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 This paper presents a study of gel electrolyte properties that may be applied in 
electrochromic devices. This research aimed to develop a stable and conductive gel 
electrolyte capable of dynamically changing light transmission in response to an applied 
voltage. The tested gels were prepared based on hydroxyethylcellulose, sodium alginate, 
xanthan gum, sorbitol, glycerol, and conductive salt LiClO4. During the research, the 
physicochemical properties of the gels were analysed, including mass change, density, ionic 
conductivity, and resistance. The optical quality of the gels was evaluated based on light 
transmission measurements. The conducted tests allowed for the selection of an optically 
homogeneous, transparent soft gel, free from air bubbles and contaminants. The highest 
ionic conductivity value obtained was 32.7 mS/cm2. The transparency changes observed in 
the constructed electrochromic device, depending on the type of gel, were from 55% to 90%. 

Keywords:  
gel electrolyte;  
natural polymers;  
electrochromic device;  
optical properties. 

 

 
1. Introduction  

Electrochromic devices (ECDs) encompass a range of 
technological solutions that exploit the ability of materials 
to change their transparency (and sometimes colour) in 
response to an applied electric field [1]. ECDs are a vital 
component of modern technology, offering new opportu-
nities for industrial applications and everyday life. They are 
used, among other things, in the production of smart 
windows [2, 3], displays [4–6], sensors [7, 8], anti-glare 
rear view mirrors [9], energy storage devices [10, 11], 
flexible electronics [12, 13], and smart fabrics [14, 15]. 
ECDs are also a key element of the future, significantly 
contributing to energy savings, improved quality of life, 
and safety. 

ECDs are constructed as multilayer structures, which 
typically consist of transparent electrode layers [typically 
indium tin oxide (ITO) or fluorine-doped tin oxide (FTO)], 
an electrochromic layer (e.g., WO3), an electrolyte layer, 
and an opposite electrode layer [16–18]. The electrolyte 
serves as the medium that facilitates the transport of ions 
between the electrochromic layer and the electrode, while 
also acting as a barrier to electron flow [19, 20]. Properties 

of the electrolyte are crucial for achieving efficient 
performance of the ECD. Generally, liquid and solid 
electrolytes are distinguished [21, 22]. Liquid electrolytes 
were the first to be used in the construction of ECDs. Their 
main advantage is their high ionic conductivity 
(>10−3 S/cm), which enables the fast and efficient transport 
of ions between the electrodes, their functionality over a 
wide temperature range, and the ease with which their 
composition can be modified [23]. However, their 
disadvantages include low chemical stability and frequent 
leakage, which contribute to device damage and 
environmental pollution. Moreover, the solvents used in 
liquid electrolytes are often toxic and flammable (organic 
solvents) and may react with the electrodes, causing 
corrosion [23, 24]. To eliminate the risk of electrolyte 
leakage, next-generation ECDs are manufactured using 
fully solid systems. Solid electrolytes are less toxic, non-
flammable, and may be flexible, providing better 
mechanical stability for the device. The greatest challenge 
for scientists is to overcome the low ionic conductivity of 
these materials compared to liquid electrolytes [23, 25]. 
Achieving an ionic conductivity similar to that of liquids 
would be a significant step forward, enabling further 
technological advancements. Gel electrolytes can meet this 
requirement based on natural polymers, which offer a unique *Corresponding author at: urszula.wawrzaszek@pwe.edu.pl  
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combination of properties of both liquids and solids. The 
combination of cohesive properties typical of solids and 
diffusion characteristics of liquids makes gel electrolytes 
stand out for EC applications [26]. 

Due to their numerous advantages, including 
biodegradability, good physical and chemical properties, 
gel electrolytes made from natural polymers are among the 
most promising ion carriers. They are easily accessible and 
inexpensive, derived from products found in nature, such 
as plant cell walls, animal bones, and scales [23, 27].  

So far, natural polymer matrices used in ECDs include 
cellulose and its derivatives [28], starches [29], chitosan 
[30], gelatine [31, 32], agar [33, 34]. Electrolytes based on 
natural polymers consist of a polymer matrix, liquid 
solvents (plasticizers), lithium salts, and additives 
(inorganic fillers). It has been found that blending polymers 
increases the sites for complexation, enhancing flexibility 
and amorphousness [35]. The use of plasticizers, depending 
on their viscosity and dielectric constant, significantly 
improves the ionic conductivity of the electrolyte. The most 
commonly used plasticizer is glycerol [36]. 

