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ABSTRACT: Overcoming the constraint of single-color display
by integrating diverse electrochromic materials within a single
electrode can facilitate the practical utilization of electrochromic
devices. However, the mutual interference between different
electrochromic materials during operation is always inevitable. In
this study, a multimode electrochromic electrode is
demonstrated by assembling the porous anodic (NiO
nanosheets) and cathodic (W,;O, nanowire networks)
electrochromic materials in a tandem structure with a conductive
ITO interlayer inserted in between on the same electrode. The
open framework ensures sufficient electrolyte penetration for the
anodic and cathodic materials to operate independently, and the
incorporation of the ITO interlayer lowers the effective work —"
function of the electrochromic electrode and facilitates electron transport, leading to a 14.46% and 53.4% reduction in
coloring and bleaching time of the outer-layer W,;0,, nanowire network from 10.1/7.06 to 8.64/3.29 s, as well as a 31.7%
enhancement in coloration efficiency from 54.02 to 71.15 cm?C. Thus, the electrochromic electrode employing a tandem
structural design effectively achieves dynamic transparent, brown, and blue optical states under different biases, while
achieving modulation of the visible and near-infrared spectral bands, offering a viable pathway for high-performance
multimode smart windows and multicolor displays.

<. NiO
Conductive layer

RS W0,

Bright

KEYWORDS: assembly, nanowire, electrochromism, multi-spectra modulation, smart window

1 Introduction ions and electrons under an applied electrical potential [1-3]. The
inorganic electrochromic materials (EM) with high stability have
played a critical role in developing the next-generation smart
window technology in the energy efficiency buildings [4, 5]. Among
various inorganic electrochromic materials, oxygen-deficient
tungsten oxide (WO,_,) has attracted particular attention due to its
high transmittance contrast and strong plasmonic absorption in the
near-infrared region since its initial study by Deb in 1969 [6].
However, its practical application is still hindered by challenges
such as simple color adjustment and the inability to perform
BdAddress correspondence to Jin-Long Wang, wangjlé@sustech. multiband selective modulation. To address color monotonicity,
edu.cn; Shu-Hong Yu, yush@sustech.edu.cn extensive research has focused on integrating WO, , with optical

Electrochromism (EC) refers to the reversible change in the optical
properties (such as absorptance, transmittance, or reflectance) of
certain materials induced by electrochemically driven redox
reactions, which are accompanied by the insertion/extraction of

Received: January 24, 2026; Revised: March 30, 2026
Accepted: March 31, 2026

(B A% wmt | Sci®pen 94908696 (1 of 10) Nano Research, 2026, 19, 94908696


https://orcid.org/0000-0002-9880-2145
https://orcid.org/0000-0001-6253-6116
https://orcid.org/0009-0004-8927-5189
https://orcid.org/0000-0002-6211-8472
https://orcid.org/0000-0003-3732-1011
https://orcid.org/0000-0002-9880-2145
https://orcid.org/0000-0001-6253-6116
https://orcid.org/0009-0004-8927-5189
https://orcid.org/0000-0002-6211-8472
https://orcid.org/0000-0003-3732-1011
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://doi.org/10.26599/NR.2026.94908696
mailto:wangjl6@sustech.edu.cn
mailto:wangjl6@sustech.edu.cn
mailto:yush@sustech.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696
https://www.sciopen.com/article/10.26599/NR.2026.94908696

Zhu et al.

Nano Research | Vol. 19, No. 8

resonators, designing plasmonic or Fabry-Perot structures to
improve the color tunability of WO,_,-based electrochromic devices
[7-9]. Alternatively, the transmittance and color of the device can
be easily controlled by co-assembling WO, , and V,O; [10].
Although the structures mentioned above can produce vibrant
colors, they result in a lack of colorless transparency of devices. The
colorless intermediate state is a fundamental aspect of the extensive
applicability of electrochromic devices in various fields, including
energy conservation, temperature regulation, camouflage, and anti-
counterfeiting technology [11-14].

In addition, multi-component composite structures with
functional integration are demonstrated as another promising
approach to enable device transparency and multiband regulation
[15-18]. For instance, WO,_, and NiO, which exhibit disparate
electrochromic characteristics, are deposited on discrete electrodes
to attain multicolor display in a single electrochromic device.
However, the composite structure is susceptible to impairing the
electrochromic performance, predominantly due to the impeded
electron and ion conduction resulting from inadequate contact
between the electrochromic layer and the conductive or electrolyte
layer [19, 20]. In recent years, it has been reported that increasing
the contact between the electrochromic materials and conductive
materials can promote charge transfer, thereby enhancing the
electrochromic performance of the device, including response time,
coloring efficiency, and more performance parameters [21-23].
Recently, constructing highly conductive networks or composite
structures has been proven to be a highly effective strategy to
overcome the sluggish kinetics of conventional electrochromic
materials. For instance, Gao et al. integrated WO, with ITO
nanoparticles or silver nanowires (Ag NWs), where the
introduction of these conductive networks significantly enhances
electron transport and ion diffusion, resulting in improved response
kinetics and coloration efficiency [24, 25]. Notably, this effective
strategy for performance enhancement mainly focuses on the single
electrochromic material system. It is desirable to design the
conductive layer between multi-component materials in composite
structures to realize high-performance, multiband spectral regulated
electrochromic devices.

