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Abstract

Electrochromic devices based on nanofiber membrane gel electrolytes offer several advantages over polymer gel electrolytes.
Many advantages, such as high chemical stability, easy handling, less leakage, a wide working temperature range, and a long
cycle life, show high compatibility of nanofiber membrane electrolytes in different electrochemical power devices. In this
work, we have succeeded in replacing the liquid electrolyte with a nanofiber membrane—based gel electrolyte prepared by
the electrospinning method and applied in electrochromic devices (ECD). Polyacrilonitrile (PAN)-based nanofibers were
deposited on a spin-coated SnO, layer, prepared on a fluorine-doped tin oxide (FTO) glass substrate. The thickness of the
fiber mat was varied by changing the time of the electrospinning. Gel-type membrane electrolyte was prepared by soaking
the nanofiber membrane electrode in the 1 M LiClO, in propylene corbonate (PC) solution. TiO, electrochromic electrode
was prepared by the “doctor blade” method. ECDs were fabricated with the configuration of FTO glass/TiO,/PAN-based
nanofiber membrane gel polymer electrolyte/SnO,/FTO glass by sandwiching the two electrodes. Electrochromic performance
of ECDs fabricated with nanofiber membrane gel electrolyte was compared with ECDs fabricated with liquid electrolyte
(1 M LiCIQ, in PC) and PAN-based conventional gel electrolyte (PC (0.4 g)+ ethylene carbonate (EC) (0.4 g)+LiClO,
(0.03 g)+ PAN). ECDs with nanofiber membrane gel electrolytes demonstrate a transmittance variation of 33.40% in the
visible region which is 93% of the corresponding value obtained with liquid electrolyte—based ECD, whereas identical ECDs
made with conventional gel electrolytes demonstrate a lower transmittance variation of 4.22%.
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Introduction

Electrochromism is the phenomenon that changes transmit-
tance or reflectance of some materials reversibly when an
appropriate current or potential is applied to it [1]. Applying
electric current or potential leads to the reduction of electro-
chromic material (EC), and it causes the generation of dif-
ferent visible region electronic absorption bands. Transition
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metal oxides such as WO; and TiO, change their transmis-
sion under the influence of an electrical current or potential.
The change of transmittance is due to the color change of the
EC material. The color change of electrochromic material is
usually between a transparent (bleaching) state and a colored
state or between two colored states. Coloring or bleaching of
the EC material is a consequence of the insertion or extrac-
tion of electrons or metal ions in/from the EC material. This
interesting behavior of the electrochromic material can be
used to prepare electrochromic devices (ECD) for control-
ling the flow of light and heat that pass through the windows
of building and vehicles, rearview mirrors, etc. [2—4].

ECD is composed of three components; a working elec-
trode (EC electrode), an ion transportation medium (electro-
lyte), and a counter electrode. They are arranged in a layered
configuration in which a working electrode and a counter
electrode (CE) are physically separated by ion-conducting
liquid, quasi-solid (gel), or solid electrolyte. When the ECD
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is subjected to an electric field, it undergoes reversible color
change according to the insertion or extraction of metal
ions or electrons. ECDs have been investigated for years
for potential commercial applications. However one of the
major problems associated with the commercialization of
electrochromic devices is their cost. Most of the ECDs used
transition metal oxides such as WO; as the electrochromic
material and CeO, as the counter electrode which are very
expensive compared with other metal oxides [4].

Although ECDs fabricated with liquid electrolytes show
high performances, many drawbacks limit the practical
application of ECDs. In most cases, lithium perchlorate in
propylene carbonate was used as the solution electrolyte.
The leakage of electrolyte solution, weight gain from the
solution, and low chemical stability of liquids are the main
drawbacks of these display devices [1, 5, 6]. To overcome
these problems, many research investigations have been
devoted to the development of ECDs employing solid or
quasi-solid polymer electrolytes (QSPEs). Solid polymer
electrolytes based on poly (ethylene oxide) (PEO), poly-
vinyl butyral (PVB), polyacrylonitrile (PAN), polymethyl
methacrylate (PMMA), and inorganic ion conductors have
been investigated [7-10]. Although solid polymer electro-
lytes solve some drawbacks, the performances of ECDs with
these electrolytes have been rather low in making practical
devices. This is because of the low ionic conductivity (10~
to 107> S cm™") of the solid polymer electrolyte at room
temperature.