Good ionic conductivity, flexibility, and safety make 
gel electrolytes ideal for modern and innovative ECDs. 

This paper discusses the preparation method of gel 
electrolytes based on selected organic materials and presents 
the results for a chosen gel, considered the most promising 
for use in ECDs.  

2. Experimental 

2.1. Selecting a template 

Figure 1 presents a schematic diagram of the steps involved 
in preparing the hydroxyethylcellulose (HEC), sodium 
alginate, and xanthan gum-based gel electrolyte. 

In the first step of a gel preparation, HEC was weighed 
and gradually added to deionized water, stirring at room 
temperature until a uniform consistency was achieved. The 
next step involved adding xanthan gum, which increased 
the viscosity of the mixture, facilitating the formation of a 
stable gel structure. The mixture was heated to 40 °C and 
stirred for 1.5 h to enhance the dissolution of the 
components. Subsequently, sodium alginate (400–600 cP) 
and GBS (an eco-friendly powder preservative composed 
of 70–80% glucono delta-lactone, 22–88% sodium benzoate, 
and a maximum of 1% water) were added, and the mixture 
was stirred for additional 45 min. In the next stage, sorbitol 
and glycerine were added as plasticizers to increase the 
flexibility and mechanical stability of the gel. Mixing 

continued for 20 min to ensure the complete dissolution of 
the components. In the final preparation stage, LiClO₄ was 
added to the mixture as an ion carrier.  

The entire mixture was stirred for two hours. The gel 
was then subjected to ultrasonic treatment to remove air 
bubbles, which could affect its conductive and optical 
properties. Table 1 presents the compositions of the prepared 
gel electrolytes. The gels were stored at room temperature 
in sealed containers. 

Table 1. 
Composition of prepared gel electrolytes. 

                                  Gels 
Ingredients Gel 1 Gel 2 Gel 3 

Hydroxyethylcellulose (g) 0.30 − 0.30 
Sorbitol (g) 4.00 4.00 1.50 
Glycerine (g) 2.00 3.00 6.00 
Xanthan gum (g) 0.20 0.10 0.08 
Sodium alginate (g) 0.10 0.10 − 
GSB (g) 0.22 0.22 0.22 
LiClO4 (g) 2.55 2.55 2.55 
Deionized water (ml) 23.40 22.80 22.10 

 
The photos of the obtained gel samples are shown in Fig. 2. 

Homogeneous, transparent, soft gels were obtained, 
free from air bubbles and impurities (Fig. 2). During a 
30 day period of visual observation, no discoloration, phase 
separation, or other structural changes were observed. 

2.2. Research methodology 

The gel density was determined using Archimedes’ 
method. A conical flask with a known volume was filled 
with gel at room temperature (20 °C) [37]. The density was 
calculated based on a difference in mass between the flask 
with the sample and the empty flask, as well as the known 
volume of the flask, according to the formula: 

 sample weightDensity .
vessel volume

=  (1) 

The stability of the gel was tested by weighing the 
samples at different time intervals: immediately after 
preparation, after one day, ten days, and thirty days. 
Measurements were carried out using a RADWAG 
AS220/C/2 balance with an accuracy of 0.001 g. 

 
Fig. 1. Stages of a gel electrolyte preparation. 

 
Fig. 2. Photos of the prepared gel electrolyte samples. 
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The conductivity and resistance of the gel were 
measured using an S230 conductivity meter equipped with 
an InLab731-ISM electrode. The accuracy of the S230 
conductivity meter in conductivity measurements is ± 0.5% 
of the estimated value. The device includes automatic 
temperature compensation (ATC) for the electrode.  

The EC system used in the study consisted of several 
layers: 

glass/ITO/WO3/electrolyte/ITO/glass. 

