Journal of Alloys and Compounds 1038 (2025) 182748

Contents lists available at ScienceDirect

JOURNAL OF

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

ELSEVIER

Optimized properties of innovative Si-In-Zn-O/Ag/ Si-In-Zn-O electrode
for NiO based energy efficient electrochromic heat shutters

a,b,*

J. Vivekanandan ", Sang Yeol Lee

@ Department of Semiconductor and Electronic Engineering, Gachon University, Seongnam-si, Gyeonggi-do 13120, Republic of Korea
Y Gachon Advanced Institute of Semiconductor Technology, Gachon University, Seongnam-Si, Gyeonggi-Do 13120, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Nickel oxide

Electrochromic devices
Smart window

Sputtering

electrochromic heat shutters

Electrochromic heat shutters present an attractive choice for efficient thermal management, designed to decrease
energy usage and improve indoor comfort through their capacity to control sunlight. In order to enhance sunlight
modulation in the visible spectrum and thermal management in the near-infrared spectrum of smart windows,
we introduce a configuration of amorphous Si-In —Zn-O (SIZO) /Ag/SIZO/NiO electrodes with varying thick-
nesses of SIZO on the top and bottom. This design aims to create electrochromic heat shutters for the dynamic
regulation of solar radiation, utilizing sputtering technology for fabrication at room temperature. The engineered
electrochromic heat shutter, with reduced SIZO bottom/top layer thickness, exhibits an outstanding visible
modulation of 74 %, ensuring excellent visibility in windows, alongside remarkable near-infrared (NIR) shielding
effectiveness of 68 % at 950 nm and 86 % at 2400 nm, a rapid switching speed of 0.5 s for bleaching and 0.8 s for
coloration, higher charge intercalation, as well as commendable cycle stability. The Electrochemical impedance
spectroscopy (EIS) confirmed the enhanced/faster ion transport inside the electrode matrix due to increased
conductivity and a reduced diffusion barrier. With 519 Fg~ specific capacitance, the capacitive electrochromic
electrode has improved electrochemical kinetics, high charge capacity, and may be used as a secondary energy
storage device. Our research finding may provide a major advancement in the development of electrochromic
heat shutters, for developing energy-efficient smart buildings.

Managing the amount of NIR light that passes through windows greatly
affects the management of indoor temperatures and energy savings. Just

1. Introduction

The growing global population along with lightning-fast urbaniza-
tion has led to a rise in energy consumption within buildings, particu-
larly in air conditioning as well as ventilating systems used for lighting,
cooling, and heating. This sector accounts for around 30-45 % of the
world’s energy usage [1,2]. Because of the significant rise in energy
demands for the cooling and heating of buildings, it is essential to
minimize energy consumption from these services while ensuring an
adequate level of comfort within the buildings in order to promote
sustainable development [3,4]. To address this challenge, the focus on
technology-driven buildings and energy conservation has significantly
increased over the past few years [5]. Smart windows have the capa-
bility to intelligently adjust the transmittance of solar irradiation,
enhancing occupant comfort while also being envisioned as a means to
conserve energy. The visible portion of solar radiation primarily in-
fluences the effectiveness of natural daylight within buildings. The other
half of solar radiation consists of the near-infrared region (NIR).

a minor change of 1 degree Celsius in the interior temperature may
result in a notable 10 % reduction in energy usage [6,7]. Several tech-
niques exist to regulate solar transmission through a smart window, like
electrochromism, [8] and low emissivity [9]. Electrochromic devices
(ECDs) represent a distinct category of switchable devices that are
triggered by electrical stimuli. Electrochromic smart windows are
commercially available technology that adapts their optical properties
in response to electrical stimuli. Low-emissivity (or "Low-E") glass is an
energy-efficient material that keeps heat inside during cold weather and
keeps heat outside during hot weather by efficiently blocking roughly
90 % of NIR radiation. Electrochromic glass integrated into smart win-
dows, coupled with low-emissive properties, presents a promising
approach for minimizing energy consumption in buildings [10].

The conventional and widely recognized configuration of ECD con-
sists of a five-layer arrangement: electrode, ion storage layer, electro-
lyte, electrochromic layer, and top electrode [4]. So far, transition-metal
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oxides (TMOs), conducting polymers, and Prussian blue are the exten-
sively studied electrochromic (EC) materials [11,12]. Among TMOs,
nickel oxide (NiO) stands out as an extensively examined positive EC
material due to its exceptional electrochromic efficiency [13].

The Transparent Conducting Oxides (TCO), which serve as the pri-
mary materials for the top and bottom electrodes of the ECD, must
possess improved opto-electrical characteristics. TCOs are capable of
injecting or collecting charge carriers without altering optical trans-
mission. The wavelength-selection transmission mode of TCOs, resulting
from the collective plasma excitation, enables their application on
windows to reduce radiative thermal loss as well as to regulate solar gain
[14]. At present, the most utilized transparent conducting electrode
(TCEs), using TCOs are those made from indium tin oxide (ITO), which
exhibit a transmittance exceeding 80 % in the visible range and an
electrical conductivity greater than 10*S em™! [15]. Nonetheless, ITO
necessitates elevated processing temperatures exceeding 250 °C, ex-
hibits fragility, and incurs significant costs for raw materials [16]. The
fabrication of ultrathin metal placed between oxide films in oxide/me-
tal/oxide (O/M/O) configurations is considered a promising strategy for
achieving high-performance TCOs. O/M/O TCOs demonstrate several
advantageous characteristics, such as remarkable stability in ambient
conditions due to the encapsulation of the metal film by oxide layers, the
capacity for deformation attributed to the ductile nature of the metal
film, and the feasibility of large-scale fabrication at ambient tempera-
tures on plastic substrates. NIR shielding can be achieved through
fabrication methods as reported in literature [17,18]. Likewise, these
OMO substrates also exhibit significant low-emissivity property which
can shield the NIR radiation. The transmittance and the reflectance of
0/M/0O TCOs may be adjusted by changing the thicknesses of the top
and bottom oxide materials [19].

This study presents a multilayer configuration comprising oxide-
metal-oxide (OMO) fabricated with Si-In-Zn-O (SIZO) /Ag/SIZO
layers, which serve as a transparent conducting electrode (TCE) material
with low-e configuration termed as (LEOMO). The thickness of the top
and bottom oxide layers was tailored to get optimum opto-electrical
properties. TCO layers were prepared at room temperature which
eliminates additional thermal process. The tailored TCO functions as a
heat shutter with high optical transparency of 97 % at the visible range
and 6.5 % at the NIR range. The primary goal of the investigation is to
develop energy-efficient electrochromic heat shutters. Electrochromic
NiO thin films were fabricated on OMO substrate at room temperature
via RF sputtering. The engineered material exhibited exceptional elec-
trochromic performance, achieving 74 % optical modulation in the
visible spectrum and efficiently obstructing NIR radiation with a rapid
switching speed of 0.5 s for bleaching and 0.8 s for coloration. In
addition, it has remarkable cycle stability. The developed electro-
chromic heat shutters offer a viable approach for achieving energy
savings throughout the year in both heating and cooling applications.

2. Experimental methods
2.1. Preparation of OMO Low-e TCE layer

Thin films of SIZO/Ag/SIZO multilayer were prepared through the
multi- sputtering technique (DaeKi Hi-Tech). The amorphous oxide
layer was prepared using RF magnetron sputtering with a Si-In-Zn-O
target in which silicon was incorporated into an In-Zn-O system,
whereas the Ag layer was formed under room temperature using DC
sputtering with a 99.99 % pure Ag metal target. With an operating
pressure at 6 x 107> Torr and an RF power of 40 W, SIZO layer de-
positions were performed for different deposition times of 30, 35, 40,
and 45 min. For silver (Ag) deposition, DC sputtering parameters were
5 x 107° Torr base pressure, 20 W power, and 4 x 10~ Torr working
pressure.
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2.2. Preparation of electrochromic layer

An ultra- pure nickel oxide target (99.9 %) has been used to deposit
NiO thin film via the RF magnetron process. Initially, Argon (inert) gas
was introduced into the chamber. The deposition was carried out at
room temperature on an OMO substrate placed 17 cm from the target
with a deposition pressure of 20 mTorr, and a rf power of 80 W.