In this work, an integrated anodic/cathodic electrochromic
electrode with a NiO/ITO/W,O,, (NIW) tandem architecture is
constructed via a layer-by-layer assembly strategy, enabling
transparent, brown, and blue optical states under different applied
potentials. The pre-synthesized porous NiO nanosheets and the
spray-coated W O,, nanowires ensure the open hierarchical
framework of the tandem structure that facilitates efficient
electrolyte infiltration throughout the electrode. Importantly, the
introduced ITO interlayer serves as an effective conductive bridge,
promoting electron transport during the electrochromic processes
of both NiO and W,,O,, and thereby significantly accelerating the
device response. This architecture decouples the electrochromic
responses of anodic and cathodic materials, enabling interference-
free color expression and wavelength-selective modulation. As a
result, this simple architecture features selective spectral modulation
characteristics for visible light of 400-800 nm (VIS) and near-
infrared spectrum of 800-1600 nm (NIR), making it a promising
design for optical modulation devices.

2 Experimental

2.1 Materials
In,0,:Sn (ITO) coating glasses with a resistance of 7-10 Q/sq were
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purchased from TCXKBIO. Co., Ltd. Nickel nitrate
(Ni(NO,),6H,0) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Tungsten hexachloride (WCly)
was purchased from Heowns Biochem Technologies. Lithium
perchlorate (LiClO,) was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Propylene carbonate was
purchased from Shanghai Maclin Biochemical Technology Co.,
LTD. Other reagents were used without further purification.

2.2 Synthesis of NiO film

The NiO nanosheets were synthesized by electrodeposition on ITO
glass. ITO glass (1 cm x 4 cm) with a sheet resistance of about
7-10 Q/sq was immersed into 0.01 M nickel nitrate
(Ni(NO,),6H,0) aqueous solution for the electrodeposition
experiment. Prior to electrodeposition, ITO glass was continuously
cleaned in acetone, ethanol, and deionized aqueous solutions for
30 min. The standard three-electrode system was used for
electrochemical deposition. ITO conductive glass was used as the
working electrode (WE); platinum wire (Pt, purity 99.99%) was the
counter electrode (CE); Ag/AgCl was the reference electrode (RE).
Electrodeposition was carried out at a low current density of —0.05
mA/cm’ for 1200 s. After electrodeposition, the film was cleaned
and dried, and then annealed at 300 °C for 1 h to obtain the NiO
film with 170 nm thickness.

2.3 Synthesis of W,,O, nanowires

The WO, nanowires were synthesized by the solvothermal
method. 0.06 g WCl; was added to 80 mL of ethanol to form a
uniform solution under intense agitation. Then, the solution was
transferred to a 100 mL Teflon-liner and heated in a stainless-steel
autoclave to 180 °C for 24 h. After the reaction, the products were
centrifuged and redispersed in ethanol with a concentration of
1.5 mg/mL for further application.

24 Deposition of ITO thin film

A thin film of ITO was deposited by reactive DC magnetron
sputtering. The ITO target was 10 cm away from the substrate (NiO-
ITO glass). The power was set at 130 W, and the pressure was
maintained at 0.5 Pa during sputtering. When the vacuum in the
chamber reached 6 x 10~ Pa, the samples were pre-sputtered for
5 min in argon. During sputtering, the substrate was rotated to
ensure a uniform coating. The thickness of the film prepared in this
paper was about 50/100/150 nm, which can change with the change
of deposition time.

2.5 Fabrication of NW and NIW films

The NiO/WsO,, (NW) and NIW films were prepared by spraying
different amounts of W,;0,, nanowire solution onto the NiO-ITO
glass and ITO-NiO-ITO glass that were fixed on the 80 °C hot plate
using an airbrush with a diameter of 0.3 pm. The nozzle position of
the control gun was 4 cm away from the substrate. The prepared
composite film was annealed at 120 °C for 10 min to obtain the
EC film.

2.6 Fabrication of the NW and NIW based electrochromic
device

The electrochromic device was assembled using two pieces of ITO
glass (4 cm x 4 cm) with NiO/ITO/W ,,O,/LITFSI-HPMC gel

electrolyte/NiO. The ultraviolte (UV)-curing adhesive was used to
seal the EC device. Prior to undergoing any testing, the assembled
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EC devices were allowed to dry thoroughly in the ambient air for a
full day, ensuring optimal performance and stability.