To fabricate the EC structure, amorphous silica (SiO2) 
substrates with a transparent conductive ITO electrode 
(supplier: ITL) were used. The electrochromic WO3 layer 
was deposited onto the ITO-coated substrates through a 
mask using the electron beam evaporation method. The 
source material was WO3 granules (1–3 mm, 99.99%, 
supplier: Lesker), placed in a molybdenum crucible. The 
deposition process was carried out in a vacuum chamber 
evacuated to a base pressure of 2.5 · 10−5 mbar. The layer 
was deposited on substrates positioned 55 cm from the 
source and heated to a temperature of 80 °C. The electron 
beam current was set to 20 mA, and the accelerating 
voltage to 6 kV, allowing for a deposition rate of 
approximately 1.5 nm/s. During deposition, oxygen gas 
(99.999%) was introduced into the working chamber at 
a flow rate of 100 sccm, maintaining the chamber pressure 
at approximately 2.66 · 10−3 mbar. The thickness of the 
deposited layer was monitored in situ using a quartz crystal 
microbalance and was 285 nm. 

Additionally, a Cr-Au layer (80 nm) was deposited onto 
the surface of the EC layer through a metal mask using the 
evaporation method. This layer served as an electrode, 
enabling the flow of electric current within the system. 

These layers together form a structure capable of 
dynamically changing its optical properties under the 
influence of an applied electric voltage. A schematic diagram 
and a view of the studied EC structure are presented in 
Fig. 3. 

The optical characteristics of the ECD were studied by 
measuring transmittance in the wavelength range of 250 to 
1000 nm. The balanced tungsten-halogen light source 
(OceanOptics DH-2000-BAL) and a spectrophotometer 
(OceanOptics HR2000+) were used for optical 
transmittance measurements. Light was guided through 
a 600 µm optical fibre (QP600-1-SR-BX) to a collimating 
lens (OceanOptics 74-UV) positioned approximately 
20 mm from the sample, providing uniform, perpendicular 
illumination with a spot diameter of ~3 mm. Transmitted 
light was directed to the spectrophotometer using a second 

collimating lens and optical fibre. The integration time was 
set to 100 ms, and each measurement was averaged over 
10 scans. Data acquisition was performed using a 
SpectraSuite software (OceanOptics). 

The optical contrast of the electrochromic material is 
determined by the modulation of transmittance (ΔT) 
[37, 38]: 

 ΔT = Tb − Tc,  (2) 

where Tb is the transmittance in the bleached state, and Tc 
is the transmittance in the coloured state. 

The optical density (OD) was calculated using the 
formula [35, 39]: 

 b

c
OD log T

T
 ∆ =  
 

. (3) 

3. Results and discussion 

3.1. Characterization of the electrochromic layer 

Figure 4 presents an SEM image of the WO3 electro-
chromic layer. The surface of the thin-film coating 
appeared porous, with numerous cracks and voids visible 
between the grains. The grain size on the surface of the 
layer ranged from 50 nm to 100 nm. In contrast, the cross-
section of this sample exhibited a fibrous structure. 

3.2. Characterization of gel electrolyte properties 

The studied gels differed in density. Gel 1 had the lowest 
density of 0.996 g/cm³, gel 2 had a density of 1.042 g/cm³, 
and gel 3 reached the highest value, equal to 1.370 g/cm³. 
Figure 5 presents the mass change (Δm) of the three studied 
EC gels over time, expressed in milligrams relative to the 
initial value (day 0). The analysis of the graph indicates that 
gel 2 exhibits the most significant mass loss over the 30 day 
period, which may suggest lower stability. In the case of 
gel 3, an initial mass decrease is observed, which 
subsequently stabilizes, indicating partial equilibrium of 
the system. Gel 1 shows the most minor variation 
throughout the observation period, confirming its high 
resistance to mass loss and good long-term stability. 

 
Fig. 4. SEM image of the cross-section and surface of the 

fabricated WO3. 

 
Fig. 3. Construction of an ECD. 
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3.3. Ionic conductivity and resistance measurements 

For most gels, ionic conductivity decreases after the first 
day. Then it stabilizes (Fig. 6). This behaviour may be 
related to the stabilization of the gel structure or processes 
associated with gelation. Comparing the values after one, 
seven, and thirty days, gel 3 demonstrates the highest 
stability, with minimal changes in ionic conductivity, 
maintaining 26.7 mS/cm after thirty days. In the case of 
gel 1, a slight decrease in ionic conductivity is observed 
after the first day, after which the value stabilizes at 
approximately 32.7 mS/cm. Gel 2 exhibits a gradual reduc-
tion in ionic conductivity over time, reaching 29.8 mS/cm 
after thirty days. For all gels, the resistance value is 
inversely proportional to ionic conductivity. 

