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ABSTRACT: Vanadium dioxide (VO2)-based thermochromic
coatings has attracted considerable attention in the application of
smart windows as a result of their intriguing property of metal−
insulator transition at moderate temperatures. However, the
practical requirements of smart windows, i.e., the high luminous
transmittance of Tlum > 60% and large solar modulating ability of
ΔTsol > 10%, are competing to a large extent and hardly satisﬁed
simultaneously. Here, we proposed a facile and universal method
to prepare VO2 coatings for exceeding the criteria above using
double-sided localized surface plasmon resonances (LSPRs), which
are excited by the VO2 nanoparticles dispersed evenly on both surfaces of the fused silica substrate. With subtle engineering of the
sol−gel and heat treatment processes, the morphology of as-prepared VO2 nanoparticles and corresponding LSPRs are controlled to
achieve a high luminous transmittance (Tlum = 68.2%) and solar modulating ability (ΔTsol = 11.7%) simultaneously. Further
simulation suggests that the double-sided LSPRs can collectively enhance the performance of VO2 smart coatings. Moreover, the
double-sided VO2 nanoparticle coatings demonstrate stable performance with no more than 1% degradation of Tlum and ΔTsol after
1500 cycles. This study provides an alternative strategy to obtain high-quality VO2 (M) solar modulating coatings.
KEYWORDS: vanadium dioxide (VO2), smart coatings, double-sided localized surface plasmon resonances, nanoparticles, sol−gel
ΔTsol and Tlum, such as doping,8−10 anti-reﬂection design,11−17
and material composite.18−21 These endeavors contribute
signiﬁcantly to the multiformity of VO2 smart coatings and
improve the performance of ΔTsol and Tlum to diﬀerent
degrees. However, few works have simultaneously satisﬁed the
above criteria.
Recently, it has been demonstrated that the localized surface
plasmon resonances (LSPRs) can occur at a NIR wavelength
for the VO2 (R) isolated nanoparticles,22 which can be used
successfully in improving the performance of VO2 smart
coatings.23−29 Jin et al. had synthesized VO2-based core−shell
nanoparticles, which exhibit LSPR adsorption at 1200 nm,
resulting in ultrahigh ΔTsol.23,24 Li et al. had developed a novel
one-step hydrothermal method to synthesize ﬁne VO 2

1. INTRODUCTION
Thermochromic smart coating can automatically regulate the
near-infrared (NIR) solar radiation in response to the ambient
temperature while maintaining the luminous transmittance,
which helps to reduce the amount of primary energy consumed
by buildings.1−3 Vanadium dioxide (VO2) is considered as one
of the most suitable materials for smart windows as a result of
its unique property of insulator-to-metal transition under
elevated temperatures.4−6
However, according to the requirement for building glazings,
luminous transmittance Tlum for smart windows should be over
60% to take full advantage of the daylight availability and solar
modulating ability ΔTsol should exceed 10% to adapt to
diﬀerent climate changes.7 Unfortunately, even though VO2
has the inherent advantage for smart windows, the unsatisﬁed
Tlum and insuﬃcient ΔTsol are still two crucial issues to be
resolved for practical applications, whereas the stringent
speciﬁcations of Tlum and ΔTsol are competing to a large
extent and diﬃcult to be achieved simultaneously. For the
undoped ﬂat VO2 ﬁlm, Tlum cannot even exceed 40% as ΔTsol
is increased to 10% by optimizing the thickness of the ﬁlms.
Therefore, various strategies have been proposed to improve
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nanoparticles with excellent ΔTsol.25 Long et al. had prepared
VO2 nanoparticles using the sol−gel method, together with the
nanosphere lithography and acid-etching techniques.26−28
Recently, Jin et al. had fabricated nanoporous VO2 ﬁlms by
co-sputtering VO2 and polytetraﬂuoroethylene (PTFE) targets,
followed by two-step post-annealing, and exhibited ultrahigh
Tlum up to 78.0% and ΔTsol of 14.1%.29 The relevant results are
encouraging; however, the fabrication process is not that
straightforward, and the regular nanostructures usually rely on
costly manufacturing techniques.
The sol−gel method is a universal and straightforward
solution-based deposition to prepare the VO2 ﬁlm. Gao et al.
had developed a polymer-assisted sol−gel method to prepare
the VO2 ﬁlm, with enhanced thermochromic performance by
double layer,13 increased microroughness,16 and nanoporous.30
Although the results break through the limit of Tlum > 40% and
ΔTsol > 10%,13,15−17,26−28,30−34 it is still challenging to satisfy
the demand of Tlum > 60% and ΔTsol > 10% by the sol−gel
method.
Here, we report a facile and universal method to meet the
requirement of the smart windows excellently in terms of both
ΔTsol and Tlum using the double-sided LSPRs, which are
excited by the VO2 nanoparticles on both sides of the silica
substrate. The VO2 nanoparticles are prepared through the
sol−gel method, which is versatile and repeatable and has less
energy consumption. Remarkably, the optimized VO2 doublesided nanoparticle coating presents an outstanding performance with Tlum of 68.2% and ΔTsol of 11.7%, which are
competitive to the best results up to now.