The electrochromic device featuring a butterfly pattern was
assembled using two pieces of ITO glass. The conductive layer in
the middle of the ITO glass was removed by chemically etching with
hydrochloric acid and zinc particles. The subsequent steps followed
the same procedure as previously described for device assembly.

2.7 Characterization

The surface morphology was studied by a cold-field high-resolution
scanning electron microscope (SEM, Hitachi SU8230) at an
accelerating potential of 5 kV. Transmission electron microscopy
(TEM) images were taken using a Talos F200X G2 TEM operating
at an accelerating potential of 200 kV. The crystalline shapes of NiO
and W, ;O,, were analyzed by X-ray diffraction (XRD, Smartlab
3KW). Fine scanning of X-ray photoelectron spectroscopy (XPS)
was carried out on a Thermo Fisher Scientific ESCALAB Xi+ with
30 eV pass energy and 0.1 eV step size. Ultraviolet photoelectron
spectroscopy (UPS) spectra were measured using a non-
monochromatic He I « photon source (hv = 21.22 eV, Au is taken
for  calibration). The  ultraviolet-visible-near  infrared
(UV-VIS-NIR) spectra were recorded on a UV-3600i Plus
(Shimadzu Corporation) and tested at ambient temperature using
an integrating sphere (ISR-1503) transmission mode. Atomic force
microscopy (AFM) and conductive atomic force microscopy (C-
AFM) (Cypher S, Oxford Instruments) were used to characterize
the current and surface morphology of the obtained NiO and
NiO/ITO samples. Infrared images over time were recorded by a
Ti480 Pro thermal imager (Fluke), and temperature over time was

Electrodeposition

. Nio

Bt
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m Wi5049

Encapsulation

(b). . (c)

Optical photographs

ov 15V -1V -15V
Bright Warm Cool Dark
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recorded by a TA612C (TASI) thermocouple. The electrochemical
tests were carried out on the electrochemical workstation (CHI
760E) on a three-electrode system, using the NW or NIW film as
the working electrode, the Pt foil as the counter electrode and the
Ag/AgCl as the reference electrode. The “Electrochemistry” module
in COMSOL Multiphysics was adopted to simulate the
distributions of Li* concentration gradient on NW and NIW
electrodes. The ionic migration was calculated by “Nernst-Einstein”
equation, while the diffusion coefficient and conductivity were
determined by the specific electrolytes. The electrode reaction was
based on the “Electrode Surface Species Flux Balance” equation.
During the whole simulations, the upper boundary is set as the
electrolyte and conductive substrate boundary with a current
density of 5 mA/cm’.

3 Results and discussion

3.1 Design of NIW electrode in tandem structure

The preparation process of the multimode electrochromic device is
shown in Fig. 1(a). Owing to the tandem integration of anodic and
cathodic electrochromic layers, the electrode reversibly switches
among transparent, brown, and blue states under different applied
potentials, enabling independent color expression as well as
synergistic regulation of VIS and NIR for bright, warm, cool, and
dark modes (Fig. 1(b)). A porous NiO nanosheet film was first
electrodeposited in situ on conductive glass as the anodic
electrochromic layer to separately modulate VIS. The elemental
composition of the NiO film was determined by XPS

Magnetron sputtering

Figure1 The fabrication and structure of the composite electrode. (a) The fabrication process of the multimode electrochromic smart windows. (b) Optical photographs
of the composite electrode with four modes. (c) and (d) Surface and cross-sectional SEM images of the NiO electrode. (e) and (f) Surface and cross-sectional SEM images

of the NIW electrode.
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characterization (Fig. Sl(a) in the Electronic Supplementary
Material (ESM)). XRD pattern shows that the NiO film has a cubic
rock salt structure (Fm3m), with diffraction peaks at 37.3°, 43.3°
and 62.9°, corresponding to (111), (200), and (220) plane indices
and the other observed peaks belong to the ITO substrate layer (Fig.
S2 in the ESM) [26, 27]. SEM and TEM images (Fig. 1(c) and Fig.
S3(a) in the ESM) show that the NiO film consists of an
interconnected nanosheet network with abundant open pores, and
the cross-sectional SEM image (Fig. 1(d)) indicates a thickness of
approximately 170 nm. To ensure efficient charge transport
between the anodic and cathodic electrochromic layers, a thin ITO
conductive interlayer was subsequently deposited onto the NiO film
by magnetron sputtering. W,,O,, nanowires synthesized via a
solvothermal route were then coated onto the ITO/NiO substrate as
the cathodic electrochromic layer, enabling broadband modulation
spanning the visible and near-infrared regions [28]. The elemental
composition, phase, and morphology of W,,0,, nanowires were
confirmed by XPS (Fig. S1(b) in the ESM), XRD (Fig. S2 in the
ESM), and TEM (Fig. S3(b) in the ESM), which are consistent with
the previous report [29]. As shown in Figs. 1(e) and 1(f), the coated
W,,0,, nanowires form an entangled and porous network on top of
the ITO/NiO layer, constituting an open composite electrode
architecture. Such a structure facilitates electrolyte penetration and
shortens ion diffusion pathways, while the embedded ITO
interlayer provides a continuous electron-transport channel
between the anodic and cathodic electrochromic components. The
atomic composition depth profile of the multilayer structure of the
composite electrode analyzed by XPS was further performed to
confirm the tandem structure of the NIW electrode. To determine
the atomic concentrations of the elements, depth profiling of the
NIW composite electrode was performed using an ion beam, as
shown in Fig. S4 in the ESM. With increasing etching time, the
concentration of W gradually decreases, and the concentration of
Ni steadily increases while the concentration of indium (In) first
increases then decreases, reflecting the typical tandem structure of
NIW with W, jO,, in the upper layer, ITO in the middle layer, and
NiO in the bottom layer.