3.4. Characterization of ECD properties 

In the first stage of the measurements, the transmittance of 
the glass/ITO/WO3/ITO/glass structure was determined. 
Subsequently, the glass/ITO/WO3/gel electrolyte/ITO/ 
glass structures were studied within the spectral range of 
approximately 250 nm to 1000 nm (Fig. 7). 

The reference structure glass/ITO/WO₃/ITO/glass, 
without gel, exhibits the highest transmittance across the 
entire wavelength range. The addition of gels reduces the 
transmittance of the systems. Gels 1 and 2, compared to 

gel 3, show similar transmittance characteristics across the 
entire range. This result is consistent with previous data, 
where gels 1 and 2 demonstrated higher ionic conductivity 
than gel 3. Gel 3 is characterized by the lowest transmit-
tance, which may be related to its high glycerine content, 
affecting the viscosity of the tested gel.  

Subsequently, the studied structures were polarized 
using a DC voltage to induce the EC process, during which 
the material altered its optical properties. Figures 8–10 
show the light transmission characteristics for the 
structures with the tested gels. Based on the analysis, 
differences in their optical properties and responses to the 
applied voltage can be observed. The structure with gel 1 
exhibits the highest sensitivity to voltage changes (Fig. 8). 
The transmittance value decreases with increasing voltage. 
The highest transmittance is observed at 0 V, while the 
lowest is at 2.50 V. Gel 2 (Fig. 9) demonstrates a more 
negligible influence of voltage on transmission compared 
to gel 1. Although transmission changes are observed in the 
wavelength range of 500 to 1000 nm, these differences are 
relatively minor. Transmission remains pretty stable and 
consistent across the entire analysed voltage range (0 V to 
1.5 V). Gel 3 (Fig. 10) is characterized by a more uniform 
transmission than gel 2. The differences between 
transmission at 0 V and higher voltages (up to 1.5 V) are 
practically negligible. The plots indicate that this gel shows 
minimal responsiveness to voltage changes. 

To determine the dynamics of the darkening and 
bleaching processes, measurements were conducted as a 
function of time for three wavelengths: 550 nm, 620 nm, 
and 800 nm. The selection of these wavelengths allowed 
for a comprehensive study of the material optical properties 
within the visible light range (550 nm, 620 nm) and the 
near-infrared (NIR) range (800 nm). Three wavelengths 
were selected for optical studies to address different aspects 
of the EC behaviour: 550 nm is commonly used to track 
colouration, as the reduced form of WO₃ absorbs strongly 
in this range; 620 nm helps detect optical effects-related to 
material imperfections; and 800 nm, in the NIR region, 
provides insight into the role of free charge carriers and 
thermal modulation by the gel. For each selected wave-
length, transmittance changes were recorded at regular time 
intervals during both the colouring and bleaching processes. 
The results for the three tested structures are presented in 
Figs. 11–13. 

 
Fig. 6. Ionic conductivity and resistance of various gels over 

time. 

 

 
Fig. 5. Mass change of gels over time. 

 

 
Fig. 7. Transmission characteristics of EC structures. 
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Gel 1 was tested over a wider voltage range because it 
exhibited higher ionic conductivity and greater EC stability 
compared to gels 2 and 3. This allowed for safe switching 
at higher voltages without signs of WO3 layer degradation 
or undesirable side effects. For gel 1 (Fig. 11), as the 
voltage increases, changes in transmittance values are 
observed for different wavelengths. At lower voltages, 
transmittance remains relatively stable for each 
wavelength, whereas at higher voltages, pronounced 
oscillations occur, indicating a stronger electrolyte 
response to voltage changes. For the 800 nm wavelength, 
the most significant difference between the coloured and 
bleached states is about 16 percentage points, suggesting 

that the EC effect is most pronounced at this wavelength. 
For gel 2 (Fig. 12), at a voltage of 1.0 V, transmittance for 
all wavelengths (550 nm, 620 nm, 800 nm) remains stable. 
While the curves for each wavelength differ, the changes 
are regular and slight. Wavelengths of 550 nm and 620 nm 
exhibit less abrupt variations in transmittance, maintaining 
more stable behaviour as voltage increases. For 800 nm, 
transmittance fluctuates between approximately 68% and 
74%, a difference of about 6 percentage points. The 
material exhibits greater sensitivity to an applied voltage of 

 
Fig. 11. Transmission characteristics of gel 1 for three 

wavelengths: 550 nm, 620 nm, and 800 nm. 