(NIRQuest 256-2.5, Ocean Optics). The temperature was measured
with a thermocouple in contact with the ﬁlm and was controlled by a
temperature-controlling unit. The temperature errors were smaller
than 0.5 °C based on repeated measurements.
The main optical performances of VO2 thermochromic smart
windows, including luminous transmittance (Tlum, 390−780 nm) and
solar modulating ability (ΔTsol, 250−2500 nm), are obtained using
the following equations:
Tlum/sol =
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∫ φlum/sol(λ)T(λ) dλ/∫ φlum/sol(λ) dλ

ΔTsol = Tsol(30 °C) − Tsol(100 °C)

(1)
(2)

where T(λ) is the recorded ﬁlm transmittance, φlum is the standard
luminous eﬃciency function for the photopic vision of human eyes,
and φsol is the solar irradiance spectrum for air mass (AM) of 1.5
(corresponding to the sun at 37° above the horizon).
To clearly show the resonance shift of the LSPR, the extinction
spectra are calculated on the basis of the transmittance spectra at the
R phase,26 which is obtained by eq 3

A = − log10(transmittance)

(3)

where A is the extinction spectrum for the samples at the R phase.
The three-dimensional (3D) full-wave ﬁnite element method is
used for calculating the optical response of VO2 particles deposited on
the silica substrates. For modeling convenience, the VO2 particles are
treated as an array of nanocylinders with a coverage ratio of 0.45. The
diameter and height of the nanocylinders are 130 and 35 nm,
respectively. All of these geometrical values are referred to as the
measured sizes of the particles based on the SEM images, which are
adjusted slightly to reproduce the experimental transmission spectra
more exactly. The thickness of the counterpart of VO2 ﬁlms is
considered as 35 nm for an intuitional comparison. The complex
refractive indexes of VO2 at the low (20 °C) and high (100 °C)
temperatures, which correspond to the monoclinic and rutile phases
of VO2, respectively, are adopted from the density functional theory
work.35 Because the silica substrate is optically thick enough (>103
μm) with respect to the concerned wavelength (e.g., 1.35 μm), the
light transmission in the double-sided ﬁlm or nanoparticles can be
decoupled into two isolated procedures, with each procedure
involving the front and rear sides independently (Figure S1 of the
Supporting Information). It is noted that such a decomposition is
necessary for the large 3D full-wave simulations, which is theoretically
reasonable and well-coincident with the experimental results. The
absorption density (Q, in units of W/m3) is calculated using eq 4