On the other hand, quasi-solid polymer or gel electrolytes
have emerged as a promising solution to address challenges
in many of the electrochemical devices such as solar cells,
and energy-storing devices like Li ion batteries. QSPEs offer
a unique combination of solid-like mechanical properties
and ionic conductivity, stemming from the incorporation of
a polymer matrix that immobilizes liquid electrolytes.

Another alternative method to replace these liquid elec-
trolytes is to use polymer nanofibers. Various methods are
employed in the production of nanofibers, encompassing
techniques such as electrospinning, melt-spinning [11],
molecular assembly [12], and chemical vapor deposition
[13]. Among these methods, electrospinning emerges as
highly advantageous and convenient for crafting a diverse
array of organic and/or inorganic nanofibers under ambi-
ent conditions of temperature and pressure. Electrospun
nanofibers offer a range of advantages attributed to their
unique characteristics [14]. The high surface area-to-
volume ratio of these ultrafine fibers, which are created
by electrospinning, gives them exceptional mechanical
strength and flexibility. Their fine scale and high porosity
make them excellent candidates for applications in filtra-
tion, drug delivery, and tissue engineering. The tunable
properties of electrospun nanofibers, achieved through
precise control of fabrication parameters, allow for

@ Springer

customization to meet specific requirements in electron-
ics, sensors, and catalysis. Moreover, their lightweight yet
robust nature makes them suitable for diverse industries,
highlighting their potential to revolutionize various tech-
nological applications [15-17]. This technique involves
applying an electric field to a polymer solution or melt,
resulting in the extrusion of ultrafine fibers [14, 18, 19].
These nanofibers possess a high surface area-to-volume
ratio and tunable properties, making them attractive for
various applications in fields such as materials science,
biomedical engineering, and energy storage. The dimen-
sions and structure of the electrospun nanofibers can be
finely tuned by adjusting various electrospinning param-
eters, encompassing applied voltage, flow rate, viscosity,
and electrical conductivity of the polymer solution, as
well as the temperature and humidity within the appara-
tus [18-22].

In the electrospinning technique, a variant of the elec-
trostatic spraying is used. By applying a high voltage, a
liquid jet is formed as an electrified jet and it is continu-
ously stretched due to the electrostatic repulsion between the
surface charges and the evaporation of the solvent process
leading to the formation of a long and thin thread having a
diameter of tens of nanometers. Properties of the nanofibers
such as diameter, morphology, strength, pore size, and fiber
thickness can be controlled by applying different starting
parameters to the electrospinning process. High porous fiber
membrane is essential for filling liquid electrolytes without
restricting ionic mobility and diffusion nanofiber [23, 24].

Various types of ECDs, such as flexible, foldable, stretch-
able, and wearable, have recently been tested. It has also
been reported that electrochromism and energy storage
effectiveness can be combined into a single device. Such
dual-function ECDs can adjust the sunlight and solar
heat inside the building and at the same time can be used
as energy storage devices [15, 25, 26]. Apart from that,
stretchable and wearable electrochromic devices are tested
for application in future smart clothes [27]. Along with the
above successes, some challenges still remain to be tackled
in electrochromic devices. Suitable electrolyte systems that
enable robust cycling and fast switching are also needed.
Therefore, significant efforts are required to develop high-
performance electrochromic devices and integrate them into
multifunctional systems.

Therefore, considering all above factors, we have
explored the possibilities of using low-cost materials in these
devices while, at the same time, replacing the liquid elec-
trolytes with nanofiber membrane—based quasi-solid-state
(gel) electrolytes. The main objective of this research is to
find the performance of the nanoparticulate TiO, film as
an electrochromic material and low-cost SnO, as the coun-
ter electrode together with polyacrylonitrile (PAN)-based
nanofiber membrane gel polymer electrolyte in ECDs.
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Materials and methods
Materials

Polyacryconitrile (PAN, Avg. Mw 150,000) was pur-
chased from Sigma-Aldrich and N,N-dimethylformamide
(DMF), propylene carbonate (PC), and lithium perchlo-
rate (LiClO,) with purity > 98% were purchased from
Fluka. Fluorine-doped SnO,-layered (FTO) glass (sheet
resistance 12 Q/cm?) and commercially available titania
(TiO,) paste were purchased from Solaronix SA. SnO,
colloidal solution (2.5 wt%, viscosity 3.5 cp) was pur-
chased from Sigma-Aldrich.

