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homojunction. The Nb-MoO3;_
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electrochromic performance including
large transmittance modulation (80.7 %),
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4,000 cycles). The synergistic effect of
element doping and morphology
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short-range ion transport can also be
referenced in other electrochemical
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PROGRESS AND POTENTIAL Boosting the ion transport in metal oxides is crucial but challenging due to the
complex process across spatial scales. According to the characteristic of ion transport, it can be classified
into two categories: short-range ion transport usually refers to the movement within the lattice size, and long-
range ion transport spanning the full thickness of the functional layer. Thus, this work presents a two-stage
optimization based on the Nb-doped MoOs;_, homojunctions to simultaneously address the inherent issues of
poor long-range and short-range ion transport. The Nb doping in MoOs_, increases the ion diffusion coeffi-
cient by an order of magnitude as the short-range Li* diffusion barrier is reduced. Meanwhile, the homojunc-
tions consist of 1D nanowires and 2D nanosheets that establish a robust framework for enhancing long-range
ion transport and suppressing the structural collapse. This research provides a promising solution for the
optimization of ion transport in electrochromic and other electrochemical fields.

SUMMARY

Smart windows based on metal oxides enable dynamic solar radiation regulation, yet the practical applica-
tion is hindered by the poor electrochromic performance caused by sluggish kinetics. Boosting the ion trans-
port in metal oxides is crucial but challenging due to the complex process across spatial scales. Herein, we
propose a two-stage optimization strategy based on the Nb-MoO;_, homojunction, which synergistically
boosted the short-range and long-range ion transport. The optimized electrochromic device based on the
Nb-MoO3_, homojunction exhibits large transmittance modulation (AT = 80.7%), ultrafast switching speed
(to =2.9 s, 1. = 1.8 s), and superior cycling stability (91.9% retention after 4,000 cycles), resulting in an unprec-
edented level of comprehensive performance in molybdenum oxide. Furthermore, we demonstrate a large-
area electrochromic device with excellent heat management capability and a low driving voltage of 1.5 V. This
work proposes a distinctive method for building metal oxide homojunctions and provides a two-stage opti-

mization strategy for future electrochromic energy-saving applications.

INTRODUCTION

Electrochromic smart windows have demonstrated consider-
able potential in the low-carbon domains of energy-efficient
buildings and transportation, owing to the integration of dynamic
spectral control and thermal management functions.’™ Inor-
ganic electrochromic metal oxides demonstrate the capacity
for extensive spectral modulation, effectively regulating the
spectrum from visible light to the near-infrared band.”~” Among
them, molybdenum oxide (MoQ3) is a highly promising candidate
material with advantages such as environmental compatibility,
abundant resources, as well as the eye-friendly colored state.®
The electrochromic behavior of metal oxides such as MoO3; de-

{

pends on reversible electrochemical reactions. Taking cathode-
type electrochromic metal oxides as an example, the coloring
process is caused by the insertion of Li* ions or other cations,
while the bleaching process is caused by the extraction of cat-
ions.'® Therefore, ion transport plays a crucial role in the spectral
regulation of electrochromic metal oxides. Unfortunately, most
intrinsic metal oxides are wide-band-gap semiconductors with
inferior conductivity and poor electrochemical kinetics related
to ion transport efficiency. The low ion diffusion coefficient
fundamentally limits the coloring and bleaching speed of electro-
chromic metal oxides. If certain lattice sites cannot be inserted
with ions within a given time due to dynamic limitations (slow
diffusion), the optical modulation (AT, a key electrochromic
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parameter) will be difficult to expand. Moreover, smooth ion
transport is a prerequisite for devices to efficiently and reversibly
switch between the colored and bleached states. Once ions are
trapped, this can result in slow transport kinetics between ions or
stronger electrostatic repulsion, thereby preventing subsequent
ions from entering the reversible sites to achieve electrochrom-
ism."""'® Thus, improving ion transport is a necessary path to
break through the bottleneck of comprehensive performance
for electrochromic metal oxides.