2. EXPERIMENTAL AND SIMULATION METHODS
V2O5 sol was prepared by a water-quenching method: 10.0 g of V2O5
powder (AR, Tianjin Fu Chen Chemical Reagents Factory) was
placed in a crucible and melted at 850 °C for 10 min. The fused V2O5
liquid was added to 400 mL of deionized (DI) water at room
temperature (RT). The obtained slurry was stirred vigorously for 10 h
to ensure suﬃcient solation. Then, polyvinylpyrrolidone (PVP K30,
Sigma-Aldrich) was added to the sol to stabilize the V2O5 sol in 6 wt
%, which could also regulate the sol viscosity and facilitate the
formation of homogeneous ﬁlms.30 The precursor sol was obtained
after vigorous stirring for 10 h. The concentration of the precursor sol
was adjusted from 5.0 to 10.0 g/L to regulate the thickness by adding
DI water. The precursor ﬁlms were prepared on fused-silica substrates
(1 × 4 cm2) using a dip coater (KSV Instruments) by strictly
controlling the parameters. The smooth precursor ﬁlms were then
dried for 30 min at 80 °C to remove the excess solvent. Then, the
ﬁlms were annealed under an argon atmosphere (purity of 99.99%) at
diﬀerent conditions to transform the V2O5 phase into the VO2 (M)
phase. The annealed conditions are strictly optimized to transform the
ﬂat surface to nanoparticles. The details had been shown in Table S1
of the Supporting Information.
The crystalline phases of the ﬁlms were determined using X-ray
diﬀraction (XRD, PANalytical B.V. model X’pert Pro, primary
monochromatic Cu Kα radiation) at an X-ray grazing angle of 2.0°.
X-ray photoelectron spectroscopy (XPS) was performed with a PHI
5700 ESCA system using Al Kα radiation (1486.6 eV). XPS data were
calibrated to the C 1s peak and analyzed using Casa XPS software.
Surface morphologies and thickness of the ﬁlms were examined by
ﬁeld-emission scanning electron microscopy (SEM, SUPRA 55
SAPPHIRE) and atomic force microscopy (AFM, Dimension Icon,
Bruker). The transmittance of the VO2 ﬁlms was measured using an
ultraviolet−visible−near-infrared (UV−vis−NIR) spectrophotometer
(Lambda-950, PerkinElmer) equipped with a ﬁlm heating unit over
the wavelength range of 250−2500 nm. The cycle stability and
hysteresis loops were measured by collecting the transmittance of
ﬁlms at a ﬁxed wavelength (2000 nm) using a ﬁber optic spectrometer

Q=

1
ωε″(ω)|E|2
2

(4)

where |E|2 the normalized light intensity at the near ﬁeld, ω is the
frequency, and ε″ is the imaginary part of the dielectric function of
each material.
The numerical simulations are performed with the Comsol
Multiphysics incorporated RF module, which solves the full-wave
Maxell equations strictly. The computational domain contains only
one unit of the periodic array, with the Floquent boundary conditions
in the periodic (x and y) directions. The light is excited by the port
boundary condition and projected onto the scatter along the negative
z direction. The perfect matched layers are used at the top and
bottom ends along the z direction to avoid unphysical scattering. The
considered spectral range covers from 300 to 2500 nm, with a
wavelength interval of 2 nm. The number of degrees of freedom
solved for the nanoparticle (ﬁlm) model is 422 288 (408 524), and
the tetrahedral and triangular mesh elements are 65 897 (58 807) and
5318 (15 004), respectively. For a single wavelength, the computational time of the nanoparticle (ﬁlm) model is 139 s (34 s) on a
Quad-Core 16 GB RAM PC with i5-3470 CPU at 3.2 GHz.
B

https://dx.doi.org/10.1021/acsami.9b17923
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 1. (a) SEM image (top view) of VO2 nanoparticles (DN0) dispersed on the fused silica substrate. (Inset) Cross-sectional SEM image. (b)
AFM image of the DN0 ﬁlm and height proﬁles in the directions of i and ii (guided by red lines). (c) XRD pattern of the prepared DN0 ﬁlm. (d)
High-resolution XPS spectra of V2p and O1s core levels of the DN0 ﬁlm. The C 1s signal (284.6 eV) is performed as a binding energy reference.