2.3. ECD fabrication

We manually assembled the prototype ECD, which measures 3 cm
x 3 cm and exhibits a sandwich design (Fig. 1g). The SIZO/Ag/SIZO/
NiO multilayer deposited on glass functions as the working electrode. An
ultra-pure ITO target was used to deposit an ITO thin film onto a glass
substrate using DC sputtering. The deposition occurred at ambient
temperature under a pressure of 4 mTorr using an RF power of 30 W. The
deposited ITO is subjected to post-annealing treatment at 350 °C. The
fabricated ITO thin film functions as a counter electrode. A spacer
insulating frame is positioned between the two electrodes, providing
both separation and facilitating encapsulation. A 2 M KOH electrolyte is
filled between the working electrode and the counter electrode. All
device construction procedures were conducted in an atmospheric
environment. The device’s performance was examined in a two-
electrode setup in an atmospheric environment. Fig. 1(a-i) illustrates
the schematic representation of ECD fabrication.

2.4. Measurements

Investigation of visible and IR transmittance of the OMO and EC
layer was conducted using a UV-Vis optical spectrometer (Cary 5000
UV-Vis-NIR, Agilent) in the wavelength range of 300-2400 nm, while
electrical parameters for OMO were examined using Hall measurement
(HMS 3000, Ecopia). The surface morphology was investigated using
Atomic Force Microscopy (AFM; Nanoscope:E). The cyclic voltammetry
(CV), and Electrochemical Impedance Spectroscopy (EIS) of the film was
studied using the EC system SP-300 potentiostat (Biologic Science In-
struments, France) in conjunction with EC lab software. The chro-
nocoulometry (CC), and chronoamperometry (CA) were performed
using an electrochemical workstation equipped with a scanning poten-
tistat/galvanostat (CHI600E). Colouration and bleaching of devices
were achieved by subjecting them to external voltages of + 3V and
—3V, respectively, using a DC source.

3. Results and discussion
3.1. Optical and electrical analyses of the SIZO/Ag/SIZ0O multiple layers

Low-e coating serves as a functional layer for window glass, exhib-
iting transparency in the visible light spectrum (380 nm-780 nm) while
demonstrating high reflectivity in the infrared region, effectively mini-
mizing heat loss through radiant heat [20]. Hence, the optical trans-
mittance spectra measured in the in the Vis-IR wavelength region (300
nm-2200 nm) of the OMO sample with top and bottom oxide layers
deposited at different thicknesses is shown in Fig. 2(a). The prepared
samples deposited at 30, 35,40, 45 mins were termed as heat shutters,
HS1, HS2, HS3, and HS4. It can be observed that all the films show high
optical transparency (more than 90 % in the visible region) and effec-
tively block NIR radiation. As the thickness of the top and bottom SIZO
layers increases, the maximum transmittance wavelength (Ayax) shifts
towards longer wavelength regions (red shift). The resulting result may
be elucidated by changes in the non-reflective state relative to the
thickness of the top and bottom SIZO layers. The observed red shift may
be attributed to the impact of several parameters, including light scat-
tering effects [21], surface roughness [22], and the minor variations in n
and k values with respect to the increasing thickness of the SIZO layer
[23]. The transmittance measured at 550 nm and maximum
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Fig. 2. (a)The transmittance spectra of SIZO OMO TCE as a function of SIZO layer thickness, (b) the optical transmittance at 550 nm and peak transmittance
wavelength of SIZO OMO TCE as a function of SIZO layer thickness, (c) Carrier concentration, mobility and resistivity of SIZO OMO TCE as a function of SIZO layer
thickness, and (d) figure of merit of SIZO OMO TCE as a function of SIZO layer thickness.
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Table 1
Optical properties of SIZO OMO multilayers deposited on glass substrate.
Sample  SIZO Transmittance  Transmittance  Transmittance
bottom/ top @ 550 nm @ 950 nm @ 2200 nm
layer
thickness
(nm)
HS1 40.2 97.37 48.31 6.58
HS2 46.9 93.15 48.18 5.39
HS3 53.6 91.41 57.41 5.92
HS4 60.3 81.91 64.38 6.45

transmittance is shown in Fig. 2(b). As shown in Table 1, the HS1 sample
shows a high optical transparency of 97 % at 550 nm and a high
reflectance of over 94 % at 2200 nm. Fig. 2(c) shows the electrical
properties, like carrier concentration, carrier mobility, and resistivity
with respect to OMO top/bottom layer thickness. The resistivity is found
to increase while the carrier concentration and the mobility decrease
with increasing thickness. The conductivity of the films having a
thickness much less than the mean free path of electrons is mainly
restricted by scattering that greatly decreases electron mobility [9].
Thus, the increase in resistivity with increasing thickness may be
attributed to the increased scattering at the grain boundaries inducing
reduced mobility. The HS1 sample showed very low resistivity and sheet
resistance even without substrate heating or post-annealing treatment,
making it suitable for the fabrication of highly efficient EC devices.

To ensure maximum device performance, it is essential to balance
optical transmittance with the sheet resistance (R;) of the TCE. The ef-
ficiency of a TCE may be assessed by determining the figure of merit
(FoM) based on its electrical & optical characteristics [24].

10
T550nm

Prc R,

Here Tss0nm is the transmittance at 550 nm, and Rs is the sheet
resistance. As shown in Fig. 2(d), the FoM decrease with increasing
thickness due to increased sheet resistance. To highlight the perfor-
mance advantages of the SIZO/Ag/SIZO multilayers a comparative
analysis of the transmittance, conductivity, and Figure of Merit between
the SIZO/Ag/SIZO multilayers, traditional ITO glass, and commercial
Low-e glass is presented in Table 2. Hence, as given in Table 2 the op-
timum condition for efficient TCE is the OMO electrode deposited at
30 mins, HS1 sample.

3.2. Performance of TCE as electrochromic heat shutters

The crystalline structure and morphology of NiO films greatly in-
fluence their electrochromic characteristics. Our prior investigation
[26] indicated that the XRD patterns of SIZO/Ag/SIZO multilayer and
NiO films exhibited an amorphous characteristic. Amorphous thin films,
characterized by their disordered structural arrangement, may promote
many open spaces for ion transportation, enable rapid ion migration,
and provide minimal energy barriers during ion insertion & extraction

Table 2
Comparative analysis on optical and electrical properties of SIZO/Ag/SIZO
multilayers, traditional ITO glass, and commercial Low-e glass.

Sample Transmittance  Resistivity Figure of merit Reference
@ 550 nm Q cm

HS1 97.37 4.47 x 107° 150 -

HS2 93.15 573 x 107° 88.6 -

HS3 91.41 583 x107° 788 -

HS4 81.91 6.70 x 107° 23.7 -

ITO glass 80 % — 90 % ~1073 ~1-2 x 1072 Q! [15]

Commercial ~ 60-75 % ~10* ~25x10% Q" [25]
Low-e
glass

Journal of Alloys and Compounds 1038 (2025) 182748

[27]. This structure minimizes the diffusion length for ions & increases
the active specific surface area, leading to enhanced colouring efficiency
and remarkable electrochromic characteristics [28]. The amorphous
nature of NiO films showed better electrochromic efficiency than the
crystalline NiO films cycled in KOH electrolyte [29]. Hence, our amor-
phous NiO film may promote the fast movement of electrolyte ions
within the film, enabling a greater capacity for ion accommodation and
improved optical modulation [30,31]. Fig. 3 shows the AFM image of
the HS1 sample deposited on a glass substrate. The deposited film had a
uniform surface devoid of pinholes. The development of small and iso-
lated nuclear morphology has been observed. The root mean square
(Ryms) roughness value of 0.632 nm was obtained, which is lower than
the published R values for NiO films [32-35], indicating a smoother
surface and a less crystalline structure.