lon transport in the electrochromic device is a complex mass
transfer process across multiple scales. According to the char-
acteristic length dimensions of ion transport, it can be classified
into two categories: short-range ion transport usually refers to
the movement within the lattice size, and long-range ion trans-
port with lengths across the functional layer. Current research ef-
forts aim to improve the short-range or long-range ion transport
of electrochromic materials, often as separate objectives. For
the former, introducing point defects and lattice distortion inside
metal oxides has been extensively explored.'*” For instance,
Cao et al. reported the W®* doping in the shear-phase Nb,Os
with oxygen vacancies and ion-lattice coupling strength, leading
to ultrastable dual-band electrochromism.'® Han et al. revealed
that active Ni vacancies can provide ion storage sites and pro-
mote the transport of lithium ions by forming diffusion channels
in electrochromic nickel oxide electrodes.’® Li et al. reported
that the orthorhombic oxygen-deficient tungsten oxide films
possess advanced dual-band electrochromic performance,
which is attributed to the introduction of oxygen vacancies that
can facilitate the adsorption and diffusion of ions.?° These
methods make the diffusion of ions in the lattice easier but
cannot improve the transport of ions across different particles,
so the long-range ion transport inside the device is still limited.
Recent advancements have demonstrated that the application
of heterogeneous composite materials is able to solve the
long-range ion transport problem to a certain extent.”'>* For
example, Celebi et al. engineered the composite of MXene
(TigCsTy) nanosheets and W4gO49 nanowires with enhanced
transport kinetics for flexible electrochromic devices.”® Our
group demonstrated the method of boosting the long-range
ion transport of two-dimensional molybdenum oxide nanoflakes
by compositing them with conductive PEDOT:PSS polymer.2®
However, the components used to improve long-range ion trans-
port in electrochromic composites are usually light-absorbing
materials, which sacrifice the transmittance of the device in the
bleached state. Zheng et al. reported that AQNWs (Ag nanowires)
were utilized as sacrificial reducing agents to introduce oxygen
vacancies and promote the growth of the WO3_, - 2H,O/AgNWs
composite films, aiming to improve electrochromic perfor-
mance.”’ Unfortunately, challenges remain with regard to the
uniform distribution of heterogeneous materials and compati-
bility with the base material, thereby increasing processing
complexity and cost. So far, the collaborative improvement of
long-range and short-range ion transport inside the electrochro-
mic metal oxides still needs to be explored.

As a promising approach to designing novel optoelectronic de-
vices, the homojunction has attracted significant attention owing
to its unique properties such as homogeneous components, per-
fect lattice matching, and efficient charge transfer at the inter-
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face.?® In this work, we present a two-stage optimization based
on the in-situ-formed Nb—doped MoO3_, homojunctions to simul-
taneously address the inherent issues of poor long-range and
short-range ion transport in molybdenum oxide. Experimental re-
sults together with theoretical calculations reveal that the Nb
doping inside the MoO3_ has the capacity to facilitate short-
range ion transport and reduce the diffusion energy barrier of
lithium ions. Moreover, the Nb—-doped MoO3_, homojunction ex-
hibits the advantages of both nanowires and nanosheets. It can
effectively improve the long-range ion transport efficiency of
lithium ions between different interfaces and establish a robust
structure to alleviate the volume expansion during ion insertion/
extraction processes. The Nb-MoOs_, homojunction exhibits
excellent comprehensive electrochromic performance, including
large transmittance modulation (AT = 80.7%), ultrafast switching
speed (t, = 2.9 s, t. = 1.8 s), and excellent long-term stability (up
to 4,000 cycles). This research not only paves the way for the
construction of metal oxide homojunctions but also provides a
promising solution for the optimization of ion transport in electro-
chromic and other related electrochemical fields.

RESULTS

Figure 1A illustrates the two-stage optimization of the Nb-
MoOs;_, homojunction for the enhancement of both short-range
and long-range ion transport. The main process involved in the
self-assembly of the Nb-MoOj;_, homojunction starting from
bulk a-MoO3 powder has been shown in Figure S1. In general,
the bulk layered a-MoO3; materials were initially converted into
1D nanowires after the solvothermal and probe sonication pro-
cesses. The similar ionic radii of Mo®* (59 pm) and Nb®* (64 pm)
allowed partial substitution of the Nb®* into the Mo®* sites, while
preserving the original a-MoOj3 lattice. Furthermore, since the
valence state of Nb®* was lower than that of Mo®*, some addi-
tional oxygen vacancies could be generated as a consequence
of charge balance. Subsequently, those 1D nanowires, which
had been partially stacked, formed a nest-like nanostructure
as a result of their self-assembly behavior. The self-assembly
behavior of those 1D nanowires could be promoted during
spray coating, resulting in the formation of numerous stacked
nest-like nanostructures due to the Marangoni effect.?® Finally,
those stacked nest-like nanostructures could be crystallization
driven and self-assembled to grow into 2D nanosheets after an-
nealing at 350°C.%%*" It is noteworthy that the abundant 1D
nanowires persisted following the crystallization process. SEM
images of those films after annealing at 100°C and 500°C
were shown in Figure S2. It can be seen that, compared to the
film annealed at 350°C, an excessively high annealing tempera-
ture will cause degradation of the 1D nanowires and coarsening
of the 2D nanosheets, while an excessively low annealing tem-
perature is insufficient to form 2D nanosheets. Therefore, the
annealing temperature of 350°C is suitable for forming 1D/2D
homojunctions.

In order to validate the formation of the Nb—-MoQs5_, homojunc-
tion, transmission electron microscopy (TEM) images of the Nb—
MoOs_, nanowires were first presented in Figures 1B and 1C
following the solvothermal and probe sonication processes.
The two morphologies, including 1D nanowires and a nest-like
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Figure 1. Design and characterization of the Nb-MoO;_, homojunction

A) Design concept of the Nb-MoO3_, homojunction for the enhancement of short-range and long-range ion transport.