3. RESULTS AND DISCUSSION
The irregular VO2 nanoparticles (DN0) are dispersed evenly
(without apparent aggregation) on the substrate, as shown in
Figure 1a, and the size distribution ranges from dozens to
hundreds of nanometers. The cross-sectional SEM image
shows that the height of nanoparticles on the substrate is 40
nm approximately. The nanoparticle sizes are further
characterized by AFM measurements, providing a more
accurate value for the height of particles, i.e., 40 ± 5 nm
(Figure 1b). The distribution homogeneity is further
conﬁrmed by SEM images with lower magniﬁcation (Figure
S1h of the Supporting Information). X-ray diﬀraction (XRD)
patterns (Figure 1c) verify that the VO2 nanoparticles are in a
monoclinic phase. The characteristic (011) peak of VO2 (M)
located at 2θ ≈ 27.9° is observed without the coexistence with
any other VO2 diﬀraction peaks, manifesting that only the pure
monoclinic phase exists in the nanoparticles.32−34 Besides, the
broad peak at 20° can be attributed to the silica substrate,
which is uncovered by the discrete VO2 nanoparticles.
Furthermore, XPS analysis shows that the valence state of
VO2 is solely V4+ because the deconvolution peak of V 2p3/2
centers at 516.9 eV (Figure 1d).32−34
The VO2 coating (DN0) exhibits outstanding spectra
modulating ability at the NIR wavelengths and high transmittance in the visible range. As shown in Figure 2a, the values

of transmittance diﬀerence in the switch of M and R phases are
35 and 28% at 1350 and 2000 nm, respectively. The diﬀerence
corresponds to the prominent valley at 1350 nm in the
transmittance spectrum for the R phase, which is attributed to
the LSPRs of VO2 (R) nanoparticles, according to the previous
report.2,23−29 Moreover, the corresponding Tlum exceeds 68%
with ΔTsol up to 11.7%, which is comparable to the best result
(Table S2 of the Supporting Information).2,6,9,13,15−17,25−27,29
To further clarify the underlying physics, the full-wave ﬁnite
element simulations are carried out for the VO2 continuous
ﬁlm and the nanoparticle systems. For the single-sided ﬁlm
(SF) and single-sided nanoparticles (SN), it can be observed
from panels b and c of Figure 2 that Tlum is almost doubled
(from 41.6 to 82.7%) as the continuous ﬁlm changes to be the
nanoparticle conﬁguration. The reason can be explained
intuitively that the nanoparticles have much less coverage
area (material usage) compared to the continuous ﬁlm, which
facilitates light penetrating through without much reﬂection
(absorption). A similar phenomenon is also found in the
comparison between the double-sided ﬁlm (DF) and doublesided nanoparticles (DN), where Tlum of DN (72.8%) is nearly
quadrupled that of DF (18.5%). As for the solar modulating
ability, ΔTsol of DF (5.45%) is no better than that of SF (5.5%)
because the transmittance of DF in the M phase is decreased
synchronously as the absorption for the R phase is increased.
C
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Figure 2. (a) Measured transmission spectra of an optimized sample of the VO2 coating (DN0) in the M and R phases. The ﬁlling regions in light
blue and dark green indicate the solar radiation spectrum (AM of 1.5) and the visual function of human eyes, respectively. (b) Numerical
transmittances of four VO2 conﬁgurations at M/R phases. (c) Calculated ΔTsol and Tlum for the four conﬁgurations based on the transmission
spectra in panel b. (d) Performance evaluation of this work on ΔTsol and Tlum compared to the typical references. The corresponding positions of
the experimental (red solid stars) and simulated (yellow open stars) results are listed in panel d, together with those of the typical references (black
solid circles).6,9,13,15−17,25−27,29

However, ΔTsol of DN (15%) is ∼1.7 times that of SN (8.9%)
as a result of the large transmittance diﬀerence at LSPR
wavelengths, which is contributed from not only the slightly
aﬀected anti-reﬂection in the M phase but also the remarkably
enhanced absorption of DN. Our simulation and experimental
results are further compared to the typical references,6,9,13,15−17,23,26,27,29 which suggests that the performance
of the VO2 DN coating is pretty outstanding with high ΔTsol
and Tlum simultaneously (Figure 2d). As shown in panels a−d
of Figure 2, the simulation results well reproduce the
experimental transmission spectrum. However, the integrated
values of ΔTsol and Tlum are more or less overestimated, mainly
as a result of the periodic simpliﬁcation of the random
conﬁgurations in the model.
The light absorption distributions [Q(r)] at an exempliﬁed
wavelength of 1350 nm for the ﬁlm and simpliﬁed nanoparticle
systems are given in Figure 3 for further revealing the
mechanism behind the unique solar modulating ability of DN.
The absorption eﬃciency of the rear-side VO2 ﬁlm is much
higher than that of the front side as a result of a less optical
impedance at the silica/VO2 interfaces compared to the air/
VO2 interface (Figure 3a). At all events, the maximal Q(r) in
VO2 ﬁlms is no more than 20% of that in the nanoparticles,
where the light is strongly localized by the nanoparticle-excited
LSPRs. That is also why there is no spectral valley for the SF/
DF ﬁlms, and the spectral valley of the DN coating is almost
doubled that of the SN (Figure 3b).
The optical properties of the VO2 coating (DN1−DN7) can
be regulated by the property of particles, which are related to
the concentration of the sol, annealing temperature, and
annealing time (Figure S2 of the Supporting Information). The

