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ARTICLE INFO ABSTRACT

Keywords: Nanoporous structures of single, binary, and ternary films from rGO, PANI, and PB materials were prepared to
Electrochromic improve the electrochromic (EC) efficiency and electrochemical stability of electrochromic devices (ECD).
Prussian blue Structures were prepared by electro-polymerizing aniline monomers onto coated F-doped tin oxide (FTO) glass
g::gzzz&ﬁz:z:zfy slides with PB, rGO, or rGO/PB films, while Nickel oxide was formed by electrodeposition. The physical and

optical properties of formed films were characterized by XRD, FT-IR, UV-vis, and SEM techniques. The elec-
trochromism of the investigated electrodes was studied in 1 M LiClO4 + propylene carbonate (LiClO4 + PC). The
properties of an electrochromic device (ECD) of glass/FTO/rGO @PANI@PB/1 M LiClO4-PC electrolyte/NiO/
FTO/glass were studied. The electrochromic properties of tested thin films were investigated using cyclic vol-
tammograms (CV), chronoamperometry (CA), chronocoulometric (CC), and UV-Vis spectrophotometry studies.
The results showed the reversible coloration and bleaching of the ECDs. The hybrid organic-inorganic materials-
based electrodes improved optical modulation, switching speed, and coloration efficiency. For the different
fabricated electrodes, corresponding coloring efficiencies were achieved: rtGO/PANI/PB (11.3 cm?/C), rtGO/PANI
4.5 cmz/C), and PANI/PB (22.8 cmz/C). Also, PANI-based electrode showed lower efficiency than PB (20.4 cm?/
Cvs 312 em?/C). The promising results in this study support the use of rGO/PANI/PB electrode for smart window
applications. The fabricated ECD device of (rGO/PANI/PB//NiO) achieved optical modulation (AT) of 41 % and
switching times of 12.1 s (coloration) and 12.6 s (bleaching) at a wavelength of 625 nm. Regarding durability,
the proposed ECD achieved AT of 38 % after 3000 cycles, i.e., 92 % of the initial device.

Coloration efficiency

building domain [5,6].
Electrochromic film technology provides a new method to save en-

1. Introduction

Rapid population development and industrialization have caused
serious environmental pollution and energy consumption, greatly
inconveniencing human production and life [1]. Meeting increasing
energy demands has become a severe challenge all around the world.
The energy demand yields to global warming. Global warming occurs
from carbon dioxide emission into the atmosphere due to energy pro-
duction from fossil fuels [2,3]. Current development aims to develop an
economical, clean energy form that is easy to control and convert and
can meet the needs of different occasions [4]. Because of the limitations
of non-renewable resources, improving energy utilization efficiency is
an urgent problem. The fraction of the land energy reserves used in
buildings for heating, cooling, ventilation, and appliances is 30-40 %.
The capacity for energy saving is significant and economical in the
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ergy because it controls the solar radiation and transmittance of visible
light through building windows on demand [7]. When exposed to an
external voltage, electrochromic materials can change color. The inter-
calation and deintercalation of tiny ions into and out of the material
layers regulate this phenomenon [8,9]. These materials have potential
uses in smart windows and gadgets because of their low power con-
sumption and high coloration efficiency (CE) [10,11]. Electrochromic
films can be deposited on the surface of conductive glass, such as
fluorine-doped tin oxide (FTO) glass. Applying a different voltage range
or using other electrochromic film materials will change the window’s
color and transmittance properties. Furthermore, the transmittance of
windows can be maintained if the voltage applied is turned off. There-
fore, by controlling the voltage applied to the electrochromic film,
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windows can reduce the energy loss caused by the temperature differ-
ence between indoor and outdoor temperatures. Because glazed struc-
tures have lower heating and cooling costs, developing this technology
may significantly reduce energy use in homes and businesses. Compared
to the electrochromic window, a traditional window is responsible for
the loss of approximately 30 % of the energy loss during either the
cooling or heating of a building [12].