B) TEM images of 1D nanowire.
C) TEM images of nest-like nanostructures.

E) SEM image of the Nbo-MoO3_ film after annealing at 350°C.

F) TEM image of the Nbo-MoOj3_« homojunction and corresponding EDS mapping of Mo, Nb, and O elements.
G-J) High-resolution TEM and atomic images of the Nbo—-MoO3_ in the region of lattice distortion.

(
(
(
(D) SEM image of the Nb-MoO3_, film after spray coating.
(
(
(

nanostructure, have been revealed clearly. These morphologies
exhibited well-crystallized characteristics, with a uniform distri-
bution of Mo, Nb, and O elements, as evidenced by high-resolu-
tion TEM (HRTEM) and EDS mapping (Figures S3 and S4). Then,
Figure 1D showed an SEM image of the Nb-MoOs_ film after
spray coating. A multitude of stacked nest-like nanostructures
consisting of 1D nanowires were observed in the unannealed
films. Figure 1E showed the SEM image of the Nb-MoO3_ film

after annealing at 350°C. The numerous 2D nanosheets origi-
nated from those stacked nest-like nanostructures could be
observed, while plenty of 1D nanowires still remained. The in-
situ-formed 1D/2D homojunctions spontaneously evolve into is-
land-bridge connections, which will be capable of promoting the
long-range ion transport.

TEM images in Figure 1F provided a clear display of the nano-
structure of the 1D/2D homojunctions, where a single nanosheet
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Figure 2. Characterization of the Nb-MoO3_,
and pure MoOg_ films

(A and B) SEM cross-sectional images of the pre-
pared films, (A) No-MoOj;_ and (B) pure MoOg3.y.
(C) Raman spectra of the Nb-MoOz_, and pure
MoO; films.

(D) GIXRD of the Nb-MoO3_, and pure MoO3  films.
(E-G) The fitted XPS spectra of the Nb-MoO3  film,
(E) Mo 3d; (F) Nb 3d; (G) O 1s.

(H) Electron paramagnetic resonance spectra of the
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was surrounded by some nanowires. Moreover, the uniform
distribution of Mo, Nb, and O elements was observed in the ho-
mojunctions. Corresponding HAADF (high-angle annular dark-
field) images were shown in Figure S5 to clearly reveal the overall
morphology of the Nb-MoOs_, homojunctions. The elemental
contents tested by EDS (Table S1) were close to the designed
values, including the amount of Nb doping (about 4% Nb
doping). To confirm the doping state of the niobium element,
HRTEM images and atomic images of Nbo-MoQO3_ in the region
of lattice distortion were presented in Figures 1G-1J. The core-
loss spectrum of EELS (electron energy loss spectroscopy) in
Figure S6 indicated the presence of the Nbo-MoO3_, homojunc-
tion comprising both the lower oxidation state of Mo®* and the
highest oxidation state of Nb®*.°2"*° Thus, the region of lattice
distortion observed in Figures 11 and 1J was a consequence of
Nb®* doping into the lattice of MoOj, resulting in atomic
misalignment. This visual proof demonstrated that Nb doping
had occurred in the MoO3 lattice. As a comparison, the clear
atomic images (Figure S7) demonstrated that the distribution
of Mo atoms in the sample without Nb doping was regular, while
verifying their single-crystal properties through the fast Fourier
transform (FFT). The region marked by the red line could be
indicative of the (110) plane, with a corresponding lattice spacing
of 0.373 nm.

The surface SEM image of the pure MoO3_ film, consisting of
nanoparticles, was presented in Figure S8. This image revealed
significant differences when compared to the Nb-MoO3;_, homo-
junction. The reason was that charge balance inside the crystal
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both samples was around 830 nm, avoid-
ing the interference of thickness disparity
in electrochromic performance compari-
son. The cross-sectional morphology of
the film showed significant differences. For the Nb-MoQO3_ ho-
mojunction film, 1D nanowires could be filled between 2D nano-
sheets to form robust frameworks, which were beneficial for con-
tacting with the ITO substrates to avoid film detachment. In
contrast, pure MoOg._ films were formed by the relatively loose
stacking of nanoparticles, which would be prone to detachment
from the ITO substrates.