3.2 Electrochromic properties of NIW electrode

The color change of W;O,, and NiO in 0.5 M LiClIO,/PC electrolyte
solution is considered to be the reversible insertion/extraction of Li*
at different potentials [30]. The coloration mechanism of W ;O
mainly involves the dual injection of electrolyte ions and electrons,
which can induce bandgap transitions, phase transitions, and local
surface plasmon resonance (LSPR, capacitance mechanism),
resulting in modulation of visible and near-infrared light [21, 31]. It
can be expressed by Eq. (1)

W0, (bleached) +xLi" +xe~ — Li,W,;0,, (colored) (1)

The electrochromic mechanism of NiO is divided into two steps,
expressed by Eqs. (2) and (3) [32]. The first step involves the initial
irreversible bleaching of deposited NiO. Once the LiNiO, is
formed, the reversible reaction between bleached LiNiO, and
colored Li, NiO, can be realized to modulate the visible light, which
can be observed as a color change from brown to transparent.

NiO, + yLi" + ye~ — Li,NiO, )

Li,NiO, (bleached) <+ Li, ,NiO,(colored)+zLi" +ze~  (3)

Nano Research, 2026, 19, 94908696

94908696 (4 of 10)

The rationally designed porous architecture of the NIW
electrode enables electrolyte ions to effectively access both the inner
anodic NiO layer and the outer cathodic WO, layer, thereby
allowing their electrochromic coloration processes to proceed
independently under positive and negative biases, respectively
(Fig. 2(a)). The high-resolution XPS spectra of Ni 2p and W 4f (Fig.
S5 in the ESM) show that the Ni element in the NiO film
predominantly exists as Ni** and Ni*, while the W element in the
W :0, film mainly exists as W** and W*. This corresponds to the
electrochromic mechanism of the NIW electrode, wherein the
insertion and removal of lithium ions alter the valence state of the
electrochromic materials [33, 34]. Figures 2(b) and 2(c) show the
transmission spectra and optical modulation of the NIW electrode
spray-coated with 1.5 mL W,,O,, dispersion solution under colored
and bleached conditions at different electric potentials (0, 1.5, -1,
and —1.5 V vs. Ag/AgCl). When under a bias of 0 V, the NIW
electrode shows the bleached state with VIS transmittance of 81.5%
and NIR transmittance of 69.6%, in which the lower NIR
transmittance is caused by the blocking effect of the ITO substrate.
Taking the spectrum at 0 V as the baseline, the NiO film in the
NIW electrode becomes colored at 1.5 V, blocking 26.6% of solar
radiation with 40.33% of VIS and 20.84% of NIR. At -1 V, the
WO, nanowires in the NIW film become colored and block
62.48% of the solar radiation with 41.65% of the VIS and 83.54% of
NIR. While at —1.5 V, W,,0,, nanowires show a much darker color
and further block 75.6% of the solar spectrum with 62.07% of VIS
and 89.3% of NIR, which is particularly beneficial for reducing
cooling energy demand under hot conditions.