Fabrication of TiO, electrochromic electrodes

According to Nihan et al., the interface between the TiO,
mesoporous layer and the FTO substrate has a sizable
resistance for ion transfer and storage [28]. By introduc-
ing a compact layer of much smaller TiO, particles, in
between the FTO and the mesoporous TiO, layer, the
interfacial resistance can be reduced so that the ion trans-
fer and storage of the EC device can be facilitated. On the
other hand, the thickness of the mesoporous layer is also
effective for coloration efficiency [28]. In this work, it
was observed that the thickness of the TiO, mesoporous
layer could not be increased to achieve the best device
performance due to the poor adhesion to the FTO sub-
strate. This problem was overcome by introducing a com-
pact TiO, layer in between the FTO substrate and the
mesoporous TiO, layer.

At first, a compact layer of nanocrystalline TiO, films
was prepared by spin coating on the pre-cleaned fluorine-
doped conducting tin oxide (FTO) glass plates (active area
1.4 cm x2.1 cm) using the solution prepared as follows: 5 ml
of propon-1-0l, 5 ml of acetic acid, 5 ml of tetra isopro-
pyl orthotitanate (Fluka), 30 ml of ethanol, and one drop
of nitric acid were mixed while keeping in an ice bath and
stirred for 30 min. Then, one drop of the solution was placed
on the pre-cleaned FTO glass plate and speaded on FTO
by spin coating method (3000 rpm) [29]. The films were
then put into the oven and calcined at 450 °C for 45 min.
The thickness of the compact TiO, layer was measured by
Veeco, Dektack 3 profilometer and the thickness was around
100 nm. Mesoporous nanocrystalline TiO, films were pre-
pared on top of the above electrodes by coating a TiO, paste
purchased from Solaronix Switzerland (Solaronix T) using
the “doctor blade” method. Films were then sintered at
450 °C for 45 min. The thickness of the mesoporous TiO,
layer was measured using a Veeco, Dektack 3 profilometer
and thickness was found to be around 6.5 um [30].

Preparation of SnO, counter electrode

Spin coating technique (5000 rpm) was used to prepare
the SnO,-based counter electrode on top of the FTO. A
SnO,-dispersed solution was used in the spinning solution
and the films were prepared by spinning for 1 min. Then, the
SnO,-deposited films were calcined at 550 °C for 30 min.
Thickness of the SnO, counter electrode layer was measured
by using a SEM and the value was found to be 13.5 um [31].

Preparation of the electrospinning solution and PAN
nanofiber membranes

PAN nanofiber membranes were prepared by using a
NABOND electrospinning system (NaBond Technologies,
Hong Kong). First, different amounts of PAN were dissolved
in a constant volume of DMF and the mixture was kept at
140 °C under stirring. Based on the viscosity of the PAN
in the DMF solution, 11wt% PAN in DMF was selected
for the electrospinning as this was the optimized PAN con-
cetration to get the best nanofibers. Solutions with higher
PAN concentration, due to their higher viscosity, could not
pass smoothly through the syringe of the electrospinning
equipment. The electrospinning was carried out for the opti-
mized solution under different electrospinning parameters.
The SEM images of the nanofiber mats were taken under
the optimized conditions. At the most optimum stage, it
was observed that the DC voltage between the spinner and
the drum collector should be equal to 8 kVdc. A series of
nanofibers was prepared at this optimized DC voltage but
changing the flow rate. The flow rate of the polymer solution
was optimized as 2 ml/h and the optimized drum speed was
270 rpm. Since the distance between the tip and the col-
lector is strictly influenced by the morphology of the fiber,
it was kept at 6.5 cm throughout the process. A schematic
diagram of the electrospinning process with its optimized
parameters is shown in Fig. 1. Prepared SnO,-coated FTO
glass substrates were attached to the aluminum foil keep-
ing 1.4 cmx 2.1 cm space in the middle of the substrate.
The drum collector was then covered by this aluminum foil
using magic tapes so that the electrospun PAN nanofibers
were deposited onto grounded, SnO,-coated FTO plates
[32]. Electrospun PAN nanofibers were prepared by apply-
ing the above-mentioned optimized parameters. Nanofiber
membrane thickness was controlled by varying the spinning
time from 5 to 25 min.