Transition metal oxides, mixed-valence materials, organic mole-
cules, and conjugated polymers have all been produced as electro-
chromic materials [13-15]. In general, the EC inorganic materials are
oxides separated into two classes. The first group consists of cathodic
ECs, materials that change color when ions are inserted. The second
category comprises materials that change color during ion extraction
and are called anodic ECs [16].

Among all polymers, solution-processable conductive polymers may
be used to create thin-film electrodes with customizable thickness, high
conductivity, outstanding optical transparency, and superior electro-
chromism [17,18]. Polyaniline (PANI), particularly, has received much
interest because of its electrochemical solid and thermal stabilities,
adjustable characteristics, low cost, and high conductivity [19,20].

Prussian blue (PB) is a commonly utilized chemical in various ap-
plications, including sensors, electrochromic devices, and electro-
catalytic electrodes [21]. Ferric hexacyanoferrate (Fe4[Fe (CN)gl3) [22]
is another name for PB, which is a notable anodically electrochromic
material with strong optical contrast, superior chemical stability, and
quick reaction time [23]. Insoluble Fej'[Fe?(CN)¢ls and soluble
MFe® Fe?*(CN), where M is an alkaline metal, are the two forms of PB.
The counter electrode’s composition directly influences ECD charac-
teristics [24]. Because charge transfer and ion diffusion are directly
related to surface area and gravimetric capacitance, creating
high-surface-area porous electrodes can enhance pseudocapacitors’ en-
ergy and power densities. Adding more porosity to the framework of
Prussian blue analogs might improve their performance by creating
broad pathways for easy ion mass movement in the electrode.

Nickel oxide (NiO) is cheap, abundant, and easy to make. When NiO
is exposed to a voltage (V vs. RHE) = 1.35 V or higher, it undergoes a
redox reaction and changes from a transparent NiO to a dark-brown NiO,
which is also known as a bleached NiO or a colored NiO. The redox
process of Ni(IIl) in alkaline conditions is well-known [25].

A five-layered sandwich-like device inside a pane of glass is used to
create electrochromic smart windows. This device comprises a trans-
parent conductor (TC) on each end, a solid electrolyte/ionic conductor
(IC) in the middle, and a counter electrode between a TC and an IC on
one side. The active/primary electrochromic material is located between
another TC and an IC on the other side of the device. This layer controls
the color change of the device. Faster ion transport might enhance the
switching rate of electrochromic films because ions must be moved into
and out of the film during redox reactions for electrochromic materials
to retain electroneutrality [26]. As a result, a homogeneous and cus-
tomizable porosity structure facilitates ion transport and the formation
of redox-active films [27].

Complementary ECDs have a five-layer structure comprising anodic
and cathodic coloring elements. An ionic conduction layer (electrolyte)
in contact with an electrochromic (EC) layer and an ion storage (com-
plementary) layer is sandwiched between two transparent conducting
layers [28-31].

We previously reported the characterizations and electrochemical
properties of nano Prussian Blue, rGO, PANI, binary, and ternary com-
posites [32]. The electrode films were prepared using a combined spin
coating and electro-polymerization methods. In this work, we studied the
electrochromic of all the single, binary, and ternary hybrid films and
coloration efficiencies. The triple-layer PB/rGO/PANI film demonstrates
great potential for electrochromic applications. Moreover, new ECD
windows with glass/FTO/rGO/PANI/PB/LiClO4-polycarbonate/NiO/
FTO/glass configuration were assembled. XRD, FTIR, and SEM-EDX will
characterize the electrochromic films. Utilization spectro-electrochemical
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techniques, the optical properties of the films (transmittance) will be
defined. It will then be decided which coloring efficiency to use.