To better illustrate the role of the conductive layer, the NW
electrode was also prepared as a contrast. The typical electrochromic
properties of NW electrodes with varying W, O,, contents are
shown in Fig. S6 in the ESM, which include the transmission
spectra (Fig. S6(a) in the ESM) and real-time transmittance change
(Figs. S6(b) and S6(c) in the ESM). This indicates that NW
electrodes can also perform the NiO and W,,O,, electrochromic
process separately under different potentials. The application of the
same quantity of electrochromic material to the electrodes yielded
no discernible variation in light transmittance modulation between
the NW and NIW electrodes, while the NW electrode failed to
return to the initial transmission state when the volume of WO,
dispersion solution increased from 0.5 to 2 mL (Fig. S6(b) in the
ESM). This limitation is effectively suppressed in the NIW electrode,
highlighting the critical role of the conductive ITO interlayer [35].
As shown in Fig. S7 in the ESM, the real-time transmittance change
of NIW electrodes with different sputtered ITO thicknesses was
recorded, and it was found that the presence of the ITO layer can
provide faster response time for the coloring/bleaching of W0,
nanowire film from 9.65/4.4 to 8.61/3.43 s. In consideration of the
cost performance, the conductive layer with a thickness of 100 nm
was chosen for subsequent study. Figures 2(d) and 2(e) display the
typical on/off electrochromic cycles of the NW and NIW electrodes
with 1.5 mL WO, dispersion solution at 630 nm. The coloring
time () of W;0,, decreased by 14.5%, and the bleaching time (%,
was reduced by 53.4% from 10.1/7.06 to 8.64/3.29 s. NiO exhibited
a 49.1% reduction in coloring time and a 37.6% reduction in
bleaching time from 5.21/3.67 to 2.65/2.29 s. Similar improvements
are also observed at 1000 nm (Fig. S8 in the ESM), with 20% (t,)
and 28.5% (t,) improvement from 8.0/11.05 to 6.39/7.9 s. The
response times of NW and NIW electrodes with different W ;0
contents at 630 and 1000 nm are detailed in Tables S1 and S2 in the
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Figure2 Characterization of optical and electrical properties of NW and NIW electrodes. (a) Electrochromic process of NIW electrode. (b) The transmission spectra of
NIW film electrodes at different potentials (vs. Ag/AgCl). (c) Spectral modulation (AT) of NIW electrode at different potentials in the VIS, NIR, and whole solar spectrum
regions, calculated after subtracting the baseline spectrum at 0 V. (d) and (e) Real-time transmittance change of NW and NIW electrodes monitored at 630 nm under -1,
0, 1.5, and 0 V (vs. Ag/AgCl) with 30 s interval, respectively. (f) Optical density (at 630 nm) versus charge density curves of NW and NIW electrodes. (g) The Nyquist
plots for NW and NIW electrodes with an equivalent circuit. (h) Plots of cathode peak current densities versus the square root of scan rates for NW and NIW electrodes.

ESM. These enhancements originate from the ITO interlayer,
which provides an efficient electron-transport pathway and
facilitates coupled ion-electron transfer across the tandem
electrochromic layers. The coloration efficiency of the NIW
electrode with 1.5 mL W, O,, dispersion solution at 630 nm
increases to 71.15 cm?/C (Fig. 2(f)), which is 24.1% higher than that
of the NW electrode. The improvement in electrochromic
performance of the NIW electrode can be attributed to the
conductive ITO layer as the electron transfer medium, facilitating
beneficial interactions with electrons and WO, nanowires for
redox reactions [36—38].

To intrinsically connect these macroscopic speed improvements
with microscopic reaction kinetics, we performed impedance
measurements and cyclic voltammetry (CV), which further support
the rapid diffusion of Li* within the NIW electrode. The
intercalation mechanism of Li* on the surface of the NIW electrode
in the electrolyte is well explained in the Nyquist diagram
(Fig. 2(g)), and equivalent circuits are analyzed using Z-view
software in the frequency range of 10™ to 10° Hz. The solution
resistor (R,), charge transfer resistor (R,), double-layer capacitor
(Cy), and Warburg impedance (W) were calculated according to
the fitting curve [38]. Compared with the NW electrode, the NTW
electrode exhibits a markedly reduced R, of 64.16 (), in contrast to
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102.3 Q) for the NW electrode, indicating significantly enhanced
electronic conductivity. Meanwhile, the lower Warburg impedance
of the NIW electrode (46.32 Q) reflects faster Li* diffusion and
reduced ion-transport resistance. CV curves of the NW and NIW
electrodes recorded in the potential range from —1.5 to 1.5 V (Fig.
S9 in the ESM) display well-defined redox peaks associated with
WO, and NiO, consistent with their electrochromic behavior
[39, 40]. Owing to the introduction of the conductive ITO
interlayer, the peak current density of WO, increases markedly
from 0.65 to 2.74 mA/cm’, suggesting more efficient charge-transfer
kinetics. To quantitatively evaluate Li* diffusion, CV measurements
are further conducted at different scan rates (Fig. S10 in the EMS).
As shown in Fig. 2(h), with increasing scan rate, the cathode peak
shifts towards a higher positive potential, and the peak current
density increases, indicating the ion diffusion-controlled
electrochromic process [41]. For reactions related to ion diffusion
behavior, the relationship between peak current and scan rate can
be determined by Eq. (4)

i, =2.72 x10°n’>C,D"*v'" (4)

where D is the diffusion coefficient, i, is the peak current density, n
is the number of electrons, C, is the concentration of active ions in
the electrolyte, and v is the scan rate. As shown in Fig. 2(h), the i, of
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the NW and NIW films has a good linear relationship with 2,
indicating that the insertion and extraction of ions are the diffusion-
controlled processes [42].

In this study, for the NIW electrode with an active area (A) of
2.0 cm? and C, = 0.5 mol/L, the diffusion coefficient of Li* is
calculated to be 6.04 x 10 cm’/s. The diffusion coefficient of Li*
ions in the NW electrode is calculated to be 2.46 x 10~ cm?/s. This
enhancement further confirms that the NIW architecture effectively
promotes Li* transport compared with both the NW electrode and
previously reported electrochromic systems [43, 44].