Electrolyte preparation
1 M LiClO, in PC was prepared and used as a liquid electro-
lyte. Conventional PAN-based gel electrolyte was prepared

using the following receipe. 0.03 g of LiClO, was dissolved
in 0.4 g of PC and 0.4 g of EC mixture under stirring few
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Fig. 1 Schematic diagram of the electrospinning process

minutes for complete dissolution. Then, 0.1 g of PAN was
added to this solution [33]. The PAN-based nanofiber mem-
brane gel electrolyte was prepared by adding 1 M LiClO,
in PC dropwise onto the nanofiber mat deposited on the
SnO,-coated FTO glass plate.

Electrochromic cell assembly

TiO,-coated FTO electrode was used as the working elec-
trode and PAN nanofiber deposited SnO, substrate was used
as the counter electrode. Three drops of 1 M LiClO, in PC

FT0
S0,

PAN Nanofiber membrane
electrolyte

Tio,
F10

PAN Nanofiber membrane

Grounded
Rotating Drum
collector

were added to the membranes to form “gel” type nanofiber
membrane electrolytes on SnO,-coated electrode. ECDs
having the configuration FTO/TiO,/nanofiber membrane
electrolyte/SnO,/FTO were assembled as shown in Fig. 2.

Measurements

To check the structure of the nanofiber membrane, scan-
ning electron microscopy (SEM; JEOL JSM-651LV) was
used. The performance of the fabricated ECDs was checked
and the transmittance variation with applied voltage was

Fig.2 Schematic diagram of ECDs having the configuration FTO/TiO,/nanofiber membrane electrolyte/SnO,/FTO
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recorded using UV-visible optical spectra in the full wave-
length range (190 nm and 1100 nm). The Shimadzu 2600
spectrophotometer was used to measure the transmittance vs.
wavelength at different applied voltages. Cyclic voltammery
was carried out using Metrohm Autolab (PGSTAT 128 N).

Results and discussion
Electrochromic electrode and counter electrode

Figure 3 shows the photographs of prepared transparent
TiO, active electrode and SnO, counter electrode. Optical
transmittance spectra of these electrodes confirmed rela-
tively high transmittance (> 90) as shown in the figure.

Cyclic voltammetry studies were carried out to charac-
terize the electrochemical properties of the TiO, thin film
as the EC material. Electrochemical insertion and extrac-
tion were analyzed using a solution of 1 M LiClO, in PC
as the electrolyte with the platinum and the standard calo-
mel electrode (SCE) as the counter electrode and reference
electrode respectively. Figure 4 shows cyclic voltammetry
trace of the TiO, film coated on FTO by the “doctor blade”
method. According to Fig. 4, no cathodic peaks are observed
in the sample while a well-defined anodic peak is observed.
The coloration of TiO, is a consequence of the simultane-
ous insertion of electrons and Li ions into the TiO, film,
leading to the reduction of Ti** to Ti*>. On electrochemical
reduction, Ti*? sites are generated to give the electrochromic
effect turning its color to blue[7].

PAN nanofiber membrane

SEM pictures of the fabricated nanofibers were taken and
Fig. 5 shows the top and cross-sectional view of the fiber
membrane. Average diameter of the nanofiber is estimated
and it is 1.2 um (Fig. 5b). This value is comparable with

Fig.3 a Transparent TiO,
working electrode. b SnO,
counter electrode
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Fig.4 Electrochemical study of TiO,/FTO in 1 M LiClO, in PC
(scan rate 10 mVs.™)

the average diameters of the polypyrrole nanofibers used to
fabricate ECDs with WO; by Dulgerbaki et al. [34]. It can
be seen that fibers have a three-dimensional structure and
a large number of pores that lead to the uptake of a large
amount of electrolyte solution.