2. Experimental
2.1. Materials and synthesis of the electrochromic thin films

All the chemicals, except aniline, were of analytical purity and could
be used without additional purification. The aniline was distilled at low
pressure before use. Except for reduced graphene oxide, all samples
were electrically synthesized. The working electrodes for the electro-
chromic were prepared according to the following methods:

(1) A reduced graphene oxide (rGO) electrode was prepared using a
modified Hummers method [33].

(2) The cyclic voltammetric approach was utilized to develop a
polyaniline film onto a glass substrate of fluorine-doped tin oxide
(FTO) by utilizing a 0.5 M aniline monomer precursor in a 0.5 M
aqueous solution of HySO4. With a scan rate of 50 mV/s, five
cycles of back-and-forth scanning from 0 to +1.2 V vs. SCE were
used to carry out the electrochemical polymerization process
[34].

(3) Using a deposition solution consisting of 100 mL distilled water,
0.7455 g KCl (1 M), 3.29 g K3[Fe(CN)¢] (1 M), and 2.70 g
FeCl3.6H0 (1 M), Prussian Blue Film was installed on an FTO
glass substrate using chromatoamperometry for 10 min at po-
tential —0.5V.

(4) A PANI@PB) composite electrode was created by deposition of
PB on the surface of a PANI film using chronoamperometry at
—0.5V for 10 min using a deposition solution containing 100 mL
distilled water, 0.7455 g KCl (1 M), 3.29 g K3[Fe(C.N.)e] (1 M),
and 2.70 g FeCl3.6H50 (1 M).

(5) A rGO@ PANI composite electrode was created by spin coating
rGO on FTO glass. PANI was then deposited on rGO using chro-
noamperometry to polymerize aniline at potential +0.8V for 5
min from a deposition solution containing 50 mL of 0.5 M H2SO4
aqueous solution containing 0.5 M aniline.

6) The rGO@PB composite electrode was made by deposition of PB
on the rGO/FTO surface by chronoamperometry at potential
—0.5V for 10 min using a deposition solution of 100 mL distilled
water, 0.7455 g KCl (1 M), 3.29 g K3[Fe(C.N.)g] (1 M),and 2.70 g
FeC13.6H20 (1 M)

(7) A rGO@PANI@PB composite electrode was made by electro-
polymerized aniline on the rGO/FTO surface using chro-
noamperometry at potential 0.8V for 5 min from a deposition
solution containing 50 mL of 0.5 M HySO4 aqueous solution
containing 0.5 M aniline. Finally, the PB electrodeposited of the
surface of PANI/rGO/FTO by chronoamperometry at potential
—0.5V for 10 min using a deposition solution of 100 mL distilled
water, 0.7455 g KC1 (1 M), 3.29 g K3[Fe(C.N.)g] (1 M), and 2.70 g
FeCl3.6H20 (1 M)

(8) Using a chronoamperometry approach set at —0.5 V for 10 min,
NiO electrode was created by electrodeposition on cleaned FTO
glass from a solution containing 50 mL of 0.2 M Ni(NO3)2.6H20.
To obtain the NiO coating, the glass slide was air-dried for a day
and then annealed for an hour at 300 °C in an oven in an air
environment.

All the organized samples were left to dry in the air overnight before
performing the measurements.

2.2. Characterization tools
Scanning electron micrographs (SEM) were obtained using SEM

(JEOL JSM-6460, Tokyo, Japan. XRD analyses were performed on
Bruker D8 Advance diffractometer with CuKa radiation (4: 1.54 10\). The
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diffraction data were recorded for 26 angles between 10° and 80°.
Attenuated total reflectance Fourier-transform infrared spectroscopy
(Vector 22, Bruker Inc., Billerica, MA, USA) was utilized to identify
functional groups of thin films in the 4000-400 cm ™! region. The
Brunauer-Emmett-Teller (BET)-specific surface area and pore charac-
teristics of the examined materials were determined at 77 K using a
Micrometrics ASAP 2020 analyzer and nitrogen adsorption-desorption
isotherms.