The electrochemical analysis of the heat shutters was examined using
a conventional three-electrode electrochemical setup. The electrode
configurations are as follows: Working electrode: OMO-NiO, counter
electrode: Pt, reference electrode: Ag/AgCl, electrolyte: 2 M KOH. The
cyclic voltammetry (CV) analysis performed at different scan rates, like
25,50, 100, and 150 mV, for the NiO thin film deposited on OMO having
different top/bottom layer thicknesses has been displayed in Fig. 4(a-d).
The CV curves show two prominent redox peaks: an anodic peak at
around 0.45 V and a cathodic peak at around —0.05 V with the applied
potential of + 1.5 V.

Initially, the pristine OMO-NiO electrode (light brown or trans-
lucent) may reversibly convert into Ni (OH)», resulting in the formation
of a thin layer on its surface until equilibrium is reached as per Eq. (1)
[36]. The electrochromic reaction of the OMO-NiO electrode in an
alkaline solution may be represented by Eqs. (2) and (3) [37]. The col-
oring process involves the oxidation reaction from NiO and Ni (OH),
(transparent) to NiOOH (dark brown) during charging, while the
bleaching step entails the reduction reaction from NiOOH (dark brown)
back to NiO and Ni (OH),.

NiO+H,0 < Ni(OH), )
NiO+OH™ < NiOOH +e" 2
Ni(OH), + OH < NiOOH +H,O+ e 3

When the film is colored (a positive voltage is applied), electrons (e")
are expelled, and NiO/Ni (OH), undergoes oxidation, while OH" ions in
the electrolyte are incorporated into the film to produce NiOOH, which
exhibits a dark brown hue. Simultaneously, O in the solution is con-
verted to OH  ions on the surface of the counter electrode when a
negative voltage is supplied, so completing the coloring process. The
electrons produced in this process will return to the positive electrode,
so completing the electrode’s charging process. Likewise, when the film

Fig. 3. AFM image for HS1 sample.
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Fig. 4. CV studies for (a) HS1, (b) HS2, (c) HS3, and (d) HS4 thin films.

undergoes bleaching (a negative voltage is applied), electrons are
gained, NiOOH is reduced by hydration, and OH" ions are deintercalated
from the film, resulting in the formation of transparent Ni (OH), and
NiO, as described in Egs. (2) and (3). Simultaneously, OH" ions in the
electrolyte are oxidized to O3 on the counter electrode surface when a
positive voltage is provided, so completing the bleaching and dis-
charging process of the NiO film [37]. Despite the widespread accep-
tance of the idea among researchers [36,37], several debates persist that
need additional refinement and optimization.

Furthermore, redox peaks exhibit a symmetrical characteristic,
indicating a robust intrinsic reversibility. The current density rises with
an increase in scan rate, while all cyclic voltammetry curves have a
consistent shape, indicating that the fabricated film promotes fast redox
reactions. At high scan rates, the CV curve demonstrates enhanced
symmetry, indicating a superior high-rate response. Additionally, the
current and potential at the two redox peaks move towards the positive
and negative axes, respectively, when the scan rate is increased. During
the faradic redox process, ions and electrons diffuse rapidly across NiO
thin films, which may explain the observed shift [38]. Fig. 4(a) illus-
trates that the HS1 sample exhibits significantly larger current densities
and wider CV relative to the other samples. This signifies that in the HS1,
electrons are readily transferred from the oxide layer to the metal layer,
and vice versa. The reduced energy barrier between the OMO substrate

and the NiO layer facilitates the efficient transit of electrons or ions.

The electrochemical dynamics of NiO films have been investigated to
acquire knowledge about the response rates among different states in the
electrochromic films. The differentiation between faradaic and
capacitive-controlled mechanisms could be ascertained by analyzing the
CV results in accordance with the equation [39,40].

i=a’
logi, = b x logv +loga

where v signifies scan rate, and a and b are variables. The mechanism of
ion insertion/extraction may be better understood if the value of b could
be determined by analyzing the slopes of the curve by plotting log (i)
versus log (v) (Fig. 5(a-d). A value of b around 0.5 indicates a diffusion-
controlled reaction, b near 1.0 signifies a capacitive process, & b within
0.5 and 1 denotes an integrated mechanism. As shown in Fig. 5(a-d) the
derived b for all the samples lies between 0.6 and 0.7, indicating that the
overall charge capacity is governed by both capacitor-like and diffusion-
dominated processes.

Employing the formula that ensues, one can determine the capacity
of the OMO-NiO electrode by determining the specific capacitance
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J[1dv thickness on diffusion kinetics, the diffusion coefficients were deter-
T omV mined using the Randles-Servcik equation:

Cs specifies the specific capacitance of the working electrode (Fg™1),
I symbolizes the response current (A), v marks the scan rate (mVs’l), m
corresponds to the mass of the active material, and V marks the applied
potential window (V). Fig. 6(a) shows the correlation between calcu-
lated specific capacitance for OMO-NiO electrodes at a scan rate of 25
mVs L. The deposited film exhibits a maximum specific capacitance of
519 Fg! at a scan rate of 25 mVs ™!, surpassing previously reported
values [41-46]. The specific capacitance diminishes with an increase in
the electrode thickness, mostly due to fundamental electrochemical
principles related to the constraints of electron kinetics & ion transport
through the working electrode. Moreover, the HS1 sample shows higher
specific capacitance. Generally, materials having high conductivity
facilitate faster ion transport, improving the overall capacitance. Hence,
HS1 showed higher specific capacitance due to the enhanced amount of
electron transport & OH-ion diffusion into the electrode material.
Conversely, higher OMO electrode thickness impedes electron dynamics
& ion intercalation within the NiO material owing to its comparatively
inadequate electrochemical as well as faradaic redox properties [47].

To further evaluate the impact of OMO top/bottom electrode

i, =2.69 x 10° x A x n®/2 x D'/% x C x v'/?

Here, i, denotes peak current (mA), A denotes working electrode
area (cmz), n denotes number of electrons transported, D denotes ion
diffusion coefficient (cm?-s~1), C denotes ion concentration (molecm™3),
and v denotes CV scanning rate (mV-s1). The evaluated diffusion co-
efficient values for HS1, HS2, HS3, and HS4 samples are 3.10 x 1071
1.55 x 107!}, 7.75 x 1072, and 5.16 x 107'2 cm? ™. The evaluated
diffusion coefficient value decreases with an increase in the OMO top/
bottom electrode thickness which is ascribed to the decrease of the ion
insertion process [48]. HS1 had a superior diffusion coefficient, indi-
cating an improved ion diffusion mechanism relative to the other sam-
ples. Effective diffusion kinetics need an uninterrupted clear channel for
ions to traverse in both directions. The lower resistivity, or high con-
ductivity of the electrode makes it highly suitable for the fabrication of
highly efficient EC devices.