 
Fig. 12. Transmission characteristics of gel 2 for three 

wavelengths: 550 nm, 620 nm, and 800 nm. 

 
Fig. 13. Transmission characteristics of gel 3 for three 

wavelengths: 550 nm, 620 nm, and 800 nm. 

 
Fig. 8. Transmission characteristics of the EC structure for gel 1. 

 
Fig. 9. Transmissi4on characteristics of the EC structure for 

gel 2. 

 
Fig. 10. Transmission characteristics of the EC structure for gel 3. 
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1.5 V compared to shorter wavelengths (550 nm and 
620 nm). At 1.5 V, transmittance modulation remains most 
pronounced for the 800 nm wavelength (approximately 6 
percentage points), while for the shorter wavelengths it is 
about 2–3 percentage points. This indicates that the 800 nm 
wavelength is the most responsive to material changes 
under applied voltage. For gel 3 (Fig. 13), at a voltage of 
1.0 V, transmittance for the three wavelengths (550 nm, 
620 nm, 800 nm) remains stable at approximately 85%. In 
the NIR range (800 nm), the material exhibits minor 
transmittance changes than for shorter wavelengths 
(550 nm, 620 nm), but the changes are still noticeable. The 
transmittance difference ranges from 4 to 6 percentage 
points, depending on the applied voltage.   

The observed transmittance drift in Figs. 11–13 
suggests progressive material fatigue, likely associated 
with partial irreversibility of ion exchange and structural 
changes in the WO3 layer.  

The results of the study on the transmittance changes of 
the analysed EC structures are presented in Fig. 14 as 
optical density (OD) change characteristics, calculated 
according to (2). It can be observed that gel 3 exhibits less 
intense OD oscillations compared to gel 2. This suggests a 
more stable response to voltage, but simultaneously a lower 
optical modulation. The distinct peak observed 
immediately after a voltage switched to 1.5 V can be 
attributed to the overshoot phenomenon. It is related to the 
rapid adsorption of ions at the WO3 surface and delayed 
diffusion into the depth of the layer. 

Gel 2 shows a greater range of OD change over time, 
indicating higher electroactivity. In contrast, gel 1 presents 
more stable and less pronounced OD variations. 

Additionally, at a wavelength of 800 nm, OD oscillations 
are more pronounced than at 550 nm and 620 nm. This may 
result from differences in the optical mechanisms occurring 
in the studied gels.  

Figure 15 presents an example of the transmittance (%) 
change over time (s) for the colouring and bleaching 
process of the structure with gel 1. 

The initial transmittance value is approximately 78%, 
indicating a high level of light transmission in the bleached 
state. When the colouring process begins, transmittance 
starts to decrease, reaching 90% of the target minimum 
(defined as tc90%) after 36 s, representing the time required 
for the material to colour to this level. In the bleaching 

 
Fig. 14. Optical density characteristics of electrochromic structures. 

 

 
Fig. 15. Transmission vs. time curve at a wavelength of 800 nm, 

obtained by applying a square wave voltage of −2.00 V 
(colouration) and +2.00 V (bleaching) for the EC 
structure with gel 1. 
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phase, transmittance increases again, achieving 90% of the 
target maximum (tb90%) within 3 s, indicating that the 
bleaching process is significantly faster than the colouring 
process. The bleaching time is more efficient compared to 
the colouring time. These results are typical for 
electrochromic materials, where the bleaching (reduction) 
process usually occurs faster than colouring (oxidation) due 
to differences in ion diffusion mechanisms and changes in 
optical states [40]. The tb and tc times determined for the 
studied EC structures are listed in Table 2.  