3.3 The performance enhancement mechanism of the
conductive layer in tandem structure

Figure 3(a) shows that the sputtered conductive layer introduces
additional electron-transport pathways within the NIW electrode,
allowing electrons to be transferred not only between the substrate
and the NiO nanosheets, but also between the NiO nanosheets and
WO, nanowires. This interfacial architecture is intrinsically
supported by the cross-sectional energy-dispersive X-ray
spectroscopy (EDS) mapping (Fig. S11 in the ESM). The elemental
profiles of In and W clearly reveal that both the sputtered ITO and
sprayed W ,O,, are predominantly enriched at the top surface to
form a continuous upper conductive network, while the ITO
exhibits a penetrating gradient into the pores and macro-cracks of
the underlying NiO layer. Consequently, electrons can be efficiently
transferred not only from the substrate through the localized ITO
penetrations, but also rapidly distributed across the top continuous
ITO network into the W,,O,, nanowires. The direction of charge
transfer is determined by the difference in work function (®) or
Fermi energy level (E) of the semiconductor heterojunction. As
shown in Fig. 3(b), the work function of the ITO/NiO film is
calculated to be 2.31 eV, which is lower than that of the NiO film
(3.39 eV). Such a reduced @ facilitates electron injection and
transport, suppresses charge accumulation at the interface, and
thereby enhances the electrochromic response of the NiO layer. The
C-AFM test is further performed on the NiO electrode with a
partially sputtered conductive layer. Figures 3(c) and 3(d) show the
corresponding surface topography and current mapping, where the

(a)

i Imo

Sputterlng (b)A NiO-ITO
S —NiO
.
2
‘@
c
2
£
........................... ; 20 1'5 1'0 5 0

yellow-framed region represents areas covered by the conductive
layer, while the blue-framed region corresponds to uncovered NiO.
When the potential was applied to the tip of the C-AFM, the area
containing the conductive layer showed a much larger current value
(120-220 pA) compared to the area without the conductive layer
(20-120 pA). More detailed characterization of regions with and
without a conductive layer, as shown in Fig. S12 in the ESM, further
confirms that the conductive layer simultaneously preserves the
porous morphology of the NiO film while markedly enhancing
local electrical conductivity. Furthermore, to exclude the
interference of minor substrate flattening induced by ITO
sputtering, the top-surface morphologies of the assembled NIW
and NW electrodes were compared (Fig. S13 in the ESM). Both
SEM and AFM analyses reveal that the macroscopic distribution
and porous network of the spray-coated W,,0,, nanowires remain
highly consistent across both electrodes. Although the intermediate
ITO layer slightly reduces the final surface roughness, this overall
morphological ~ consistency confirms that the enhanced
electrochromic kinetics are intrinsically driven by the electrical
optimization of the ITO interlayer, rather than structural
advantages.

To further elucidate the role of the conductive interlayer in the
NIW  electrode, a simplified two-dimensional COMSOL
Multiphysics model was constructed to simulate the evolution of Li*
concentration during the lithiation process, as shown in Fig. 3(e).
The sample size was set to 600 nm x 800 nm, and the boundary
condition of the operating potential was 1.5 V. The simulated
electrode structure consisted of a W 0,, nanowire layer, a porous
conductive interlayer, and a NiO nanosheet layer arranged
sequentially from top to bottom. A reference structure without the
conductive interlayer was constructed for comparison. The
simulation results demonstrate that, at the half-cell scale, the
introduction of the conductive interlayer markedly accelerates Li*
diffusion within the NIW electrode region.

Initially, the Li* concentration was zero in both the NW and
NIW electrodes. After 40 s, the average concentration in the NIW
electrode reached 0.21 mol/m’, notably higher than that in the NW
electrode (0.16 mol/m’). By the 80-s mark, the NIW electrode had

Binding energy (eV)

mol/m?

0.5
04
0.3
100nm ITO 0.2
200nm  NiO L

Figure 3 Mechanism of the conductive layer in the tandem structure. (a) Schematic diagram of the tandem structure of the NIW electrode and its conduction path.
(b) The UPS spectra of the NiO and NiO-ITO thin film. (c) AFM image for NiO electrode with conductive layer (yellow frame) and without conductive layer (blue
frame). (d) C-AFM image for NiO electrode with conductive layer (yellow frame) and without conductive layer (blue frame). (¢) COMSOL simulation of Li*

concentration gradient on NIW and NW electrodes.
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attained a saturation level of 0.42 mol/m’, while the NW electrode
remained at 0.33 mol/m®. This improvement can be ascribed to the
porous conductive layer, which not only reduces electron transport
resistance but also mitigates interfacial potential barriers, thereby
promoting synergistic electron-ion transport and enhancing overall
ionic mobility throughout the electrode.