To examine the process of ion intercalation and deintercalation over
time; Chronocoulometry was measured by applying the external voltage
of +£1.5 V with a time interval of 5 s each. As shown in Fig. 6(b), HS1
sample showed higher amount of intercalated charge (Qi,) due to lesser
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Table 3
(a): Electrochemical properties of OMO-NiO electrode.
Sample  t,/t. Ret Bleaching Colouring Optical Average visible optical Average NIR optical
(s) Q) transmittance transmittance modulation modulation modulation
(Tp) (%) (To) (%) AT = (Tp-To) AT = (Tp-To) (%) @ AT = (Tp-To) (%)
@ visible range @ visible range (%) @ visible (400-800 nm) @ (800-2400 nm)
range
HS1 0.5/0.8 2.6 80 6 74 59 16
HS2 0.6/0.9 14.15 80 12 68 49 9
HS3 0.9/1.1 1354 81 24 57 36 6
HS4 1.0/ 9910 74 22 52 36 5
1.21

(b): Electrochemical properties of OMO-NiO electrode

Sample Optical density Photopic contrast ratio (PCR) Color contrast Coloration efficiency
AOD @ visible range CC (%) CE (em?/C)
@ visible range

HS1 2.59 13.33 92.50 170

HS2 1.90 6.66 85.00 133

HS3 1.22 3.38 70.37 91

HS4 1.21 3.36 70.27 93
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charge transfer resistance or high conductivity along with amorphous
nature which favoured the easy intercalation of ions.

The significant dynamic response of the device is one crucial metric
for evaluating the device performance. The response times (switching
speed) of coloration (t.)/bleaching (t,) are defined as the time at which
90 % of the maximum transmittance contrast (ATmax) is achieved. [49].
The switching speed of the OMO-NiO electrode was measured using
chronoamperometry study by applying the external voltage of £1.5V
with a time interval of 5 s each (Table 3 (a)). As shown in Fig. 6(c) and
Table 3 (a) HS1 sample takes 0.8 s for coloration, whereas it takes ~0.5 s
for bleaching. The increased switching speed displayed by HS1 when
compared with other samples is due to the highly conductive nature of
the OMO electrode and the highly disordered amorphous nature of NiO,
which facilitates fast electron diffusion, enabling quick insertion and
extraction of ions, hence reducing the switching time [18].

The faster switching kinetics of HS1 electrode have been confirmed
using electrochemical impedance spectroscopy (EIS) in the frequency
range of 10 mHz to 10 kHz. As shown in Fig. 7(a-d) the Nyquist plot for
HS1, HS2, HS3, and HS4 electrode displays a semicircle in the high-
frequency domain, which indicates the charge-transfer resistance (Ret),
followed by an inclined line in the low-frequency domain, signifying the
diffusion of ions [50]. The most obvious difference is the size of the
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semicircle that appears in the high frequency regime. For example, as
shown in Fig. 7(a-d) and Table 3 (a), for HS1 electrode, the corre-
sponding semicircle was reduced compared to other electrodes, indi-
cating a lower charge-transport resistance. Also, the HS1 electrode
exhibited a steeper slope in comparison to the other samples suggesting
the enhanced/faster ion transport inside the HS1 matrix due to increased
conductivity and a reduced diffusion barrier [51]. This inference is
consistence with the chronoamperometry studies.

Optical transmittance analyses were conducted using a two-
electrode configuration, applying a DC voltage of +3 V, with platinum
serving as the counter electrode, KOH as the electrolyte, and the man-
ufactured LEOMO-NiO as the working electrode. Fig. 8(a) shows the
optical transmittance spectra in the colored and bleached states for HS1,
HS2, HS3, and HS4 samples. The optical transmittance value in the
visible region (typically between 520 and 550 nm) in the bleached (Ty),
and colored (T,) state is provided in Table 3(a). Also, the optical mod-
ulation (AT = Ty,-T,) in the visible region, average optical modulation in
the visible range (400-800 nm), and average optical modulation in the
NIR range (800-2400 nm), are provided in Table 3(a). The HS1 elec-
trode shows maximum optical modulation. Fig. 8(b) shows the optical
transmittance spectra in the colored and bleached states for the HS1
sample with an inset picture showing the 3 x 3 cm OMO-NiO electrode

25 25
(a) HS1 (b) HS2
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Fig. 7. Nyquist plot of (a) HS1, (b) HS2, (c) HS3, and (d) HS4 electrodes.
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Fig. 8. (a) The transmittance spectra of HS1, HS2, HS3, and HS4 electrodes in the colored and bleached state, (b) Transmittance spectra of HS1 sample in the colored
and bleached state with respective 3 x 3 cm sample in the inset, and (c) Fabricated electrochromic heat shutter device in the bleached and colored state.

in the colored and bleached states. Later a complete electrochromic heat
shutter device (Fig. 8(c)) is fabricated by using OMO-NiO as the working
electrode, ITO as the counter electrode, 2 M KOH as the electrolyte, and
sealed properly. Fig. 8(c) shows the electrochromic heat shutter device
in the colored and bleached states. Fig. 9(a-d) presents the schematic
representation of the low-e electrochromic device with its corresponding
window model both in dark and transparent modes. Typically, in sum-
mer, about 50 % of solar radiation that reaches a window is transported
inside. Employing low-e electrochromic windows as a window layer
would diminish internal heat transmission to 30 %, so facilitating the
maintenance of cooler indoor conditions during, summer while also
providing great transparency for visible light. During winter, low-e
electrochromic glass conserves interior warmth by preventing heat
from leaving via the window and may act as a defroster to maintain
window clarity when powered with DC voltage. Upon the application of
a + 3 V potential to the OMO-NiO film, it exhibits a dark mode (Fig. 9
(a)), attaining a nearly black hue that obstructs 95 % of visible light and
about 88 % in the near-infrared range (Fig. 9(b)). Consequently, the
dark mode may significantly reduce the energy usage of the building for
air conditioning and lighting. Upon reversing the potential to —3 V, the
NiO film attains transparency (Fig. 9(c)), reaching 80 % throughout a
wide frequency range within the visible spectrum, while effectively
obstructing a significant portion of near-infrared (NIR) radiation (56 %
at 950 nm and 93 % at 2400 nm) (Fig. 9(d)). Therefore, preserving

domestic warmth in winter by preventing the loss of interior heat to the
outside environment and saving energy.
The color contrast (CC) for the OMO-NiO electrode was estimated
using the following equation [18]:
| Ty — Ti
f

color contrast(CC) = x 100%

where T¢ and T; represents the transmittance (%) values corre-
sponding to the final and initial transmittance, respectively. As shown in
Table 3 (b), maximum color contrast of 92.5 % is observed for HS1
sample. The observed high color contrast in the case of the HS1 may be
due to the low resistance, which helps more and faster diffusion of
electrolyte ions [18]. In addition, the photopic contrast ratio (PCR)
(Tp/T,) is evaluated and given in Table 3 (b).

The coloration efficiency () was extracted using the following
equation [52]

AOD

CEM) = —5

where AOD represents the optical density and Q denotes the total charge
inserted/exerted per unit area when the device exhibits the change in
the optical density. As shown in Table 4 the HS1 electrode showed
higher coloration efficiency compared to other samples and the reported
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(b)

(d)

Fig. 9. The schematic illustration of a) electrochromic heat shutter device with OMO-NiO as cathode in the dark mode, (b) electrochromic heat shutter window in
dark mode, (c) electrochromic heat shutter device with OMO-NiO as cathode in the transparent mode, and (d) electrochromic heat shutter window in trans-

parent mode.