Based on the analysis of the results, it can be concluded 
that the structure with gel 1 exhibits the best EC properties 
compared to the other studied gels. It is characterized by 
the highest optical contrast (ΔT) and the most significant 
change in OD (ΔOD), particularly at 800 nm. Simultane-
ously, the colouring time (tb) for gel 1 is relatively short, 
indicating good kinetics for the colouring reaction. Gels 2 
and 3 exhibit lower optical contrast and longer bleaching 
times (tc), which may be attributed to slower ion diffusion 
within their matrices. These findings are consistent with the 
literature, which emphasizes that higher voltages enhance 
electrochromic performance and that bleaching time often 
exceeds colouring time due to differences in reaction 
mechanisms and diffusion processes [40]. Further optimi-
zation of the gels, for example, through composition 
modifications, could improve their properties 

4. Conclusions 

The composition of gels significantly influences their 
density and electrical properties. Glycerine, as a substance 
with a high specific gravity, increases gel density and 
enhances ionic conductivity; however, excessive amounts 

can reduce ion mobility. Gel 3, containing the highest 
amount of glycerine (6.00 g), achieved the highest density 
(1.370 g/cm3) but the lowest ionic conductivity (approxi-
mately 27 mS/cm) due to its high viscosity, which limits 
ion mobility. Gel 1, with a moderate amount of glycerine 
(2.00 g), exhibited the lowest density (0.996 g/cm3) and the 
highest ionic conductivity (approximately 32 mS/cm) 
because its low viscosity facilitated better ion mobility. 
Gel 2, with an intermediate amount of glycerine (3.00 g), 
had a medium density (1.042 g/cm³) and moderate ionic 
conductivity (approximately 30 mS/cm), reflecting a 
balance between viscosity and ion mobility. HEC, xanthan 
gum, and sodium alginate served as gelling and stabilizing 
agents, increasing gel viscosity but reducing ionic 
conductivity by limiting ion mobility. This effect was most 
pronounced in gel 3, where the highest viscosity led to 
restricted ionic conductivity. In contrast, the lower 
concentration of gelling agents in gel 1 enabled better ion 
flow, resulting in the highest conductivity.  

The composition of the gels had a significant impact on 
their optical properties. Gel 1, containing HEC, xanthan 
gum, and alginate, showed the highest transmittance. Gel 2, 
lacking HEC and containing more glycerine, exhibited 
lower optical clarity. Gel 3, without alginate and with the 
highest glycerine content, had the lowest transmittance 
across the entire wavelength range. The increased amount 
of glycerine may have contributed to higher viscosity, light 
scattering, and absorption, which reduced the transparency 
of the gel. The excess glycerine leads to greater light 
absorption. LiClO4 salt, a constant component in all gels, 
ensures comparable ionic properties across the gels, but its 
impact on light transmittance depends on the other 
ingredients in the gel compositions. 

Table 2. 
EC parameters of the studied gels. 

Gel λ (nm) U (V) Tb (%) Tc (%) ∆T (%) ∆OD tb (s) tc (s) 

1 

550 
2.00 85.1 81.7 3.4 0.018 7 50 
2.25 83.9 73.4 10.5 0.058 2 36 

620 
2.00 85.0 79.6 5.4 0.029 2 47 
2.25 83.3 69.2 14.1 0.081 3 32 

800 
2.00 78.3 70.4 7.9 0.046 4 51 
2.25 77.6 61.1 16.5 0.104 3 36 

2 

550 
1.00 78.1 77.0 1.1 0.006 30 49 
1.50 78.3 74.7 3.6 0.020 21 49 

620 
1.00 77.8 76.2 1.6 0.009 26 46 
1.50 78.2 72.9 5.2 0.030 19 46 

800 
1.00 74.6 71.8 2.7 0.016 15 43 
1.50 74.9 68.1 6.7 0.041 13 48 

3 

550 
1.00 83.6 81.4 2.1 0.011 22 53 
1.50 83.8 82.1 1.9 0.009 13 46 

620 
1.00 83.5 81.5 2.0 0.011 35 56 
1.50 83.4 80.4 2.9 0.015 9 68 

800 
1.00 77.0 72.5 4.5 0.026 10 58 
1.50 77.0 73.0 3.9 0.023 11 59 

Designations: λ – wavelength, U – voltage, Tb, Tc – transmission in bleached and coloured states, ΔT – optical contrast, ΔOD – change 
in OD, tb, tc – bleaching and colouring times. 
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The planned optimization of the gel composition will 
focus on increasing ionic conductivity and improving optical 
stability during repeated switching.  
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