties of the ECD from 0–4.2 V were shown in Fig. 9 (a). The coloring effect with
the voltage of the ECD is illustrated in Fig. 9 (b).

[Fig. 9 about here.]

The optical contrast (ΔT %) and the optical density (ΔOD) of the device refer to the transmittance
variation and they are depended on the light absorbency of the ECD. (ΔOD) and (ΔT %) can be calculated
using the relation,

Where, T bleached is the transmittance % in the de coloured state and Tcolored is the transmittance of in the
coloured state.

Values of (ΔT %) and (ΔOD) with respect to the applied voltage have been calculated and tabulated as in
table III. The device shows its minimum transmittance at the coloured state at around 700 nm and this
implies that the intercalated LixTiO2 is blue in colour as evident from Fig. 9 (b). The different colored
states of the ECD were obtained with (i) decolored state by applying 0 V, (ii) an intermediate state by
applying 2.0 V, and (iii) fully colored state by applying 4.2 V.

This spectro-electrochemical study further con�rms the colour variation of ECDs follows Eq. 2. The
optical modulation of 73% at 700 nm was observed when applying 4.2 V.

[Table 3 about here.] 
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Table 3
Optical contrast and optical density of the ECDs with con�guration FTO glass/TiO2/Polymer free

electrolyte /FTO.
Applied
voltage (V)

𝐓𝐜𝐨𝐥𝐨𝐫𝐞𝐝(%) 𝐓𝐛𝐥𝐞𝐚𝐜𝐡𝐞𝐝(%) ΔT% Δ(OD)

0.0 64.558 64.558 0 0

1.0 63.819 64.558 0.739 0.005

2.0 61.511 64.558 3.047 0.02

3.0 54.696 64.558 9.862 0.072

3.5 44.766 64.558 19.792 0.16

4.0 19.722 64.558 44.836 0.51

4.2 0.568 64.558 63.990 2.0

Application on chronological amperometric double-step potential characteristics was performed (Fig. 10)
to determine the stability during the sequential coloring and bleaching cycles and to calculate the
response time of the devices. A double potential step between + 4.2 V and − 0.5 V was applied across the
counter electrode and working electrode for cycling the prepared ECD between coloured and decoloured
states. At the end of every colouring process, -0.5 V was applied and then the colouration time tc (the time
taken to reduce the light transmission through the ECD from 90–10% in the colouration process) and
decouring time tb (the time taken to intense the light transmittance through the ECD from 10–90% in the
decolouring process)[39]. Under this de�nition, coloration and de-coloration time for the ECDs of
con�guration FTO/TiO2/non-polymer electrolyte/FTO were around 42 s and 17 s respectively. The cyclic
stability of the ECDs between coloring and de-coloring process was performed up to 100 cycles and it has
been proven that the reversibility of the ECDs sustained even after 100 cycles.

[Fig. 10 about here.]

4. Conclusion
A novel Li+ conducting PFGE based on fumed silica has been synthesized and characterized. Li+

conducting liquid electrolyte has also been prepared for comparison. Relatively high ionic conductivity of
0.894 x 10− 2 Scm− 1 was observed for PFGE. The amorphous nature, numerous pores, and layered
structure of the PFGE were con�rmed by the SEM and they were liable for the high ionic conductivity in
the PFGE. Studies based on cyclic voltammetric results showed the electrochemical characteristics of the
reversible process and compatibility of the Li ion-based electrolyte with the TiO2 electrode. The possibility
of using the PFGE in TiO2-based ECDs has been studied. A transformable color switching between
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colored and bleached states were observed when applied an appropriate voltage between two electrodes
of ECD of con�guration, FTO/TiO2/ PFGE /FTO. The reversibility of the ECDs prepared with PFGE has
also been con�rmed.
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Figure 1

Room temperature Ionic conductivity of the liquid electrolytes at different (O: Li+) ratio
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Figure 2

(a) Nyquist plot for the polymer free gel electrolyte of O: Li+ =10:1 at room temperature. (b) variation of
the ionic conductivities of polymer free gel electrolyte with temperature. 

Figure 3
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a) intensity variations of O-H stretching vibrations with Li ion concentration 2.b). Intensity variations of
.C-O stretching vibrations with Li ion concentration at 1080 cm-1. 

Figure 4

Possible ion pair and aggregates assisted to sudden decrease of the ionic conductivity, (a) Ion pair, (b).
Possible aggregates
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Figure 5

The FTIR Peak shift at 1081 cm-1 with the Li-ion concentration of polymer free gel electrolytes.
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Figure 6

Cyclic voltammetry of TiO2/FTO in EG/ LiCl liquid electrolyte (O: Li+ = 15:1) molar ratio from 1- 500 th

cycle with scan rate 100 mVs-1.
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Figure 7

Cyclic voltammograms for an ECD with the con�guration FTO/TiO2/non-polymer electrolyte/FTO for the

25st, 75th, and 100th cycles. Scan rate 100 mVs-1.
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Figure 8

SEM image of the electrolyte LiCl/EG/Fumed silica, (a). 50 x magni�cation (b). 500 x magni�cation (c).
6.5 k x magni�cation.
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Figure 9

(a) Optical transmittance as a function of wavelength for the electrochromic devices FTO/TiO2/non
polymer electrolyte/FTO in various potential stages (b) Different electrochemical statues of the device
FTO/TiO2/non-polymer electrolyte/FTO (i) as prepared (ii) colored (partially reduced) (iii) highly reduced.
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Figure 10

Reversibility of the ECD applying -0.5 and 4.2 V with con�guration FTO/TiO2/non-polymer
electrolyte/FTO.
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