Table 4
The material,preparation method,and electrochromic properties of the NiO electrodes.
Material Preparation method Optical modulation ty/te CE [cm? Cycle Electrolyte Refs.
(%) [s] ¢ stability [cycle/
times/%]
NiO magnetron sputtering 51 2.1/49 23.7 1000/- 1 m LiOH [53]
NiO magnetron sputtering 54.7 1.7/7.0 — — 0.1 m KOH [54]
Ta-doped NiO magnetron sputtering 56.4 19.88/28.01 15.54 1000/- 0.1 m NaOH [55]
NiO magnetron sputtering 65.1 1.3/1.4 39.3 500/71.7 1 m PC-LiCIO4 [56]
NiO_ O chemical bath deposition 30.3 2.58 /21.22 48.4 4000/87.4 0.5m [57]
PC/LiClO,4
NiO e-beam evaporation 40.6 3.1/5.5 - 2000 0.5 M acetic acid [58]
NiO e-beam evaporation 91.8 4.1/5.3 167.96 8000 1 M PC/LiClO4 [59]
NiO hydrothermal method 74.7 7.2/3.8 - 500 0.5mL™! [60]
ZnS04
SIZO/Ag/SIZO-NiO magnetron sputtering 74 0.5/0.8 171 150 2 m KOH This work
values [53-60]. 14 % at 2400 nm (near-infrared). A crucial feature that establishes the
Compared to other samples, HS1 demonstrated larger optical mod- long life of electrochromic devices is their cycle stability. The cyclic

ulation of 74 % at 550 nm (visible), 32 % at 950 nm (near-infrared), and stability of the OMO-NiO electrode in 2M KOH electrolyte was
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Fig. 10. Cyclic stability study for the HS1 sample.

examined for 1000 cycles. Based on Fig. 10, the current values started to
decline after 150 cycles and continued to decline until 500 cycles. The
diminution in peak current with the increase in CV cycles is due to the
degradation of the OMO-NiO electrode [37]. The low-density Ni (OH),
reacts with water molecules during oxidation, leading to degradation
from hydration. The degradation of NiO in aqueous electrolytes is
associated with the partial dissolution of low-stability NiOOH during
oxidation, together with ensuing self-discharge [61].

4. Conclusion

In conclusion, we devised a room temperature electrochromic heat
shutter electrode for the making of electrochromic devices (ECDs). A
multilayered OMO structure, consisting of SIZO/Ag/SIZO layers with
varying thicknesses of the SIZO bottom/top layers, was manufactured at
room temperature by employing the sputtering procedure as a TCE
material. All TCE films exhibit optical transparency over 90 % in the
visible spectrum and efficiently obstruct NIR light. As the thickness of
the top and bottom SIZO layers grows, the maximum transmittance
wavelength (Ayvax) exhibits a red shift, likely due to scattering effects.
TCE with a lower thickness of the top/bottom SIZO layer showed
excellent electrical properties with a better figure of merit. At ambient
temperature, NiO thin films were deposited on an OMO multilayer. The
AFM image of the HS1 sample exhibited a homogeneous surface free of
pinholes, with an Rrms value of 0.632 nm, indicating a smoother sur-
face. The electrochromic heat shutter exhibited exceptional electro-
chromic efficiency, achieving optical modulation of approximately
74 %. It also displayed impressive near-infrared (NIR) shielding per-
formance, reaching 68 % at 950 nm and 86 % at 2400 nm, coupled with
notable cycle stability. The engineered electrochromic heat shutters
provide a cool interior the summer and a warm environment during the
winter, facilitating pleasant indoor conditions and unobstructed exterior
visibility. The electrode deposited at lower thickness showed higher
charge intercalation with rapid switching speed of 0.8 s for coloration
and ~0.5 s for bleaching due to the highly conductive nature of the
OMO electrode and the highly disordered amorphous nature of NiO. The
smaller semicircle with a steeper slope in EIS study confirms the
enhanced/faster ion transport inside the electrode matrix due to
increased conductivity and a reduced diffusion barrier The capacitive
electrochromic electrode, exhibiting a specific capacitance of about 519
Fg! for the HS1 sample, provides improved electrochemical kinetics
and substantial charge capacity and is suitable to be employed as a
secondary battery device. Therefore, we anticipate that the developed
electrochromic heat shutters, which can be used as thermal envelopes in
building walls, will offer a viable solution for achieving energy
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efficiency throughout the year.
CRediT authorship contribution statement

Sang Yeol Lee: Writing — review & editing, Validation, Supervision.
J. Vivekanandan: Writing — original draft, Investigation, Data curation,
Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] A. Cannavale, U. Ayr, F. Fiorito, F. Martellotta, Smart electrochromic Windows to
enhance building energy efficiency and visual comfort, Energies 13 (2020) 1449,
https://doi.org/10.3390/en13061449.

C.G. Grangyvist, I. Bayrak Pehlivan, G.A. Niklasson, Electrochromics on a roll: web-
coating and lamination for smart Windows, Surf. Coat. Technol. 336 (2018)
133-138, https://doi.org/10.1016/j.surfcoat.2017.08.006.

X.H. Li, C. Liu, S.P. Feng, N.X. Fang, Broadband light management with
thermochromic hydrogel microparticles for smart Windows, Joule 3 (2019)
290-302, https://doi.org/10.1016/j.joule.2018.10.019.

J.M.C. Puguan, P.V. Rathod, P.P. More, H. Kim, Achieving transmissive-to-black
chromism via engineered dual electro-thermo responsive single-molecule for full
modulation of solar transmittance, Chem. Eng. J. 437 (2022) 135157, https://doi.
org/10.1016/j.cej.2022.135157.

T. Ghosh, S. Kandpal, C. Rani, A. Chaudhary, R. Kumar, Recipe for fabricating
optimized Solid-State electrochromic devices and its Know-How: challenges and
future, Adv. Opt. Mater. 11 (2023) 2203126, https://doi.org/10.1002/
adom.202203126.

Yucan Peng, Jun Chen, Alex Y. Song, Peter B. Catrysse, Po-Chun Hsu, Lili Cai,
Bofei Liu, Yangying Zhu, Guangmin Zhou, David S. Wu, Hye Ryoung Lee,
Shanhui Fan, Yi Cui, Nanoporous polyethylene microfibres for large-scale radiative
cooling fabric, Nat. Sustain 1 (2018) 105-112, https://doi.org/10.1038/s41893-
018-0023-2.

T. Hoyt, E. Arens, H. Zhang, Extending air temperature setpoints: simulated energy
savings and design considerations for new and retrofit buildings, Build. Environ. 88
(2015) 89-96, https://doi.org/10.1016/j.buildenv.2014.09.010.

Pramod V. Rathod, John Marc C. Puguan, Hern Kim, Thermo- and electrochromic
smart window derived from a viologen-tethered triazolum based poly(NIPAmn-
TEG-BPV) electrolyte to enhance building energy efficiency and visual comfort,
Chem. Eng. J. 455 (2023) 140874, https://doi.org/10.1016/j.cej.2022.140874.
Peng Li, Huapeng Li, Jiangang Ma, Yu Zhou, Wei Zhang, Lujia Cong, Haiyang Xu,
Yichun Liu, Structural optimization of Oxide/Metal/Oxide transparent conductors
for High-Performance Low-Emissivity heaters, Adv. Mater. Interfaces 5 (2018)
1801287, https://doi.org/10.1002/admi.201801287.

Alessandro Cannavale, Marco Pugliese, Roberto Giannuzzi, Riccardo Scarfiello,
Carmela Tania Prontera, Vitantonio Primiceri, Marco Mazzeo,

Francesco Martellotta, Ubaldo Ayr, Francesco Fiorito, Fabrizio Mariano,

Antonio Maggiore, Vincenzo Maiorano, Giuseppe Gigli, Towards the scale-up of
solid-state, low-emissive electrochromic films, fabricated on a single substrate with
novel electrolyte formulations, Sol. Energy Mater. Sol. Cells 241 (2022) 111760,
https://doi.org/10.1016/j.solmat.2022.111760.