The electrochromic devices (ECDs) with a 1 cm? area have assembled
the configuration glass/FTO/electrochromic material/1 M LiClO4-pro-
pylene carbonate electrolyte/FTO/glass. The FTO surface was treated
with electrical connections. A 1 cm wide Cu-conducting tape (3 M) was
attached to the FTO to increase this contact. The assembled electro-
chromic cell was put in the spectrophotometer sample chamber, with
the electrodes linked to electrochemical equipment outside the cham-
ber. Gamry PCl4/300 model potentiostat was employed for electro-
chemical studies. A saturated calomel reference electrode and platinum
counter electrode were utilized for electrochemical measurements
involving a single film. Absorption spectra were obtained using poten-
tiostatic mode. The electrochromic window was maintained at constant
potential for 2 min prior to absorption spectra recording to stabilize the
electrochromic properties of the samples under analysis. The potential
area for coloring and bleaching is determined based on the type of tested
materials. The spectral transmittance, T(A), was recorded using a
double-beam spectrophotometer model (JASCO-V-670) in the 300-800
nm wavelength range. An electrochromic cell with two clean FTO sub-
strates filled with electrolytes was measured as 100 % background.

3. Results and discussion
3.1. Characterization

The samples were analyzed using several techniques, including XRD,
FT-IR, SEM, and BET, and the results were described in depth in our
prior work [32] and summarized in Table 1. The SEM images are given
in Supplementary Fig. 1.

3.2. Electrochromic properties

3.2.1. Electrochromic of a single electrode

Thin films of PB and its PB-composites deposited on transparent FTO
glass were exposed to electrochemical ion insertion (bleaching state)/
extraction (coloration state) in an electrochemical cell containing 1 M
lithium perchlorate/propylene carbonate (LiClO4/PC) electrolyte. The
electrochromic characteristics of the examined samples were deter-
mined using cyclic voltammetric (CV) measurement on the thin films.
The potential range for coloring and bleaching is determined based on
the type of tested materials. The spectral transmittance, T(A), was
recorded in the 300-800 nm wavelength range. An electrochromic cell

Table 1
Particle Size, surface area, and pore size of the studied samples.
Sample Particle Surface area Pore Size Morphological
Size (mz/g) (nm) structure
(nm)
P.B. 35 50 4.3 Deformed
nanospheres
NiO 22 69 5.2 Deformed
nanospheres
GO - 171 6.5 Ultra-thin layer
PANI - 42 4.9 Deformed
nanospheres
rGO @PANI - 192 6.1 Mixed morphology
PANI@PB 28 190 7.9 Mixed morphology
rGO@PB 25 182 7.0 Mixed morphology
rGO@PANI@ P. 20 208 10.9 Mixed morphology
B.
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with two clean FTO substrates filled with electrolyte was measured as
100 % background. Fig. 1 (a, b) shows cyclic voltammograms for the
investigated thin film materials at a scan rate of 50 mV/s. During the CV
scan of PB, as the potential is swept from positive to negative, it was
visually apparent that the PB color could be wholly switched from blue
to transparent. The absorbance feature disappears as the film is reduced.
The absorbance is recovered as the potential is swept oppositely, from
negative to positive. The oxidation peak iop at 0.36 V/SCE and the
reduction peak iy, at 0.1 V are due to PB-PW red-ox switch. It can also be
seen from Fig. 1a that the cathodic peak of PB is larger than the anodic
peak. This means that reducing PB to PW, which shows blue-to-colorless
electrochromism, is faster than oxidation (coloration). Applying voltage
(an electric field) to the PB/FTO glass causes positive ions to move to-
ward the electric field while the electrons move in the opposite direc-
tion. The electrochromic devices (ECDs) are colored or bleached due to
the entry of ions (or electrons) into the ion storage layers. The following
redox ions are good representations of the underlying physics in elec-
trochromic reactions:

KFe?" [Fe’* (CN) ] +Li*+e « LiKFe*" [Fe*" (CN)]
Coloration Bleaching

€8]

Under the influence of electron insertion (i.e., photo-effected inter-
valence electron transfer from Fe?! to Fe3' sites), the PB thin film
transforms from deep blue to transparent.