34 Optical and electrical performance of NIW electrodes

Figures 4(a) and 4(b) illustrate the bias-dependent optical states of
the NIW electrodes. At 0 V, the electrode is transparent,
representing a bright mode. When a bias of —1 V is applied, the
blue coloration of the electrodes becomes progressively deeper as
the volume of the W,,0,, dispersion increases from 0.5 to 2.0 mL,
corresponding to the cool and dark modes. When the applied
potential of the electrode was 1.5 V, the film only shows a lower
transmittance of visible light, corresponding to the warm mode.
The corresponding optical modulation is quantitatively
summarized in Fig. 4(c). As the volume of WO, dispersion
increases from 0.5 to 2.0 mL, the transmittance modulation (AT) of
the NIW electrodes under —1 V increases from 18.49% to 44.53% at
630 nm and from 7.19% to 61.56% at 1000 nm (Fig. S14 in the
ESM), demonstrating the effective amplification of VIS and NIR
electrochromic responses through controlled loading of W,,0,
nanowires. To further evaluate the dark-state performance, the
W,,0, dispersion volume was increased up to 4 mL (Fig. S15 in the
ESM), which achieved an impressive NIR optical modulation of
96.68%. However, an excessively thick film inevitably leads to a
substantial increase in charge-transfer resistance, counteracting the
kinetic advantages provided by the conductive ITO interlayer.
Therefore, considering the trade-off between optical contrast and
electrochemical kinetics, the 1.5 mL loading was selected as the
optimal parameter for the device. The Nyquist diagrams of NIW

and NW electrodes with different volumes of W,,O,, dispersion
solution are shown in Fig. 4(e) and Fig. S16 in the ESM. As the
volume of W,;O,, dispersion solution increases, the R.,/Warburg
impedance value of the NW electrode increases from 40.38/2195 to
217.9/7121 Q, while R, values of NIW electrodes are in the range of
54.59-67.45 Q, and the Warburg impedance value ranges from
46.32-80.84 Q. This behaviour highlights the critical role of the ITO
interlayer in mitigating electronic and ionic transport resistance
within the tandem electrode architecture. The more detailed values
of each parameter obtained by fitting the electrochemical
impedance spectroscopy (EIS) curves of NW and NIW electrodes
are summarized in Tables S3 and S4 in the ESM, and the
corresponding bar chart for R, is shown in Fig. S17 in the ESM.
Cycling stability is further evaluated to assess the long-term
electrochromic performance of the NIW electrode. The NIW
electrode demonstrates long-term durability, maintaining a capacity
retention of 90.1% after 1000 cycles, and even after an extended
testing period of 2000 cycles, it still exhibits a robust retention rate
of 85.1% (Fig. 4(f) and Fig. S18 in the ESM). For comparison, the
NW electrode (without the ITO layer) was tested under the same
conditions, and its retention rate dropped to 87.7% after 1000
cycles. The more severe degradation behaviour of the NW electrode
is primarily attributed to the interfacial issues. Repeated ion
insertion/extraction inevitably ~generates complex interfacial
residual stresses. For the NW electrode, the absence of the ITO
intermediate layer leads to poor interfacial contact between the
bottom NiO and the top W O,. Under continuous interfacial
stress during cycling, the physical adhesion weakens, causing the
interfacial charge transfer resistance to significantly increase over
time. In contrast, the magnetron-sputtered ITO layer in the NIW
electrode acts as an effective buffer layer and a strong conductive
binder, which helps maintain good mechanical and electrochemical
integrity over long-term operation. The detailed transmittance
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Figure4 Electrochromic properties of NIW film electrodes. (a) Photographs of different NIW electrodes under different potentials. (b) and (c) The UV-VIS-NIR
transmission spectra and modulation rates at 630/1000 nm of NIW electrodes with different WjO,, contents at —1, 0, and 1.5 V. (d) and (e) The cyclic voltammetry
curves and Nyquist plots of NIW electrodes with different W,,0,, nanowire contents. (f) Continuous recording of the NIW electrode transmittance spectrum monitored
at 630 nm for 2000 switching cycles, with each cycle operated at —1 V (the coloration voltage for W,O,,), 0 V (the bleaching voltage), 1.5 V (the coloration voltage for

NiO), and 0 V (the bleaching voltage) for 30 s, respectively.
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switching curves are shown in Fig. S19 in the ESM. The slight AT installed on a model chamber with a black cylinder placed at the
loss of the NIW electrode during the cycle may be caused by the center as an absorber.

irreversible capture of Li* at W ,0,, and NiO regions [45, 46]. The model room was exposed to simulated solar light (the

illumination intensity is 100 mW/cm’), aligning the blackbody,
3.5 Application of multimode electrochromic devices window, and light source. Infrared cameras and thermocouples
with tandem structure were used to record the blackbody and air temperatures at the