Raman spectroscopy was shown in Figure 2C. The intrinsically
strong peaks near 286, 817, and 994 cm~" could be attributed to
the typical characteristic peaks of a-MoO5 material.>® The strong
Raman band at 817 cm ™~ was a symmetric stretching mode (Mo-
O-Mo) of the double-ligand bridging oxygen, which was a result
of the shared angular oxygen of the two octahedra.”® The
994 cm~" band was the asymmetric stretch of the terminal oxy-
gen atom mode along the a and b directions, which resulted
from an unshared oxygen, and it was assigned to the layered
structure of a-MoQ3.*%*" The wagging mode of the terminal
(O=Mo=0) group at the 286 cm~' band was polarized parallel
to the c direction, reflecting the symmetry-breaking introduced
by the oxygen defects.’? Both Nbo-MoOs_ and pure MoOs._, ex-
hibited strong Raman peaks corresponding to the typical
a-MoOg3, indicating that they had the same crystal structure as
a-MoOj3. The Nb-MoOs._, film exhibited slightly red-shifted peaks
compared to the pure MoOs_ film due to the presence of more
oxygen vacancies.*® Besides, the presence of additional bands
at 772.7 and 846.6 cm™" in the Raman spectrum of Nb-MoOj5_
was indicative of the formation of additional niobium-oxygen
bonds. The corner-shared octahedral NbOg formed a Nb-O-Nb
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Figure 3. Electrochromic performance of
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(B) Comparison of the in situ transmittance curves
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collinear bond with a corresponding Raman band appearing near
840 cm~'. The Raman bands observed in the 500-800 cm " re-
gion were characteristic of the stretching modes of the slightly
distorted octahedral NbOg structures,***> which could be influ-
enced by the presence of nearby Mo-O bonds. Grazing inci-
dence X-ray diffraction (GIXRD) was shown in Figure 2D. The
diffraction peaks of both Nb-MoO3, and pure MoOs_, were
consistent with orthorhombic a-MoQOs,“® which could be indexed
to the standard JCPDS no. 75-0912. There was no signal for
niobium oxide or other impurity. As shown in Figure S9,
compared with MoOs_, the strongest peak (020) of Nb-MoO3_«
shifted to a smaller angle by 0.2°, which means that the Nb-
MoO;_« crystal has slightly expanded, and the increase in lattice
gap will be beneficial for ion transport.

XPS was conducted to study the chemical composition of
samples. Except for the distinct binding energies of Nb 3d and
Nb 3p (Nb 3p4,. and Nb 3ps.), the binding energies of Nb-
MoO;_, were consistent with those of pure MoOs_ (Figure S10).
Figure 2E revealed the XPS spectrum of the Mo 3d in the Nb-
MoOs._ film, which could be deconvoluted into a dual state.
The valence states at 233.2 and 236.3 eV could be attributed to

1800 20003800 4000
Cycles

[17] 7
o[4] @ Composites

Mo 3ds/» and Mo 3dgs/, of Mo®* in the
Nb-MoOs_,,*” respectively. The other
— two valence states at 232.1 and 234.9
This v&ork; eV corresponded to Mo 3ds,, and Mo
‘ 3dg/» of Mo®".*® As shown in Figure 2F,
the valence states at 207.5 and 210.2 eV
could be attributed to Nb 3ds,, and Nb
3d3/, of Nb®*, indicating the existence of
Nb®* in the Nb-MoOs., homojunction.
Figure 2G exhibited the XPS spectrum of
the O 1s, which could be separated into
two distinguishable peaks with centers
at 530.9 and 532.3 eV. The main peak at
530.9 eV was related to the lattice oxygen.
Another peak that appeared at 532.3 eV
could be regarded as indicative of oxygen
vacancies, causing unsaturated coordination around the Mo
atom.”®*° As a contrast, the fitted XPS spectra of the Mo 3d
and O 1sin the pure MoO3_ film (Figure S11) showed that the in-
tensity of the Mo®* peaks and oxygen vacancies were weaker
than those observed in the Nbo-MoQO3_ film. The relative content
of oxygen vacancies in the Nbo-MoO3._ film was approximately
13.3%, higher than that (only 6.7%) of the pure MoOj3_, film.
The increased presence of oxygen vacancies in the Nb-MoO3_y
film is attributed to the effects of Nb®* doping, which could cause
charge redistribution, thereby ensuring the overall charge bal-
ance of the material. Electron paramagnetic resonance (EPR)
could also verify the presence of oxygen vacancies in the Nb—
MoOj3_, and pure MoOs_. As illustrated in Figure 2H, the EPR
signal peak of the Nb-MoO3;_, was much stronger than that of
the pure MoO3;_, sample. It suggested that the Nb-MoO5_, was
capable of producing more lone pair electrons and creating
more oxygen vacancies, which was consistent with the XPS
analysis.
Figure 3A illustrated the transmittance modulation of both the
Nb-MoOs_, and MoOs_, assembled with a Prussian blue (PB)
film. It could be observed that the Nb-MoOs_,//PB device in
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Matter & Light 7, 100137, October 8, 2026 5