The CV plots of all the PANI-based materials display two pairs of
redox peaks because of leucoemeraldine « emeraldine and emeraldine
< pernigraniline redox transformations. Amongst these structures, the
emeraldine structure is conducting. The cyclic voltammetry (CV) spectra
of the ternary rGO@PANI@ PB composite electrode possess redox peak
characteristics for one of its constituents. In the positive scanning di-
rection, there are two current density peaks at potentials of +0.38 V/
SCE and +0.62 V/SCE. In the negative scanning direction, two similar
peaks are at —0.04 V/SCE and +0.4 V/SCE. The coloration and
bleaching make the PB and its composite thin films practical for elec-
trochromic devices.

Fig. 1b shows the CV of NiO/FTO film in a potential range between
0.7 and 1.7 V/SCE. The NiO film is bleached (during the cathodic scan)
by the reduction of Ni** to Ni2* and is colored by the oxidation of NiZ*
to Ni®* (in the reverse process). When a negative voltage is applied to
the NiO electrode, electrons and Li" ions are inserted, resulting in the
oxidation of Ni?* to Ni®*.

NiO + y(Li* +e7) < LiyNiO
Coloration

Bleaching @
The in-situ transmission spectra acquired during coloration and
bleaching for investigated electrochromic thin films at polarized po-
tentials depending on the type of materials are given in Fig. 2. This
figure shows a significant difference in transmittance spectra in the
visible range of the film between the colored and bleached states. For a
720 nm thick PB film, the transmittance at A = 700 nm decreased from
86 % in the bleached state to 4.5 % in the colored state, corresponding to
bias potentials of +0.5 V/SCE and —0.2 V/SCE, respectively. The elec-
trochemically deposited PB films demonstrated excellent EC perfor-
mance with decreased transmittance and increased bias potential.

The UV-vis transmission spectra of pure PANI, rGO@PANI, and
rGO@PANI @ PB composite films with an applied potential of —0.2 to
0.8 V have identical UV-vis spectra, with the transmittance falling
consistently as the potential increases, showing that PANI is being
oxidized. Furthermore, the distinctive absorbance band from 500 to 750
nm in PANI corresponds to the emeraldine salt form arising from the n-n
transition of the quinoid ring, particularly in the highly oxidized state at
0.8 V, showing that PANI plays a significant role in the rtGO @PANI
composite films [35]. However, the transmittance values fall primarily
following the addition of rGO to PANI and PB films when compared to
the naked PANI film, which may be attributed to the block role of rGO.

The UV-vis transmission spectra of the electrodeposited nickel oxide
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Fig. 1. Cyclic voltammogram in 1 M LiClO4/propylene carbonate solution at 50 mV/s for (a) PB, PANL, rGO@PANI, rGO@PANI@PB thin films and (b) NiO.
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Fig. 2. In-situ UV-vis transmittance spectra of P.B., PANI, rGO, rtGO@PANI, PANI@PB, rGO@PANI@PB and NiO thin films in oxidation and reduced states.
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on the FTO substrate at a potential range of 0.6-1.8V/SCE show a color
change from colorless (bleached) to dark brown (colored), which is
attributed to the Ni®* to Ni>* redox process, as shown in Eq. (2).