Figure 3. Simulated light absorption proﬁles of the double-sided VO2
(a) continuous ﬁlms and (b) nanoparticles on the front and rear sides
of silica substrates.

thickness of the VO2 coating can be mainly tuned by the
concentration of the sol, which corresponds to 30 ± 5, 40 ± 5,
and 50 ± 5 nm for the concentrations of 5.0, 7.5, and 10.0 g/L,
respectively (Figure S3 of the Supporting Information). The
visible transmittance of the VO2 coatings decreases as the sol
concentration increases (Figure 4a), which is coincident with
the inverse proportional relationship between the Tlum value
and coating thickness (Table S2 of the Supporting
Information). Besides, although the thickness is almost the
same, the transmittance in the R state is obviously diﬀerent for
the samples (panels b and c of Figure 4), whereas the
transmittance spectra in the M state are nearly overlapped. It
seems that the VO2 coating has the anti-reﬂection eﬀect on the
transmittance in the M phase, which is reported in the previous
work.32 However, the LSPRs of the VO2 coating in the R state
is the main contribution to the strongly enhanced transD
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Figure 4. Optical properties of the VO2 DNP coatings as a function of the (a and d) sol concentration, (b and e) annealing time, and (c and f)
annealing temperature. The extinction spectra in panels d−f are derived from the transmittance spectra of the R phase in panels a−c, respectively.

Figure 5. Evolution of the LSPR spectra: panels a and b are in the heating and cooling processes, respectively. The heating process in panel c is
chosen from 75 to 105 °C as a result of no LSPRs observed below 75 °C.

mittance diﬀerence, which leads to instinctive changes of ΔTsol.
The results can be regulated by shifting the LSPRs with
excellent Tlum and ΔTsol (Table S2 of the Supporting
Information).
To further conﬁrm the eﬀect of LSPRs on the VO2 coatings,
the extinction spectra of the samples are calculated from the
transmittance spectra of the R phase by eq 3. As the
concentration of the sol increases from 5.0 to 10.0 g/L, the
resonance frequencies of LSPRs are red-shifted from 0.92 to
0.61 eV (Figure 4d), which spans a wide range and can be used
as a means of coarse tuning. In comparison to the sol
concentration, the annealing time or annealing temperature
can be used as a ﬁne-tuning measure of LSPRs. As shown in
Figure 4e, as the annealing time prolongs from 4 to 6 h, the
transmittance spectra of the VO2 DNP coatings show small
changes and the resonance frequencies of LSPRs exhibit a blue
shift ﬁrst from 0.63 to 0.81 eV and then a slight red shift back
to 0.74 eV. However, the resonance frequencies of LSPRs still