¢? CellPress

OPEN ACCESS

the bleached state exhibited a high transmittance across the
visible and near-infrared wavelength range, while presenting a
low transmittance in the colored state. The transmittance modu-
lation of the Nb-MoOs_,//PB electrochromic device at 700 nm
(AT = 80.7%) was considerably larger than that of the pure
MoOs._,//PB device (AT = 52.3%), indicating that more lithium
ions were injected into the Nb-MoO3_, film at the same bias. In
addition, the voltage-dependent ultraviolet-visible (UV-vis) mea-
surements for No-MoO3_, and MoOs._, films had been tested to
quantify the optical modulation in the device (Figure S12). The
excellent optical modulation of the Nb-MoOs_,//PB device was
mainly attributed to the Nb-MoOs_, film. Then, as illustrated in
Figure S13, the transmittance modulation for the Nb-MoO3_,//
PB device was also investigated to reveal the electrochromic
performance of the device at different voltages. Figure 3B
showed the transmittance fluctuations of the two devices at
700 nm by applying voltage between 2.5 and —2.5 V periodically.
The stable optical switching with a large transmittance modula-
tion of 78.6% can be observed in the Nb-MoOs_,//PB electro-
chromic device with coloring for 15 s and bleaching for 15 s
per cycle. The coloring and bleaching response time was defined
as the time calculated for about 90% transmittance modulation
between colored and bleached states. The Nb-MoOs_,//PB
electrochromic device presented a prompt response with color-
ing time (t; = 1.8 s) and bleaching time (t, = 2.9 s). In comparison,
the MoO3.,//PB electrochromic device exhibited relatively
slower coloring time (t. = 6.3 s) and bleaching time (t, = 7.2 s)
while maintaining a smaller transmittance modulation (55.3%).
The aforementioned switching rate in the electrochromic device
is based on the size of 1.5 x 1.5 cm®.

The coloration efficiency (CE) could be defined as the changes
in optical density (AOD) per unit charge density (AQ) inserted into
or extracted from the electrochromic film per unit area. It could
be calculated as the following formula®':

CE = AOD /AQ = log (T»/Ts) / AQ, (Equation 1)

where Ty, and T, represent the transmittance of the electrochro-
mic device in the bleached and colored states, respectively. The
AQ can be determined by measuring the area of the device and
current integration of the corresponding chronoamperometry
curves as shown in Figure 3C. The calculated CE at a wavelength
of 700 nm for the Nb-MoOs.,//PB electrochromic device
was about 88.3 cm? C~', which was higher than that of the
MoOj3.,//PB electrochromic device (61.6 cm? C ). The higher
CE for the Nb-MoO3._,//PB indicated that per unit charge density
would cause a larger change in optical density, revealing
that the Nb-MoOs,//PB device could cause a larger
optical modulation.®? Furthermore, the cyclic stability of the
Nb-MoOs.,//PB and MoOs.,//PB electrochromic devices
was presented in Figure 3D. Following 4,000 cycles, the Nb-
MoOs_,//PB electrochromic device retained 91.9% of its initial
AT, while the MoO3_,//PB electrochromic device only retained
20.9% of its initial AT after 2,000 cycles. Therefore, the Nb-
MoOs_,//PB device exhibited superior long-term stability to
lithium ions in comparison to the MoO3_,//PB device. As illus-
trated in Figure S14, in addition to the degradation of nano-
sheets, the Nb-MoOs_, homojunction can still maintain a rela-
tively intact morphology after cycling. In contrast, the
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morphology of MoOs, underwent more degeneration after
cycling, and the presence of visible cracks may lead to reduced
contact with the ITO substrate, which will ultimately affect cycling
stability (Figure S15). To visually compare the electrochromic
performance of the samples, the overall electrochromic index
has been directly presented in Figure 3E. Obviously, by adopting
the Nb-MoOs3_, homojunction scheme, the electrochromic per-
formance of molybdenum oxide is comprehensively improved.
Furthermore, the principal electrochromic performance (cycling
stability, AT, and t;) of the Nbo-MoO;_, homojunctions exhibited
competitive advantages in comparison with other electrochro-
mic metal oxides and their composites, as illustrated in
Figure 3F (supported by Table S2).

Asiillustrated in Figures 4A and 4B, the cyclic voltammetry (CV)
curves for the Nb-MoO3_, and MoOs_, films were measured with
a potential ranging from —0.6 to 0.9 V vs. silver (Ag) wire. The en-
closed area of each CV curve increases as the scan rate in-
creases, indicating the ideal capacitance characteristics. The
fitted ion diffusion coefficient D, which represented the kinetics
of ion insertion/extraction during the electrochromic process,
could be calculated from the scanning-rate-dependent CV mea-
surements. Figure 4C directly revealed that the peak current
density of the Nb-MoQO3_, and MoO3_ films was a function of
(scan rate)"”2. Then, the diffusion coefficient (D) of the lithium
ions could be calculated using the Randles-Sevcik equation as
follows®®:

jo = 272 x10° x D" xn* x Cy x v'?,  (Equation 2)

where j, is the peak current density (mA cm~?) of the sample, D is
the diffusion coefficient in the unit of cm? s~", n is the number of
electrons considered to be 1 for Li* ions, Cq is the concentration
of the electrolyte solution (mol cm~3), and v is the scan rate (V
s’1). Dnwm referred to the diffusion coefficient of Li* ions in the
Nb-MoO4_,, while Dy, referred to the diffusion coefficient of Li*
ions in the MoOj_. The calculated Dyy was about 2.75 x 10~
cm? s~', which was higher than Dy (6.56 x 10~"" cm? s7").
This directly proves the superior short-range ion transport in
the Nb-MoO;_, homojunction compared to the MoOs_, control
sample.