The coloration-switching responses are crucial for evaluating elec-
trochromic performance for energy usage and coloration-switching. The
kinetic switching analysis of the investigated thin films was performed
using the chronocoulometric (CC) technique to look at how the charge
density of Li" ions changes during intercalation and deintercalation. The
coloration properties of all the investigated films were reviewed by
applying potential steps depending on the oxidation and reduction po-
tential of the studied film with a pulse width of 20 s. The acquired results
are represented in Figs. 3 and 4. From this, the kinetic switching values
were evaluated, and the reversibility of the coloration and bleaching,
which is related to the change of Li-concentration in the electrode, was
calculated using Eq. 3 [36-38]:

Reversibilit = Qou
y(%) 0 3

in

Qin and Qo are the amounts of charge intercalated and dein-
tercalated in the electrode at the electrochromic thin film’s reduction
and oxidation reactions.

Table 2 shows the transmittance modulations and the transmittance
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difference between the bleached and colored states of electrochromic
materials. Reduced transmittance modulations of rGO-containing films
indicate the block effect of the injected rGO even further.

Coloration efficiency (CE) is essential for electrochromic materials in
practical applications. It is defined as the change in optical density (OD)
per unit charge (Q) introduced into (or withdrawn) from electrochromic
films, i.e., the amount of energy required to change the color. Equations
(4) and (5) are used to compute the CE [39]:

AOD())

CE=———> 4
0, G

T leached
AOD()) =log 2eeched ©)

colored

where AOD is the change in the optical density, A is the dominant
wavelength for the material, Qo is the charge density (injected/ejected
charges per unit electrode area), Tpjeached refers to the transmittance of
the film in the bleached state, and T¢ojored refers to the varying trans-
mittance of the film during the coloring process. The obtained data are
recorded in Table 2. The thin films’ stability, persistency, and switching
response are also evaluated from optical transmittance measurements.
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Fig. 3. The time response of the charge density during bleaching and coloring cycling during 20 s intervals for (1) PB at 700 nm with an applied voltage between 0.5
and —0.2 V vs. SCE (2) for PANI, rGO@PANI, and rtGO@PANI@ P.B. at 660 nm with an applied voltage between 0.8 and —0.2 V vs. SCE (3) for NiO at 500 nm during
cycling of bleaching and coloring with an applied potential switched between 0.6 V and 1.8 V vs. SCE.
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Fig. 4. The time response of the optical transmittance during bleaching and coloring cycling during 20 s intervals for (1) PB at 700 nm with an applied voltage
between 0.5 and —0.2 V vs. SCE (2) for PANI, rGO@ PANI, and rtGO@PANI@ PB at 660 nm with an applied voltage between 0.8 and —0.2 V vs. SCE (3) for NiO at
500 nm during cycling of bleaching and coloring with an applied potential switched between 0.6 V and 1.8 V vs. SCE.

Table 2
Electrochromic data of investigated thin film samples.
Sample T (A), nm Qin Qout Reversibility Transmittance AT. % Color/Bleach time (s) t. tp AOD CE, cm?/C
mC/cm? % Tp Te
PB 700 4.10 3.60 87.8 86 4.5 81.5 13.1 12.1 1.28 312
PANI 650 4.90 4.60 93.9 83.7 66.5 17.2 15.1 16.2 0.10 20.4
rGO@PANI 650 5.50 5.20 94.5 16.72 17.72 1.0 16.1 17.2 0.025 4.5
PANI @PB 650 3.52 3.45 98.0 60 50.6 9.4 17.0 18.0 0.08 22.8
rGO@PANI@ PB 600 7.95 7.65 96.2 37.5 30.3 7.2 5.5 5.7 0.09 11.3
NiO 500 6.20 6.00 96.7 88.8 21.6 67.2 5.7 6.2 0.61 98.3

The electrochromic switching time was calculated at 90 % of the change
in optical transmittance and current density. Response time for colora-
tion (t.)/bleaching (tp) is the time required for the cathodic/anodic
current to reach a steady state level after the application of the respec-
tive voltage [40]. The optical density versus bias potential of electro-
chromic/FTO glass after 10> cycles in 1 M LiClO4/PC was analyzed to
evaluate the aging process. With the help of the Alpha step profiler, the
thickness of the electrode was examined after 10° cycles. All the
above-mentioned electrochromic data are recorded in Table 2. From
which it can be seen that (1) A reduction in the transmittance

modulations between the bleached and colored states of PANI composite
films compared to that of PANI, referring to the block effect of the
introduced rGO. (2) The reversibility of the electrochromic thin films is
high, especially NiO/FTO thin film (96.7) referring to their high po-
tential for use in smart windows and display devices. (3) The CE values
follow the order:

PB > NiO > PANI > rGO@ PANI@ PB > rGO@ PANI

The drop in CE for the PANI-based nanocomposite films indicates a
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loss in color-changing response ability because high injected charges
result in a more significant optical density change than the composite
PANI film. (4) Switching response follows the order:

rGO@PANI > PANI > PB > NiO > rGO@PANI@ PB

The response time of rGO@PANI@ PB is faster when compared with
Prussian blue. This faster-switching response represents its better per-
formance in electrochromic devices. The functional improvements
may be due to the larger surface area and pore size of mesoporous
rGO@PANI@ PB and facilitated charge transport. Moreover, the
voids between the grains can provide important diffusion channels for
ions and electrolyte molecules to migrate throughout the film [41]. The
higher Li* diffusion coefficient in the film and shorter switching time are
due to the ordered structure and high dispersion of rGO@PANI@ PB,
which results in lower ion diffusion resistance between the active
component and the electrolyte. The aging value of thin electro-
chromic/FTO glasses after ending 3000 cycles showed values of 15, 12,
8, 5, and 3 % for PB, PANI, rGO@PANI, NiO, and rGO@PANI@PB,
respectively. This demonstrates that PANI and rGO attached to PB
particles significantly strengthen the structure of the rGO@PANI@PB
film. Thus, devices with rtGO@PANI@PB nano-heterojunctions would
possess a more extensive ECD lifetime.

3.2.2. Electrochromic of FTO/NiO/LiClO4/PANI@rGO@PB device (ECD)

According to the electrochromic data obtained, we designed an
electrochromic device (ECD), as shown in Fig. 5, and studied its elec-
trochromic properties. As shown in Fig. 5, applying voltage (an electric
field) to the device causes positive ions to transfer toward the electric
field. Electrons, on the other hand, go in the reverse direction. The
introduction of ions and electrons into the electrochromic (ion storage)
layers cause the coloring (bleaching) of the ECDs. The following redox
equations can be used to illustrate the underlying physics of electro-
chromic reactions:

rGOQPANIQ PB + x (Li*+e) < Liy rtGOQPANIQ PB

Bleaching 6)

Coloration
The rGO@ PANI@PB thin film changes from colored states to
transparent due to electron insertion. However, the electrochromic
process that governs the behavior of Li* ions in the NiO electrode against
ion insertion/extraction may be described by the redox equation (7).

NiO + x (Lit+e) < Li,NiO
Coloration

Bleaching @

The reduction of Ni>* to Ni?* causes bleaching of the NiO film
(throughout the cathodic scan) and coloring of the NiO film via the
oxidation of Ni?* to Ni* (in the opposite process). When a negative
voltage is applied continuously to the NiO electrode (ion storage layer),
introducing electrons and Li* ions, the dominant coloring state develops
from the oxidation of Ni* to Ni*'.

Voltage on

<

Ni

=
9]