V.K. Thakur, G. Ding, J. Ma, P.S. Lee, X. Lu, Hybrid materials and polymer
electrolytes for electrochromic device applications, Adv. Mater. 24 (2012)
4071-4096, https://doi.org/10.1002/adma.201200213.

G. Cai, J. Wang, P.S. Lee, Next-Generation multifunctional electrochromic devices,
Acc. Chem. Res. 49 (2016) 1469-1476, https://doi.org/10.1021/acs.
accounts.6b00183.

Q. Liu, Q. Chen, Q. Zhang, Y. Xiao, X. Zhong, G. Dong, M.P. Delplancke-Ogletree,
H. Terryn, K. Baert, F. Reniers, X. Diao, In situ electrochromic efficiency of a nickel
oxide thin film: origin of electrochemical process and electrochromic degradation,
J. Mater. Chem. C. 6 (2018) 646-653, https://doi.org/10.1039/C7TC04696K.

D. Alonso-Alvarez, L.F. Llin, A. Mellor, D.J. Paul, N.J. Ekins-Daukes, ITO and AZO
films for low emissivity coatings in hybrid photovoltaic-thermal applications, Sol.
Energy 155 (2017) 82-92, https://doi.org/10.1016/j.solener.2017.06.033.

K. Ellmer, Past achievements and future challenges in the development of optically
transparent electrodes, Nat. Photonics 6 (2012) 809-817, https://doi.org/
10.1038/nphoton.2012.282.

T. Minami, Transparent conducting oxide semiconductors for transparent
electrodes, Semicond. Sci. Technol. 20 (2005) S35, https://doi.org/10.1088/0268-
1242/20/4/004.

Love Bansal, Franziska Liibkemann-Warwas, Bhumika Sahu, Tanushree Ghosh,
Suchita Kandpal, Chanchal Rani, Deb Kumar Rath, Lasse Prawitt,

Christoph Wesemann, Nadja C. Bigall, Rajesh Kumar, Nano Aerogel-Based VIS-NIR
switchable electrochromic supercapacitor: energy storage and Heat-Shielding
device, ACS Appl. Mater. Interfaces 17 (2025) 31201-31211, https://doi.org/
10.1021/acsami.4c22928.

[2]

[3]

[4]

[5]

[6]

[71

[8]

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]


https://doi.org/10.3390/en13061449
https://doi.org/10.1016/j.surfcoat.2017.08.006
https://doi.org/10.1016/j.joule.2018.10.019
https://doi.org/10.1016/j.cej.2022.135157
https://doi.org/10.1016/j.cej.2022.135157
https://doi.org/10.1002/adom.202203126
https://doi.org/10.1002/adom.202203126
https://doi.org/10.1038/s41893-018-0023-2
https://doi.org/10.1038/s41893-018-0023-2
https://doi.org/10.1016/j.buildenv.2014.09.010
https://doi.org/10.1016/j.cej.2022.140874
https://doi.org/10.1002/admi.201801287
https://doi.org/10.1016/j.solmat.2022.111760
https://doi.org/10.1002/adma.201200213
https://doi.org/10.1021/acs.accounts.6b00183
https://doi.org/10.1021/acs.accounts.6b00183
https://doi.org/10.1039/C7TC04696K
https://doi.org/10.1016/j.solener.2017.06.033
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1038/nphoton.2012.282
https://doi.org/10.1088/0268-1242/20/4/004
https://doi.org/10.1088/0268-1242/20/4/004
https://doi.org/10.1021/acsami.4c22928
https://doi.org/10.1021/acsami.4c22928

J. Vivekanandan and S.Y. Lee

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Saumya Srivastava, Bhumika Sahu, Divyansh Mishra, Love Bansal, Nikita Ahlawat,
Deb Kumar Rath, Partha Sarathi Rout, Shivam Kumar, Sharmistha Singh,
Pratishtha Pandey, Rajesh Kumar, Polymer-MXene—Viologen-Based suprahybrid
electrochromic device: flexible smart window with visible and Near-Infrared
switchability, ACS Appl. Mater. Interfaces 3 (2025) 889-897, https://doi.org/
10.1021/acsaom.5c00022.

R.A. Maniyara, V.K. Mkhitaryan, T.L. Chen, D.S. Ghosh, V. Pruneri, antireflection
transparent Conduct. Ultra Opt. loss (<2%) Electr. Resist. (<6 Q Sq. 1) Nat.
Commun. 7 (2016) 13771, https://doi.org/10.1038/ncomms13771.

Chuan Fei Guo, Tianyi Sun, Qihan Liu, Zhigang Suo, Zhifeng Ren, Highly
stretchable and transparent nanomesh electrodes made by grain boundary
lithography, Nat. Commun. 5 (2014) 3121, https://doi.org/10.1038/
ncomms4121.

G.H. Jung, K. Hong, W.J. Dong, S. Kim, J.-L. Lee, BCP/Ag/MoO3 transparent
cathodes for organic photovoltaics, Adv. Energy Mater. 1 (2011) 10231028,
https://doi.org/10.1002/aenm.201100411.

H. Liu, B. Wang, E.S.P. Leong, P. Yang, Y. Zong, G. Si, J. Teng, S.A. Maier,
Enhanced surface plasmon resonance on a smooth silver film with a seed growth
layer, ACS Nano 4 (2010) 3139e3146, https://doi.org/10.1021/nn100466p.

D. Caffrey, E. Norton, C.O. Coileain, C.M. Smith, B. Bulfin, L. Farrell, L.V. Shvets,
K. Fleischer, Decoupling the refractive index from the electrical properties of
transparent conducting oxides via periodic superlattices, Sci. Rep. 6 (2016) 33006,
https://doi.org/10.1038/srep33006.

L. Liu, S. Ma, H. Wu, B. Zhu, H. Yang, J. Tang, Effect of the annealing process on
electrical and optical properties of SnO5/Ag/SnO, nanometric multilayer film,
Mater. Lett. 149 (2015) 43-46, https://doi.org/10.1016/j.matlet.2015.02.093.

H. Zhao, X. He, Y. Yu, Y. Li, C. Sun, Silver-based low-emissivity coating technology
for energy-saving window applications, Ceram. Int. 45 (2019) 2049420503,
https://doi.org/10.1016/j.ceramint.2019.06.066.

K.S. Usha, Sang Yeol Lee, SIZO/Ag/SIZO/NiO sandwich film based smart window
combining hybrid low emissivity and electrochromism for the dynamic control of
solar radiation, Ceram. Int. 51 (2025) 28445-28454, https://doi.org/10.1016/j.
ceramint.2025.04.059.

Weiguo Shen, Xiangtao Huo, Mei Zhang, Min Guo, Synthesis of oriented core/shell
hexagonal tungsten oxide/amorphous titanium dioxide nanorod arrays and its
electrochromic-pseudocapacitive properties, Appl. Surf. Sci. 515 (2020) 146034,
https://doi.org/10.1016/j.apsusc.2020.146034.

Kai Tang, Yong Zhang, Yingdi Shi, Jiewu Cui, Xia Shu, Yan Wang, Yonggiang Qin,
Jiaqin Liu, Hark Hoe Tan, Yucheng Wu, Crystalline WO3 nanowires array sheathed
with sputtered amorphous shells for enhanced electrochromic performance, Appl.
Surf. Sci. 498 (2019) 143796, https://doi.org/10.1016/j.apsusc.2019.143796.

J. Arakaki, R. Reyes, M. Horn, W. Estrada, Electrochromism in NiOx and WOy
obtained by spray-pyrolysis, Sol. Energy Mater. Sol. Cell 37 (1995) 33-41, https://
doi.org/10.1016/0927-0248(94)00195-2.