To further confirm the capacitive contribution of the current
response (i) at a certain voltage (V), the corresponding capacitive
contribution and diffusion-controlled behaviors in the CV were
measured and calculated by the following equation®*:

i(V) = kyv+kov'?, (Equation 3)

where k;v and k2v1/2 represent the intercalation capacitive
contribution and diffusion-controlled process, respectively.
Compared to the MoOg3_ film, the Nb-MoOg_, film exhibited a
characteristic of intercalation pseudo-capacitance with the
larger current density, suggesting that Nb®* doping could boost
the interactions of lithium ions with the electrochromic materials
(Figure S$16).°° As shown in Figures 4D and 4E, the fraction of
capacitive contribution gradually increased from 73.5% at
1mVs ' 1to856% at5mVs ' for the Nb-MoOs  film, while
the corresponding fraction of capacitive contribution only
increased from 61.5% at 1 mV s™' to 78.2% at 5 mV s~ for
the MoO3_ film. Furthermore, the property for the ion transport
could also be revealed by the electrochemical impedance
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(A and B) Cyclic voltammetric curves of the prepared film at scan rates from 20 to 180 mV s, (A) No-MoOj3., and (B) MoOg..
(C) Comparison of the lithium-ion diffusion coefficient between the Nb-MoO3_« and MoQO3_ films.
(D and E) Distinguished capacitive and diffusion-controlled contributions at slow scan rates from 1 to 5 mV s~ for the prepared films, (D) Nb-MoOj3., and (E)

MoOs.y.

(F) Electrochemical impedance spectroscopy of the Nbo-MoO3_, and MoOs._ films.
(G and H) DFT models during the process of lithium-ion transport, (G) Nbo-MoO3_, and (H) MoO3 .
(I) Comparison of diffusion energy between the MoO3;_, and Nb-MoOj3_ during lithium-ion migration.

spectroscopy (EIS) analysis, which would be related to the
charge transfer kinetics. The relevant Nyquist plots showed
that the Nb—-MoO3_, film had a smaller charge-transfer resistance
than the MoOs_, film, which accounted for the enhanced ion
transport kinetics of the Nb—-MoO3_y, as illustrated in Figure 4F.
In order to further investigate the influence of Nb doping on the
lithium-ion migration within MoO3_, the corresponding DFT cal-
culations were performed. A crystal model of Nb—substituted Mo
sites was constructed on the basis of TEM and EELS analysis.
Figure 4G showed a side-view model of the Nbo-MoO3_, during
the lithium-ion diffusion process, while the MoOs_, model was
presented in Figure 4H. As shown in Figure 41, Li* ions diffused
from one site to another in the pure MoOg_,, suffering a higher en-
ergy barrier of 1.112 eV. However, the calculation results of the
Nb-MoO3.x model show a much lower energy barrier of only
0.587 eV. Figure 4l indicated that the diffusion of lithium ions in

the Nb-MoO3_, was a more feasible process, due to the facili-
tated short-range ion transport, thereby enhancing the electro-
chromic performance.

In addition to the improvement at the lattice scale, the unique
one-dimensional and two-dimensional composite morphology
of the Nb-MoOs_, homojunction also facilitates ion transport
over a relatively larger range. During the electrochromic pro-
cess, the major difference in the long-range ion transport be-
tween Nb-MoOs;_, and MoOs., was shown in Figure S17.
Thanks to the interconnected nanowires and nanosheets in
the Nb-MoOQs_, homojunction, Li* ions can rapidly migrate
throughout the entire electrochromic layer. Compared with
the MoOs_, control sample, the interconnected island-bridge
structure in the Nb-MoOs., homojunction provides more
paths and active sites for charge transfer. At the same time,
it also brings better structural stability by buffering lattice
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expansion stress during ion insertion and extraction. These
factors related to long-range ion transport have brought about
a comprehensive improvement of electrochromic perfor-
mance. To further validate the aforementioned analysis, the
kinetics mechanism of long-range ion transport inside the
electrochromic film was investigated by using simulation anal-
ysis (COMSOL Multiphysics). The Nb-MoOs_ film provided
optimized transport channels of ions, which was beneficial
for the combination with electrons to produce an electrochro-
mic redox reaction.’®°” As illustrated in Figures 5A and
5B, the 2D spatial distribution of the Nbo-MoOs_, film demon-
strated a greater capacity to accommodate lithium ions
than that of the pure MoOjs_, film across the entire region.
The simulation result in Figure 5C demonstrated the variations
in lithium-ion concentration over the entire coloring period
(30 s) at the same depth of the film for the Nb-MoO;
and pure MoOs, models. Compared to the pure MoOs.,,
the concentration of lithium ions in the Nb-MoOs_ film
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Size (um)

cated that the intensity signals of the
lithium-intercalated niobium compounds
and molybdenum compounds were uni-
formly distributed in space, in accor-
dance with the COMSOL model of long-
range lithium-ion transport inside the
electrochromic film. From the recon-
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: shown in Figure S18. The results indi-
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1
I
I
1
1
1
:
1
' structed 3D image in Figure 5E, it can