The multimode €l hromic devi th a size of center of the model room in real-time, thereby assessing the cooling
e multimode electrochromic device with a size of 4 cm x 4 cm performance of the smart window (Figs. 5(d) and 5(e)). After

was prepared by using a simple layer-by-layer assembly method 20 min of direct irradiation, the blackbody temperature of the room
with the NiO/ITO counter electrode. The solar irradiance i the blank glass was 53.4 °C. In contrast, when the multistage
transmittance in different states was calculated to quantify the  gmart window was operated at biases of 2.5, ~2.0, and —2.5 V, the
practical solar irradiance modulation performance, as shown in absorber temperatures were stabilized at 42.3, 36.0, and 32.2 °C,
Fig. 5(a). The AT of the multimode electrochromic device under respectively. The corresponding infrared images are shown in Fig.
0 V (Fig. 520 in the ESM) is presented in Fig. 5(b). At 2.5 V, the  $21 in the ESM. These results demonstrate that the multistage
NiO layer in the device undergoes a color change, resulting in an smart window can reduce the blackbody temperature in the model
18.86% solar spectrum modulation with a VIS difference of 29.96% chamber by up to 21.2 °C and the air temperature by 3.39 °C
and an 8.73% difference in NIR. At -2 V, the W,,O,, layer becomes compared to the blank glass, as shown in Fig.5(f). In addition, the
colored, enhancing the device to block 72.44% of solar radiation, NIW device was subjected to 500 continuous charge/discharge
with 42.26% of VIS and 71.13% of NIR. When the bias increases to cycles. The device can maintain 87.14% of its initial optical
~2.5'V, the device further modulates the solar spectrum by 88.43% modulation after 400 continuous charge/discharge cycles. However,
with 74.96% of VIS and 98.35% of NIR. This broadband and ~ the transmittance modulation quickly dropped to 62.86% during
multimode spectrum modulation capability allows the device to the 400-500 cycles. This degradation can be attributed to the device-
dynamically alter its optical appearance while maintaining passive level lirpitation related to the electrolyte .and the encapsulationvof
environmental adaptability, making it suitable for applications such Fhe device. FunhermoF e, the energy required to operate the. device
as privacy protection and anti-counterfeiting. As a proof of concept, 18 extr.emely low, with a , calcul.ated energy  consumption of
an electrochromic device with a butterfly pattern was fabricated and ap pr.oxunately >.8 Wh/ . Th1.s mmuFe electrllcal energy
. I . requirement underscores its potential as a highly efficient energy-
operated in several modes, as depicted in Fig. 5(c). When a positive 3 Cf 9 buildi
potential (2.5 V) was applied to both sides of the device, it appeared saving component for modern green buricings.
brown. While a negative potential (-2.5 V) was applied to the left .
side and a positive potential (2.5 V) was applied to the right, the 4 Conclusions

device displayed different colors on each side simultaneously, In summary, a tandem-structured electrochromic electrode
demonstrating  spatially ~ independent ~and  addressable integrating anodic and cathodic electrochromic materials on a
electrochromic modulation. Furthermore, the thermal regulation single substrate was successfully constructed, enabling multicolor

performance of the multistage smart window was systematically and dual-band spectral modulation. Under applied potentials of 1.5,
evaluated. The smart window with an area of 4 cm X 4 cm was 0, and -1 V (vs. Ag/AgCl), the electrode exhibits reversible color
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Figure5 Multimode electrochromic device for smart window and anti-counterfeiting applications. (a) Solar irradiance spectra of the multimode electrochromic device in
different states. (b) The AT of the multimode electrochromic device under different biases in the VIS, NIR, and whole solar spectral regions (calculated after subtracting
the baseline spectrum at 0 V), along with corresponding photographic images. (c) The digital photos of the tandem structure electrode with different parts under different
potentials for anti-counterfeiting and privacy protection functions. (d) Schematic illustration for the indoor cooling performance study of the multimode electrochromic device.
(e) and (f) The temperature change of the blackbody and air under the light irradiation in a model room for 20 min with the smart window under different potentials.
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transitions from brown to transparent and then to blue. The
introduction of a conductive interlayer between the composite
electrochromic layers (NiO and W,O,) markedly enhances
electron transport and ion diffusion, resulting in improved response
kinetics and coloration efficiency. The effects of the nanocomposite
architecture on the optical and electrochemical properties were
systematically elucidated. Based on this design, a multiband-
regulated electrochromic device was further demonstrated, offering
adaptable functionality across diverse application scenarios. This
structure can serve as a common template for dual-function
electrochromic devices and holds substantial potential in the field of
energy-saving smart windows and multicolor displays.

Electronic Supplementary Material: Supplementary material
(including additional characterization results, SEM images, TEM
images, XRD spectra, UV-VIS spectra, time response curves,
Nyquist plots, and infrared images) is available in the online version
of this article at https://doi.org/10.26599/NR.2026.94908696.
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