As can be seen in Fig. 5d, several cross-linking points
on the membrane directly affect the strength of the fiber
mat [35, 36]. The exact value of the thickness of the fiber
membrane can not be measured. Figure 5S¢ shows the cross-
sectional view of the fiber mat prepared with 10-min spin-
ning time and according to that the thickness of the fiber mat
is around 34 pum.

We believe that the PAN nanofibers play an inert role to
trap and hold the solution electrolyte “1 M LiClO, in PC”
and give it a “gel” behavior. Among the polymer hosts stud-
ied so far, the PAN-based electrolytes offer a homogenous,
hybrid electrolyte film in which the salt and the plasticizer

@ Springer
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Fig.5 SEM images of the a PAN nanofiber membrane produced by the electrospinning, b top view of the membrane different magnification, ¢
cross-sectional view of the fiber membrane, and d top view of the nanofiber mat

Transmittance (%)

2930
60 1454 R

2240

T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig.6 FTIR spectra of pristine PAN nanofibers

were molecularly dispersed. The FTIR spectra of PAN are
presented in Fig. 6. Pure PAN nanofibers displayed the
characteristic absorption peaks of nitrile (—C = N) group
at around 2240 cm™!. Also methylene (CH,) group of PAN

@ Springer

showed characteristic bands in the regions 1454 cm~! and
2930 cm™ [37].

Electrochromic device performance

In the first part of this study, thickness optimization of
the nanofiber membrane electrolyte was done by varying
the spinning time. Figure 7 shows the transmittance spec-
tra of the ECD with different nanofiber membrane thick-
nesses. According to Fig. 7, the highest optical contrast was
obtained for the 10-min electrospun nanofiber membrane
electrolyte. Further increase of the electrospinning time
increases the film thickness of the fiber mat and positively
affects for up taking more liquid electrolyte. However, the
higher thickness of the fiber mat is caused to reduce the ini-
tial transmittance at bleached state. Therefore, the optimized
time for electrospinning is 10 min.

Table 1 summarizes the transmittance difference of the
fabricated ECDs of configuration FTO/TiO,/nanofiber
membrane polymer electrolyte (PAN)/SnO,/FTO with spin-
ning time which controls the film thickness. To change the
electrochemical states of the EC device, different voltages
were applied across the two electrodes and a color change
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Fig. 7 Optimization of the nanofiber membrane thickness with opti-
cal transmittance spectra

Table 1 Transmittance variation of the ECDs at their bleached state
and colored state with different thicknesses of the nanofiber mem-
brane electrolyte

Sample No  Spinning time/  Transmit- Transmit- AT
min tance at4.2 V tance at OV

1 05 29.63 55.74 26.11

2 10 13.09 46.49 33.4

3 15 11.49 38.78 27.29

4 20 15.01 33.76 18.75

5 22 16.67 27.64 10.97

between dark blue and bleached was observed. The trans-
mittance of the ECD was varied depending on the voltage
applied across the device. The bleached or colorless state of
the device was observed when applying an appropriate nega-
tive voltage (0.2 V) across the two electrodes. It confirms the

Fig.8 Photographs of the ECD
of the configuration FTO/TiO,/
PAN-based nanofiber mem-
brane gel polymer electrolyte/
SnO,/FTO at a partially colored
and b fully colored state

reversible ion insertion and extraction process of the ECD
when switching between positive and negative potentials.
Pictures of the corresponding electrochemical states of the
EC device are shown in Fig. 8. ECD at its intermediate state
(voltage applied =2.0 V) and fully colored state (voltage
applied=4.0 V) is shown in Fig. 8.