----------- ! be seen that lithium ions penetrate the

entire  Nb-MoOs_, homojunction layer

(reaching the ITO layer along the thick-
ness direction), rather than being limited to the shallow surface.
The TOF-SIMS results of the electrochromic sample in the
colored state further confirm the excellent long-range ion trans-
port capability of the Nb-MoQO3_, homojunctions.

Figure 6A illustrated a large-area (10 x 10 cm?) electrochromic
device based on the Nb-MoO3,//PB with three modes (dark,
cool, and bright). The electrochromic smart window shown in
Figure 6A was ultimately also operated at 2.5 V. In addition, the
electrochromic device could be driven at a low voltage of 1.5V be-
tween the dark and bright modes for achieving the energy-saving
purpose (Figure S19). Figure 6B demonstrated the solar radiation
modulation of the Nb-MoO3_,//PB device and glass. From the
visible to near-infrared wavelength range (400-2,400 nm), the de-
vice exhibits minimal absorption of solar radiation when operating
in the bright mode. In dark mode, it effectively blocks the majority
of solar radiation, thereby demonstrating excellent modulation of
solar radiation. To evaluate the heat insulation capability of the
Nb-MoOs.,.//PB device, we constructed an experimental model
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Figure 6. Photographs of a large-area electrochromic device and corresponding heat-insulation performance

A) Dark, cool, and bright modes of the Nb-MoO3_,//PB device.

B) Solar irradiation spectra of the Nb-MoOs_.//PB device in three working modes compared with those of glass.

D and E) Plot of in situ temperature variation derived from the experimental model, (D) top region and (E) bottom region.

¢
(
(C) Experimental model with the Nb-MoOs3_,//PB electrochromic device under the dark mode and glass.
(
(

F) Infrared thermal images of the experimental model with the Nb-MoOj_,//PB device and glass.

using an infrared lamp and thermocouples for measurement. The
infrared lamp simulated sunlight shining directly on the doll from
above, with glass and Nb-MoO3_,//PB devices serving as media
to block the infrared radiation. Figure 6C presented photographs
of the testing system, including an Nb-MoO3_,//PB electrochro-
mic device under dark mode and glass as the corresponding me-
dium, respectively. The photographs of the cool and bright modes
were shown in Figure S20.

To ensure the accuracy of the temperature data, a multi-chan-
nel temperature recorder (EX4000) was employed to measure
the temperature variation derived from the experimental doll.
Figure 6D presented the curves of temperature variation under
continuous illumination of 15 min. With the Nb-MoOs_,//PB de-
vice (dark mode) as the medium, the temperature had only risen
by 3.4°C, significantly lower than that with the ordinary glass
(28.4°C). Additionally, Figure 6E illustrated the variation of envi-
ronmental temperature within this testing system. These results
indicate that the Nb-MoOs._,//PB electrochromic device can
effectively regulate temperature variation caused by infrared ra-
diation, thereby maintaining the indoor temperature at a comfort-
able level. The temperature distribution of the experimental doll
was also recorded by an infrared thermal imager (FLUKE, TiS
75+), including the dark, cool, and bright modes of the Nb-
MoOs._,//PB device and glass, as shown in Figure 6F. The results
have clearly demonstrated the excellent heat insulation capa-

bility of the Nb-MoOs_.//PB device. The highest temperature
recorded for the experimental doll was 45.8°C after 15 min illumi-
nation, with the glass as the medium. For comparison, when the
Nb-MoOs3_,//PB device under dark mode served as the window,
the recorded temperature was only 24.9°C. The results indicate
that the Nb-MoOs_,//PB device has the potential to serve as
the efficient energy-saving window, which will be capable of
reducing indoor temperature in summer.