Fangyuan Zhao, Tingting Chen, Yu Zeng, a, Jiarui Chen, Jijie Zheng, Yong Liu,
Gaorong Han, Nickel oxide electrochromic films: mechanisms, preparation
methods, and modification strategies—a review, J. Mater. Chem. C. 12 (2024) 7126,
https://doi.org/10.1039/D4TC00114A.

D. Louloudakis, K. Mouratis, J. Gil-Rostra, E. Koudoumas, R. Alvarez, A. Palmero,
A.R. Gonzalez-Elipe, Electrochromic response and porous structure of WO cathode
layers, Electrochim. Acta 376 (2021) 138049, https://doi.org/10.1016/j.
electacta.2021.138049.

Qizhao Hu, Ye Yang, Qiongya Jin, Chen Yuan, Ziling Xie, Weijie Song, Achieving
neutral-tinted and energy-efficient electrochromic device enabled by sputtered
tungsten- niobium-oxygen film for smart Windows, Ceram. Int. 50 (2024)
10817-10824, https://doi.org/10.1016/j.ceramint.2023.12.397.

M.F. Al-Kuhaili, S.H.A. Ahmad, S.M.A. Durrani, M.M. Faiz, A. Ul-Hamid,
Application of nickel oxide thin films in NiO/Ag multilayer energy-efficient
coatings, Mat. Sci. Semicon Proc. 39 (2015) 84-89, https://doi.org/10.1016/j.
mssp.2015.04.049.

B. Subramanian, M. Mohamed Ibrahim, V. Senthilkumar, K.R. Murali,

C. Sanjeeviraja, M. Jayachandran, Optoelectronic and electrochemical properties
of nickel oxide (NiO) films deposited by DC reactive magnetron sputtering, Phys. B
403 (2008) 4104-4110, https://doi.org/10.1016/j.physb.2008.08.014.

K. Eufinger, D. Poelman, H. Poelman, R. De Gryse, G.B. Marin, Thin Solid Films
Process Appl. 37 (2008) 189-227.

Junkai Wang, Xiangtao Huo, Min Guo, Mei Zhang, A review of NiO-based
electrochromic-energy storage bifunctional material and integrated device,

J. Energy Storage 47 (2022) 103597, https://doi.org/10.1016/j.est.2021.103597.
Y. Ren, W.K. Chim, L. Guo, H. Tanoto, J. Pan, S.Y. Chiam, The coloration and
degradation mechanisms of electrochromic nickel oxide, Sol. Energy Mater. Sol.
Cells 116 (2013) 83-88, https://doi.org/10.1016/j.solmat.2013.03.042.

Yougi Zhu, Chuanbao Cao, Shi Tao, Wangsheng Chu, Ziyu Wu, Yadong Li,
Ultrathin nickel hydroxide and oxide nanosheets: synthesis, characterizations and
excellent supercapacitor performances, Sci. Rep. 4 (2014) 5787, https://doi.org/
10.1038/srep05787.

H.S. Kim, J.B. Cook, H. Lin, J.S. Ko, S.H. Tolbert, V. Ozolins, B. Dunn, Oxygen
vacancies enhance pseudocapacitive charge storage properties of MoOs.y, Nat.
Mater. 16 (2017) 454-460, https://doi.org/10.1038/nmat4810.

V. Augustyn, P. Simon, B. Dunn, Pseudocapacitive oxide materials for high-rate
electrochemical energy storage, Energy Environ. Sci. 7 (2014) 1597-1614, https://
doi.org/10.1039/C3EE44164D.

A.l Inamdar, Y. Kim, S.M. Pawar, J.H. Kim, H. Im, H. Kim, Chemically grown,
porous, nickel oxide thin-film for electrochemical supercapacitors, J. Power

12

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Journal of Alloys and Compounds 1038 (2025) 182748

Sources 196 (2011) 2393-2397, https://doi.org/10.1016/j,
jpowsour.2010.09.052.

Yilin Ding, Mengying Wang, Zheyue Mei, Lei Liu, Xiaolan Zhong, Mei Wang,
Xungang Diao, Enhanced electrochromic performance on novel W@NiO doped
composite electrode via pre-annealing, Vacuum 201 (2022) 111070, https://doi.
org/10.1016/j.vacuum.2022.111070.

Shengyu Zhou, Shen Wang, Shijin Zhou, Hongbo Xu, Jiupeng Zhao, Jing Wang,
Yao Li, An electrochromic supercapacitor based on an MOF derived hierarchical-
porous NiO film, Nanoscale 12 (2020) 8934-8941, https://doi.org/10.1039/
dOnr01152e.

Qi Zhao, Jinkai Wang, Yuanyuan Cui, Xinghui Ai, Zhang Chen, Chuanxiang Cao,
Feng Xu, Yanfeng Gao, The discovery of conductive ionic bonds in NiO/Ni
transparent counter electrodes for electrochromic smart Windows with an ultra-
long cycling life, Mater. Adv. 2 (2021) 4667-4676, https://doi.org/10.1039/
d1ma00384d.

Shangzhi Yao, Yong Zhang, Jingyi Cai, Yong Hong, Yan Wang, Jiewu Cui, Xia Shu,
Jiaqin Liu, Hark Hoe Tan, Yucheng Wu, In situ grown hierarchical NiO nanosheet@
nanowire arrays for high-performance electrochromic energy storage applications,
Nanoscale Adv. 4 (2022) 4748-4755, https://doi.org/10.1039/d2na00505k.

Lili Zhao, Chunni Jiang, Jie Chao, Zhuoan Cai, Yongtao Chen, Xiaomin Liang,
Guifei Zhong, Bing Hu, Lei Miao, Wenbo Liao, Rational design of nickel oxide/
cobalt hydroxide heterostructure with configuration towards high-performance
electrochromic- supercapacitor, Appl. Surf. Sci. 609 (2023) 155279, https://doi.
org/10.1016/j.apsusc.2022.155279.

G. Vijaya Prasath, K.S. Usha, M. Karuppaiah, G. Ravi, P. Krishnan, Fabrication of
heterostructure NiO/ZnO thin film for pseudocapacitor application, J. Sol. Gel. Sci.
Technol. 104 (2022) 198-210, https://doi.org/10.1007/s10971-022-05919-5.

C. Wu, C. Lin, C. Wang, S. Wang, J. Huang, Annealing induced structural evolution
and electrochromic properties of nanostructured tungsten oxide films, Thin Solid
Films 549 (2013) 258-262, https://doi.org/10.1016/j.tsf.2013.06.022.
Keon-Woo Kim, Tae Yong Yun, Sang-Hoon You, Xiaowu Tang, Jaeyong Lee,
Yeseong Seo, Yong-Tae Kim, Se. Hyun Kim, Hong Chul Moon, Jin Kon Kim,
Extremely fast electrochromic supercapacitors based on mesoporous WO3 prepared
by an evaporation- induced self-assembly, NPG Asia Mater. 12 (2020) 84, https://
doi.org/10.1038/s41427-020-00257-w.

K.S. Usha, Sang Yeol Lee, Rapid thermal annealing treatment on WOj3 thin films for
energy efficient smart Windows, Ceram. Int. 50 (2024) 23244-23255, https://doi.
org/10.1016/j.ceramint.2024.04.048.

Seon Yeong Kim, Tae Yong Yun, Kyeong Su Yu, Hong Chul Moon, Reliable, High-
performance electrochromic supercapacitors based on Metal-Doped nickel oxide,
ACS Appl. Mater. Interfaces 12 (2020) 51978-51986, https://doi.org/10.1021/
acsami.Oc15424.