According to Table 1, maximum transmittance varia-
tion was observed for the electrospun membrane electro-
lyte soaked with the 1 M LiClO, in PC liquid electrolyte
having 10-min spinning time. Initial transmittance at
their bleached state has reduced with the increase of the
spinning time. An increase in fiber membrane thickness
reduces the light that can be transmitted. At the colored
state, a thin electrospun membrane electrolyte shows a
high transmittance value as compared with a thick elec-
trospun membrane electrolyte. When the thickness of the
fiber membrane is low, the number of cross-linking points
becomes less while the pore sizes inside the fiber mem-
brane become high. This is the cause for the up taking less
amount of liquid electrolyte by the polymer membrane
[32]. The less amount of liquid electrolyte retained in the
polymer membrane reduces the number of mobile Li ions
that are used to color the TiO, film. When the spinning
time increases, the thickness of the membrane and the
no of cross-linking points will increase while decreas-
ing the pore sizes. Therefore, the membrane can uptake
large amounts of electrolyte solution and this will facili-
tate to increase in the number of Li ions that intercalate
into TiO, film. Further increase in membrane thickness
limits the mobility of Li ions inside the membrane with
a high concentration of the polymer in the membrane.
This blocking effect again reduces the number of Li ions
intercalating into the electrochromic film. From Table 1,
it can be seen that the best chromatic contrast (AT) given
by Eq. 1 is for 10 min of spinning time.

Chromatic contrast(AT) = T,,(4) — T.(4) €))
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Fig.9 Transmittance spectra of the electrochromic devices fabricated
with optimized PAN nanofiber membrane gel polymer electrolyte at
different electrochemical statuses under different applied voltages

where T;(2) is the maximum transmittance at the colorless
state and 7,(4) is the transmittance at the colored state at the
same wavelength.

Figure 9 shows the transmittance spectra of the electro-
chromic devices fabricated with PAN nanofiber membrane
gel polymer electrolyte at different electrochemical statuses
under different applied voltages (0—4.2 V) in the wavelength
range from 350 to 900 nm.

Performance was checked for the three types of the ECDs
fabricated (a) with conventional liquid electrolyte compris-
ing 1 M LiClO, in PC (L), (b) with PAN-based nanofiber
membrane gel electrolyte with optimized membrane thick-
ness (N), and (c) conventional PAN gel electrolyte with the
same composition (G). Figure 10 shows the comparison of
transmittance variation of the devices at their fully colored
state and bleached state under the same applied voltage com-
prising three different types of electrolytes mentioned above.

The summary of the performances of ECDs measured for
the three different types of electrolytes is shown in Table 2.
It can be seen that the transmittance difference AT between
the colored and bleached states of the EC made with the
PAN-based nanofiber gel electrolyte is about 93% of that
obtained for the liquid electrolyte—based EC.

As the nanofiber membrane has a more porous network
structure as shown by the SEM images, it is possible to pre-
pare a “nanofiber membrane gel” electrolyte by soaking the
nanofiber mat in the liquid electrolyte solution. Nanostrutur-
ally, this is different to the “conventional gel” electrolyte,
prepared simply by dissolving the polymer in the electrolyte
solution. Therefore, the ionic mobility in the nanofiber gel
electrolyte is close to the ionic mobility in the corresponding
liquid electrolyte. On the other hand, the conventional gel
electrolyte, prepared by dissolving the polymer in the liquid

@ Springer
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Fig. 10 Transmittance variation of ECDs at colored and bleached
state with PAN nanofiber membrane gel electrolyte (N) with opti-
mized thickness, liquid electrolyte (L), and conventional PAN-based
gel electrolyte (G)

electrolyte, restricts the Li ion mobility in the electrolyte due
to its viscous nature. Also, the low viscosity of the liquid
electrolyte and nanofiber membrane gel electrolyte provides
an ionic environment that facilitates ionic mobility while
the conventional gel electrolyte having a relatively higher
viscosity provides low ionic mobility. Therefore, compared
to the liquid and the nanofiber membrane gel electrolytes,
the conventional PAN-based gel electrolyte exhibits poor
ionic mobility for Li ions that can reach the electrochromic
TiO, electrode. This could be the reason for improved ECD
performance when using nanofiber membrane gel lectrolyte
compared to the conventional gel electrolyte.