blue shift monotonously from 0.63 to 0.89 eV as the annealing
temperature increases from 500 to 600 °C (Figure 4f).
Furthermore, the roughness is measured by AFM to further
understand the correlation between the LSPRs and the VO2
coatings (Figure S4 of the Supporting Information). It suggests
that the blue shift of LSPRs may be due to the increment of the
height of nanoparticles (Figure S5 of the Supporting
Information). The results show that the transmittance at the
M phase and the LSPRs at the R phase can be regulated by
controlling the process parameters, which provide ﬂexible ways
to improve the performance of VO2 smart coatings.
The temperature-dependent transmittance spectra of the
VO2 coating (DN0) are recorded during the heating and
cooling processes (Figure S6 of the Supporting Information).
Moreover, the corresponding LSPR spectra are calculated by
eq 3, as shown in Figure 5. The spectral evolution of LSPRs is
related to the gradual transition from the M phase to the R
phase. The pronounced LSPRs appear at a high temperature of
E
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Figure 6. (a) Transmittance of the VO2 DNP coating at a wavelength of 2000 nm under diﬀerent thermal cycles. (b) Temperature-dependent
transmittance spectra of the VO2 DNP coating at the initial, 150, 500, and 1500 cycles.

∼75 °C in the heating process and disappear at a low
temperature of ∼40 °C in the cooling process, which would
result in a hysteresis loop similar to Figure S7 of the
Supporting Information. It is noted that the hysteresis gap
for pure VO2 can be further narrowed by the W dopant.2,23,33
Although the dynamic states diﬀerentiate to some extent under
heating and cooling, the initial and ﬁnal states are the same in
the adaptive modulation. Moreover, the intensity of LSPRs is
ultrasensitive to the temperature once the phase transition
appears; the frequency of LSPRs red shifts (blue shifts) as the
temperature increases (decreases), which is consistent with the
previous reference.22
To gain further insight into the advantages of the VO2 DNP
coatings, a thermal cycling test is performed on the DN8
coating by alternating the heating and cooling processes with
studying the cycling stability. Figure 6a gives the transmittance
of the DN8 coating at 2000 nm (T2000 nm) as a function of
cycle times. The cycling performance demonstrates the
excellent stability of the coating. The temperature-dependent
transmittance spectra of the DN8 coating at room temperature
and 100 °C are measured at the initial, 150, 500, and 1500
cycles and shown in Figure 6b. The transmittance spectra are
almost unchanged for the R phase state and are attenuated at
almost 5% for the M phase after 1500 thermal cycles. However,
it is noteworthy that Tlum and ΔTsol decrease no more than 1%
(from 70.8 to 69.8%) and 0.5% (from 7.2 to 6.7%),
respectively (Table S3 of the Supporting Information). The
results demonstrate the long lifetime of the VO2 DNP for
smart coatings, which is essential to practical application.

tunities for a wide range of applications in smart windows and
thermo-optical modulators.
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(31) Schläefer, J.; Sol, C.; Li, T.; Malarde, D.; Portnoi, M.;
Macdonald, T. J.; Laney, S. K.; Powell, M. J.; Top, I.; Parkin, I. P.;
Papakonstantinou, I. Thermochromic VO2−SiO2 nanocomposite
smart window coatings with narrow phase transition hysteresis and
transition gradient width. Sol. Energy Mater. Sol. Cells 2019, 200,
109944.
(32) Dou, S.; Wang, Y.; Zhang, X.; Tian, Y.; Hou, X.; Wang, J.; Li,
X.; Zhao, J.; Li, Y. Facile preparation of double-sided VO2 (M) films
with micro-structure and enhanced thermochromic performances. Sol.
Energy Mater. Sol. Cells 2017, 160, 164−173.
(33) Dou, S.; Zhang, W.; Wang, Y.; Tian, Y.; Wang, Y.; Zhang, X.;
Zhang, L.; Wang, L.; Zhao, J.; Li, Y. A facile method for the
preparation of W-doped VO2 films with lowered phase transition
temperature, narrowed hysteresis loops and excellent cycle stability.
Mater. Chem. Phys. 2018, 215, 91−98.
(34) Dou, S.; Zhang, W.; Wang, Y.; Wang, Y.; Zhang, X.; Zhang, L.;
Wang, L.; Zhao, J.; Li, Y. The influence of temperature on preparing
tungsten doped vanadium dioxide films by sol−gel method. Mater.
Res. Express 2019, 6 (1), 016408.
(35) Song, T.; He, J.; Meng, Q.; Sun, P. Calculation of Electronic
Structure and Optical Properties of VO2. J. Light Scattering 2008, 20
(2), 1004−5929.

H

https://dx.doi.org/10.1021/acsami.9b17923
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