Hwan Oh, Jae Kyeong Lee, Yong Min Kim, Tae Yong Yun, Unyong Jeong, Hong
Chul Moon, User-Customized, multicolor, transparent electrochemical displays
based on oxidatively tuned electrochromic ion gels, ACS Appl. Mater. Interfaces 11
(2019) 45959-45968, https://doi.org/10.1021/acsami.9b15288.

V.S. Ganesha Krishna, M.K. Ganesha, C.Chirag Sarthi, H. Hakkeem, A.K. Singh, G.
U. Kulkarni, Ultrathin sputtered NiO films for enhanced electrochromic
performance in smart Windows, J. Mater. Chem. A. 12 (2024) 19378, https://doi.
org/10.1039/D4TA03322A.

H. Chen, H. Ma, Y. Zhu, M. Zhao, Z. Chen, L. Zhang, Novel approach for improving
electrochromic and mechanical properties of NiO film: experiment and molecular
dynamics simulation, Appl. Surf. Sci. 609 (2023) 155209, https://doi.org/
10.1016/j.apsusc.2022.155209.

S.H. Lee, S.J. Lee, R. Kim, H.-W. Kang, 1. Seo, B.H. Kim, S.H. Han, Durability-
enhanced monolithic inorganic electrochromic devices with tantalum-doped nickel
oxide as a counter electrode, Sol. Energy Mater. Sol. Cells 234 (2022) 111435,
https://doi.org/10.1016/j.solmat.2021.111435.

Y. Zhao, X. Zhang, X. Chen, W. Li, L. Wang, Z. Li, J. Zhao, F. Endres, Y. Li,
Preparation of Sn-NiO films and all-solid-state devices with enhanced
electrochromic properties by magnetron sputtering method, Electrochim. Acta 367
(2021) 137457, https://doi.org/10.1016/j.electacta.2020.137457.

Fangyuan Zhao, Yao Chen, Guohua Shi, Qiying Liu, Yong Liu, Gaorong Han,
Revealing the mechanism of ni vacancies on ion storage, Diffusion kinetics, and
electrochromic performance of nickel oxide electrodes, Small 21 (2025) 2411995,
https://doi.org/10.1002/smll.202411995.

Mingjun Chen, Zitong Li, Xiang Zhang, Wenhai Sun, Yingjun Xiao, Hulin Zhang,
Jianbo Deng, Dukang Yan, Jiupeng Zhao, Yao Li, A dual-responsive smart window
based on inorganic all-solid-state electro and photochromic device, Nano Energy
123 (2024) 109352, https://doi.org/10.1016/j.nanoen.2024.109352.

Mingjun Chen, Xiang Zhang, Dukang Yan, Jianbo Deng, Wenhai Sun, Zitong Li,
Yingjun Xiao, Zhenmin Ding, Jiupeng Zhao, Yao Li, Oxygen vacancy modulated
amorphous tungsten oxide films for fast-switching and ultra-stable dual-band
electrochromic energy storage smart Windows, Mater. Horiz. 10 (2023) 2191,
https://doi.org/10.1039/D2MHO01472F.

Dongyun Ma, Ting Yang, Xingzhe Feng, Pengfei Wang, Jiahui Huang,

Jinmin Wang, Haizeng Li, Quadruple control electrochromic devices utilizing
Ce4WgOsg electrodes for visible and Near-Infrared transmission intelligent
modulation, Adv. Sci. 11 (2024) 2307223, https://doi.org/10.1002/
advs.202307223.

1. Bouessay, A. Rougier, J.M. Tarascon, Electrochemically inactive nickel oxide as
electrochromic material, J. Electrochem. Soc. 151 (2004) H145, https://doi.org/
10.1149/1.1731584.


https://doi.org/10.1021/acsaom.5c00022
https://doi.org/10.1021/acsaom.5c00022
https://doi.org/10.1038/ncomms13771
https://doi.org/10.1038/ncomms4121
https://doi.org/10.1038/ncomms4121
https://doi.org/10.1002/aenm.201100411
https://doi.org/10.1021/nn100466p
https://doi.org/10.1038/srep33006
https://doi.org/10.1016/j.matlet.2015.02.093
https://doi.org/10.1016/j.ceramint.2019.06.066
https://doi.org/10.1016/j.ceramint.2025.04.059
https://doi.org/10.1016/j.ceramint.2025.04.059
https://doi.org/10.1016/j.apsusc.2020.146034
https://doi.org/10.1016/j.apsusc.2019.143796
https://doi.org/10.1016/0927-0248(94)00195-2
https://doi.org/10.1016/0927-0248(94)00195-2
https://doi.org/10.1039/D4TC00114A
https://doi.org/10.1016/j. electacta.2021.138049
https://doi.org/10.1016/j. electacta.2021.138049
https://doi.org/10.1016/j.ceramint.2023.12.397
https://doi.org/10.1016/j.mssp.2015.04.049
https://doi.org/10.1016/j.mssp.2015.04.049
https://doi.org/10.1016/j.physb.2008.08.014
http://refhub.elsevier.com/S0925-8388(25)04309-9/sbref35
http://refhub.elsevier.com/S0925-8388(25)04309-9/sbref35
https://doi.org/10.1016/j.est.2021.103597
https://doi.org/10.1016/j.solmat.2013.03.042
https://doi.org/10.1038/srep05787
https://doi.org/10.1038/srep05787
https://doi.org/10.1038/nmat4810
https://doi.org/10.1039/C3EE44164D
https://doi.org/10.1039/C3EE44164D
https://doi.org/10.1016/j
https://doi.org/10.1016/j.vacuum.2022.111070
https://doi.org/10.1016/j.vacuum.2022.111070
https://doi.org/10.1039/d0nr01152e
https://doi.org/10.1039/d0nr01152e
https://doi.org/10.1039/d1ma00384d
https://doi.org/10.1039/d1ma00384d
https://doi.org/10.1039/d2na00505k
https://doi.org/10.1016/j.apsusc.2022.155279
https://doi.org/10.1016/j.apsusc.2022.155279
https://doi.org/10.1007/s10971-022-05919-5
https://doi.org/10.1016/j.tsf.2013.06.022
https://doi.org/10.1038/s41427-020-00257-w
https://doi.org/10.1038/s41427-020-00257-w
https://doi.org/10.1016/j.ceramint.2024.04.048
https://doi.org/10.1016/j.ceramint.2024.04.048
https://doi.org/10.1021/acsami.0c15424
https://doi.org/10.1021/acsami.0c15424
https://doi.org/10.1021/acsami.9b15288
https://doi.org/10.1039/D4TA03322A
https://doi.org/10.1039/D4TA03322A
https://doi.org/10.1016/j.apsusc.2022.155209
https://doi.org/10.1016/j.apsusc.2022.155209
https://doi.org/10.1016/j.solmat.2021.111435
https://doi.org/10.1016/j.electacta.2020.137457
https://doi.org/10.1002/smll.202411995
https://doi.org/10.1016/j.nanoen.2024.109352
https://doi.org/10.1039/D2MH01472F
https://doi.org/10.1002/advs.202307223
https://doi.org/10.1002/advs.202307223
https://doi.org/10.1149/1.1731584
https://doi.org/10.1149/1.1731584

	Optimized properties of innovative Si–In–Zn–O/Ag/ Si–In–Zn–O electrode for NiO based energy efficient electrochromic heat s ...
	1 Introduction
	2 Experimental methods
	2.1 Preparation of OMO Low-e TCE layer
	2.2 Preparation of electrochromic layer
	2.3 ECD fabrication
	2.4 Measurements

	3 Results and discussion
	3.1 Optical and electrical analyses of the SIZO/Ag/SIZO multiple layers
	3.2 Performance of TCE as electrochromic heat shutters

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