Stability and coloration time of the PAN nanofiber-
based electrochomic device

Figure 11a shows the cyclic voltammograms (CV) obtained
for the first, 250th, and 500th cycles. According to the figure,
oxidation and reduction peaks can be identified due to the
existence of lithium in the nanofiber membrane electrolyte.
These peaks represent chemical reactions that take place at

Table 2 Transmittance variation of the ECDs with liquid electrolyte,
nanofiber membrane electrolyte, and gel electrolyte

Type of the electrolyte Transmit-  Transmit- AT
tance at tance at
42V ov
Liquid 1 M LiCIO, in PC 21.40 57.35 35.95
PAN nanofiber+1 M LiClO, in PC  13.09 46.49 33.40
PAN gel 54.11 58.33 4.22
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Fig. 11 a Cyclic voltammo- 8.00E-03 -
grams for an ECD with the
configuration FTO/TiO 2/
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the surface of the FTO. The feature of the voltammogram
changes within the first few cycles, but the shape of the
cyclic voltammogram does not change sharply by cycling up
to 500 cycles. The current density at the cathodic peak which
corresponds to the bleaching process gradually increased up
to the 250th cycle and then remained constant while the cur-
rent density for the coloration process which characterizes

Change of current density within 30 minutes

(b)

the charge intercalation into TiO, decreased within the
first few cycles. However, there is no significant change in
either the shape of CV or current densities beyond the 250th
cycle, suggesting that the device with the configuration of
FTO glass/TiO,/nanofiber membrane electrolyte/SnO,/FTO
glass has moderately high stability. This is confirmed by the
current time graph obtained for the CV (Fig. 11b). Percent
change in current density was calculated (Eq. 2).

Percent change in current density =

x 100% @

Initial current density
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Fig. 12 a Time for coloration of the ECD. b Time for bleaching of
the ECD

Table 3 Comparison of electrochromic performance

According to the above equation, percent change in
current density during the first 30 min is 12.5%. However,
for the second 30 min up to 1 h totally, the percent change
of current density remains unchanged.

The coloration time ¢, (the time taken to reduce the
light transmission through the ECD from 90 to 10% in the
coloration process) and decoloring time or bleaching time
t, (the time taken to intense the light transmittance through
the ECD from 10 to 90% in the decoloring process) were
measured [38]. Under this definition, coloration and de-
coloration time for the ECDs of configuration FTO glass/
TiO,/nanofiber membrane electrolyte/SnO,/FTO glass
were around 75 s and 40 s respectively (Fig. 12a and b).
Coloration time of the nanofiber-based ECD was measured
and relativle high coloration time of 75 s was observed
which is compatible for architectural applications.

Table 3 represents the electrochromic performance of the
ECDs fabricated with different polymer nanofibers. Appli-
cation of PAN nanofiber for TiO,-based electrochromic
devices has not been reported so far. In comparison with
the previously published data, ECDs fabricated in this study
shows comparative chromatic contrast (AT).

Conclusion

The electrospinning method was used to successfully pre-
pare a novel PAN-based nanofiber membrane gel electro-
lyte. The morphology of a PAN-based nanofiber membrane
gel electrolyte was studied using SEM images at an opti-
mized electrospinning time of 10 min. ECDs fabricated with
nanofiber membrane gel electrolyte together with low-cost
TiO, and SnO, metal oxides as the electrochromic material
and counter electrode respectively showed desirable electro-
chromic properties. A reversible color change between dark
blue and colorless status was observed when an appropri-
ate voltage was applied to the electrochromic device. Opti-
mized nanofiber membrane gel electrolyte showed optical

Polymer used to prepare nanofiber EC material AT Coloration time/s Bleaching time/s Reference
PAN TiO, 334 75s 40 This paper
Poly(e-caprolactone) poly(3,4-ethylene- 40.5 16.2 [39]
dioxythiophene)
PEDOT
Polypyrrole WO, 47.41 5.74 0.89 [34]
Poly(vinylidene fluoride-co-trifluoroeth-  Dihexyl viologen- 39 20 8 [40]
ylene) (PVDF-TrFE) hexafluorophos-
phate
Polypyrrole/PMMA WO,/PEDOT 40.42 0.31 6.53 [41]
PANI Cr 54.1 0.085 0.062 [42]
PANI SnO,/Sb/TiO, 385 1.2 1.0 [43]

@ Springer
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modulation of 33.40% between its colored and bleached
states whereas liquid electrolyte showed comparable value
of 35.95% for an identical cell. This demonstrates that the
incorporation of quasi-solid-state PAN nanofiber membrane
electrolytes renders comparable performance with liquid-
state electrolytes in ECDs.
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