DISCUSSION

A high-performance electrochromic Nb-MoO3_, homojunction
composed of 1D nanowires and 2D nanosheets through a facile
wet chemical route has been discovered. The experimental re-
sults and theoretical calculations reveal that Nb doping with ox-
ygen vacancies can reduce the energy barrier for ion migration
within the lattice, thereby increasing the ion diffusion coefficient
by an order of magnitude. Meanwhile, the interconnected nano-
wire-nanosheet architecture within the Nb-MoO3_, homojunc-
tion facilitates the rapid Li* ion transport throughout the entire
electrochromic layer. With the synergistic enhancement of
short-range and long-range ion transport, the electrochromic
device based on the Nb-MoOs_, homojunction can simulta-
neously achieve large transmittance modulation (80.7%) and
ultrafast electrochromic speed (t, = 2.9 s, t; = 1.8 s). The

Matter & Light 7, 100137, October 8, 2026 9




¢? CellPress

OPEN ACCESS

abundant ion transport pathways and the structural stability of
the Nb-MoO;_, homojunction endow the device with a superior
cycling stability (91.9% retention after 4,000 cycles), which is
the best record in molybdenum oxide. Furthermore, a large-
area device with a low driving voltage of 1.5 V and outstanding
heat insulation ability has been successfully prepared, verifying
its application potential as a smart window. This work provides
an easy yet effective strategy to realize a metal oxide homojunc-
tion for electrochromic application. The two-stage optimization
strategy of element doping and morphology modulation to
boost the ion transport can also be referenced in other electro-
chemical energy storage and conversion fields.

METHODS

Preparation of Nb-doped MoO_, film

Firstly, 0.23 g of niobium oxalate was dissolved in 40 mL of sol-
vent (20 mL deionized water, 10 mL methanol, and 10 mL di-
ethylene glycol) by continuous magnetic stirring. Meanwhile,
1.44 g of MoO3; powder was wet ground with 1 mL of deionized
water and then dispersed in the aforementioned 40 mL mixture
solution. After stirring at room temperature for 2 h, the mixture
solution was sonicated for 1 h. Subsequently, the mixture solu-
tion was transferred into a Teflon-lined stainless-steel auto-
clave (50 mL) and treated at 180°C for 8 h. After cooling
down to room temperature naturally, the precipitate was
collected and washed several times with deionized water by
centrifugation at 9,000 r/min for 15 min and then redispersed
in the 80 mL mixed solvents (60 mL isopropanol and 20 mL
of deionized water) with probe sonicating for about 3 h. Finally,
the delaminated suspension was collected after centrifugation
at 4,000 r/min for 30 min. The Nb-doped MoOs_, films were
prepared by spraying the aforementioned delaminated suspen-
sion onto pre-cleaned ITO glass substrates. When spraying the
films, the ITO glass substrates were placed on a hot plate at
90°C, which allowed the films to dry immediately after spraying.
Finally, the Nb-doped MoOs_ films could be derived after an-
nealing at 350°C for 20 min. As a contrast, the pure MoO3
films were prepared by the same procedure without niobium
oxalate addition.

Electrochemical deposition of PB film

Before the process of electrochemical deposition, the cleaned
ITO glass substrates were plasma treated at 50 W for 5 min to
make the surface hydrophilic. To prepare the electrodeposition
solution, 0.3 g KCI and 0.1 g KsFe(CN)s were dispersed in
35 mL of deionized water, and then 0.05 g FeCl; and 1 mL HCI
(36%) were added into another 35 mL of deionized water and
subsequently mixed with the aforementioned solution while stir-
ring thoroughly for about 2 h. The ITO glass was immersed into
the aforementioned solution and used as the working electrode,
and a Pt electrode was used as a counter electrode. A potentio-
static voltage of 0.7 V was applied by a programmable DC power
supply (DP832A, RIGOL) for 60 s. Finally, the as-prepared PB
film was washed several times with deionized water to remove
the extra solution, followed by drying in air under 105°C for
20 min.
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Assembly of electrochromic device

In order to fabricate the electrochromic devices, the Nbo-MoO3_,
film on the ITO glass, 1 M LiCIO, in a mixed solvent (PC:DMC =
1:1), and the PB film on the ITO glass were used as the electro-
chromic layer, electrolyte, and ion storage layer. The spacer was
sandwiched between the Nb-doped MoOs_, film and the PB film
to fix the electrolyte layer and avoid electrolyte leakage. Eventu-
ally, all parts were firmly sealed with a double-sided adhesive
tape (4910, 3M). As a contrast, the MoOs_, electrochromic de-
vices were prepared by the same procedure; the only difference
was that pure MoO3  films were used as the electrochromic
layer.

Electrochemical and electrochromic measurements
The transmittance of the prepared electrochromic device
was measured on spectrophotometers (Mapada V-1600PC
and Shimadzu UV-3600i Plus). The chronoamperometry curve
was obtained by a digital source meter (Keithley 2410). The EIS
and CV curves were tested using an electrochemical worksta-
tion (Zennium Pro, Zahner, Germany) with a three-electrode
system. The ITO glass with electrochromic film, graphite sheet,
and the Ag wire were used as the working electrode, counter
electrode, and reference electrode, respectively. The results
of EIS were obtained over the frequency scope from 100
kHz to 10 mHz with an AC amplitude of 10 mV. The CV curves
were recorded within the potential range from —0.6 to 0.9 V vs.
Ag wire.

Further details regarding the methods can be found in the
supplemental information.
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