FTO
GLASS
GLASS

Lit
Coloring State

Fig. 5.
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Vs

Li*

Initial State
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Fig. 6 (a, b) demonstrates the electrochromic performance of ECD
(glass/FTO/rGO@PANI@PB/1 M LiClO4/PC electrolyte/NiO/FTO/
glass), which has an active area of 1.4 x 2.5 cm?. The in-situ trans-
mittance of rGO@PANI@PB/NiO ECD measured throughout a contin-
uous potential cycle from —0.2 to 1.8 V/SCE is shown in Fig. 6. Fig. 6 (a,
b) shows how CA curves and in-situ optical responses of transmittance at
a fixed wavelength of 625 nm were used to assess the coloration and
bleaching status of ECD. The coloring and bleaching of switching times
or speeds distinguished the ECD system. The results show a maximum
optical modulation of 41 %, together with the switching durations for
coloring (12.1 s) and bleaching (12.6 s) at a wavelength of 625 nm. For
3000 repeated cycles, the ECD showed a high aging value. After the
cycles were finished, it was discovered that the EDC transmittance had
decreased by 8 %. Table 3 summarizes the electrochromic data for the
rGO@PANI@PB/NiO device.

The surface charge capacity ratio of the electrodes in both directions
was calculated from the above results of the two materials. According to
the following equation, the complementary charge capacity ratio (R) is
defined as the extraction NiO electrode charge divided by the interca-
lation rGO@PANI@PB electrode charge:

R— Quut(NiO) (8)
Qin(|GO(EtPANI(('1‘PB)
0= [iar ©

Qin 'GO@PANI@PB) is the surface charge capacity of the rGO@-
PANI@PB electrode during intercalation, and Qo (NiO) is the surface
charge capacity of the NiO electrode during the extraction process. For
NiO with an 80 nm thickness and a rtGO@PANI@PB layer of 720 nm, the
R-value of the ECD was determined to be 78.76 %.

4. Conclusions

Multiple scalable and cost-efficient hybrid films of Prussian blue
(PB), rGO, PANI, and NiO have been successfully electrodeposited on
FTO glass. Physical characterization of deposited films confirmed that
intended properties were achieved on conductive FTO glass. The elec-
trochromic phenomenon of the deposited single, binary, and ternary
thin films has been investigated. Moreover, the electrochromic proper-
ties were studied for fabricated devices from FTO/rGO@PANI@ PB/1 M
LiClO4/PC electrolyte/NiO/FTO/glass. The introduction of rGO was
found to cause a decrease in the light transmittance modulation of the
composite films due to its light block effect. On the other side, the
ternary rGO/PANI/PB nanocomposite films exhibited greater coloring
efficiency and quicker switching responses than pure PANI or rGO, due
to its larger surface area, particle size, and pore size, as well as the inner
interactions between its components. Enhanced cycling stabilities for
the composite samples were observed and attributed to rGO presence. In

=
| v |
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Schematic diagram for electrochromic device of FTO/NiO/LiClO4/rGO@PANI@PB
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Fig. 6. Electrochromic properties of ECD FTO/PANI@rGO@PB/1 M LiClO4/P.C. electrolyte/NiO/FTO/glass at wavelength 625 nm and a potential of —0.2 to 1.8 V
for 30 s, a) Chronoamperometry curves b) the resulting in-situ visible and solar transmittance.

Table 3
Electrochromic data of FTO/NiO/LiClO4/PANI@rGO@PB device.
T (1), nm Qin Qout Reversibility Transmittance AT. % Color/Bleach time (s) t¢ tp AOD CE, cm?/C
mC/cm? % Tp Te
625 15.1 12.5 82.8 75 34 41 12.1 12.6 0.34 27.2

summary, the ternary layer rGO/PANI/PB nanocomposite film syner-
gically incorporates the advantages of each of the three individual ma-
terials. The ternary-based electrode shows high optical modulation (7.2
% at 600 nm), faster response times (t, = 5.7 s, t, = 5.5 5), and higher CE
(11.3 cm?/C). During the durability test, the thickness of the thin film
electrode lost 3 % of its original state after 3000 cycles. Moreover, the
best performance was achieved for ECD using a ternary material-based
electrode (720 nm) in conjunction with 80 nm NiO secondary elec-
trode showing high optical modulation (41 % at 625 nm), fast response
times (t, = 12.6 s, t. = 12.1 s) and high CE (27.2 ¢m?/C) and reversibility
of 82.8 %.
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