Solar Energy Materials and Solar Cells 176 (2018) 266–272

Contents lists available at ScienceDirect

Solar Energy Materials and Solar Cells
journal homepage: www.elsevier.com/locate/solmat

Synthesis of colloidal VO2 nanoparticles for thermochromic applications
⁎

T

Yongwon Choi , Dong Min Sim, Yoon Hyung Hur, Hyeuk Jin Han, Yeon Sik Jung
Department of Materials Science and Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon 305-701, Republic
of Korea

A R T I C L E I N F O

A B S T R A C T

Keywords:
Thermochromic
Vanadium dioxide
Nanopatterning
Luminous transmittance

Vanadium dioxide (VO2) thin ﬁlms are key materials for thermochromic smart windows and commonly have a
typical phase transition (insulator to metal phase) at a transition temperature of 68 °C. This research, however,
found that highly crystallized VO2 nanoparticles can be successfully coated on a glass substrate with added
functionalities, such as higher luminous transmittance and transition eﬃciency. The transition temperature
revealed that the VO2 nanoparticles with post thermal treatment at 600 °C also clearly exhibited a reduced
transition temperature of 69 °C in the heating curve, 59 °C in the cooling curve, and a transition width of 10 °C.
By nanopatterning the thin ﬁlms, we were able to prepare VO2 thin ﬁlms with higher luminous transmittance
than that attained with non-patterned VO2 thin ﬁlms. The enhanced transition property was demonstrated using
highly crystallized VO2 nanoparticles induced by post thermal treatment, and the luminous transmittance was
improved by the nanopatterns on the surface of the VO2 thin ﬁlms.

1. Introduction
Smart windows are currently being intensely investigated so that
they can be eﬀectively implemented in modern energy saving buildings.
For smart windows, chromogenic materials have been researched for
many years and a large number of practical applications have been
found because of reversible changes in their optical characteristics occurred due to some external stimulus. Many chromogenic materials are
reported in ﬁeld of thermochromic, photochromic, and electrochromic,
which are changed material properties of physical and chemical by
temperature, light [1–5], and electric ﬁeld [6], respectively. In particular, thermochromic windows have eﬀectively reduced energy consumption in residential and commercial buildings because the phase
transition eﬀectively regulates the solar irradiation in a wavelength of
800–2500 nm [7–9].
Thermochromic materials are capable of a reversible change in
optical transmittance and electrical resistance in response to environmental temperature. Vanadium dioxide (VO2) is well known as one of
the most promising thermochromic materials [10]. At below the transition temperature, VO2 has a semiconductor or insulator state with a
monoclinic structure. When VO2 is heated above the transition temperature, it undergoes changes in the electrical resistance and optical
transparency, particularly in the near-mid infrared wavelength regime,
due to the structural change from monoclinic to tetragonal [11–13].
Because of their distinctive optical and electrical switching characteristics, VO2 thin ﬁlms hold potential to be used for a number of practical
⁎

applications, including smart windows [14–16], infrared sensors or
detectors [17], and Mott transistors [18].
A number of methods have been studied to fabricate VO2 thin ﬁlms
with better phase transition characteristics, including physical vapour
deposition (PVD) such as DC or RF reactive sputtering [19–21], ion
beam assisted sputtering [22], pulsed laser deposition [23], and chemical vapour deposition (CVD) [24,25]. However, it is diﬃcult to
perform large-area deposition on the substrate and achieve low cost
production due to the high process temperature. These temperatures
are still too high to use soda-lime glass as a substrate for smart window
applications because it is diﬃcult to prevent ion diﬀusion from a sodalime substrate. Recently, solution-based processes, such as sol-gel deposition [26], an electrochemical process [27], a hydrothermal process
[28,29], and polymer-assisted deposition [30], have been used to fabricate pure VO2 thin ﬁlms to obtain high thermochromic characteristics.
Sol-gel deposition is a typical solution-based synthesis process with
various chemical materials and creates a vanadium oxide network by
the polymerization of chemical precursors, such as vanadyl triisopropoxide (VO(OC3H7)3) [31], vanadium oxyacetylacetone (VO(acac)2)
[32], and ammonium meta-vanadate (NH4VO3) [33]. VO2 nanoparticles have attracted much attention due to their size- and shapetunable properties, which are more highly desirable for low-cost industrial production of VO2 thin ﬁlms than those produced with conventional gas phase deposition such as PVD and CVD. However, synthesized VO2 thin ﬁlms are signiﬁcantly limited in their use because of a
number of issues, including a relatively low luminous transmittance in
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was ﬁltered again and the resulting precipitate was treated in a convection oven at 200 °C for 30 min [38].

the visible regime and low transition eﬃciency in the solar transmittance.
In order to enhance the luminous transmittance, some researchers
have introduced doping in the VO2 thin ﬁlms with ﬂuorine (F) [34],
magnesium (Mg) [35], and titanium (Ti) [36]. Another way to enhance
the optical properties introduced index matching layers in the VO2 thin
ﬁlms, like an anti-reﬂection coating with TiO2, Al2O3, Nb2O5, or SiO2
layers, which provide a signiﬁcant enhancement in the transmittance
and successfully maintain the infrared transmittance [37]. Such
layering not only suppresses the reﬂectance in the visible wavelength
regime but also shifts the peak position of the optical transmittance to
the short or long wavelength region, however additional processes and
materials are needed to make index matching layers.
In this paper, we describe the synthesis of colloidal VO2 nanoparticles with a high luminous transmittance. The highly crystallized
VO2 nanoparticles exhibited a VO2 phase through post thermal treatment. In addition, using a nanoimprinting method, we patterned the
VO2 thin ﬁlms to control the aperture ratio with striped lines and
spaces. We also discuss the thermochromic characteristics of the nanopatterned VO2 thin ﬁlms.

The resulting particles were further annealed in a vacuum furnace to
enhance the crystallinity of the VO2 nanoparticles. When the base
pressure in the tube furnace reached 5 × 10−3 Torr, the nanoparticles
were annealed at a temperature of 600 °C with diﬀerent annealing
times from 60 to 180 min. The annealing temperature was controlled by
a temperature controller with a heating rate of about 10 °C/min. For an
accurate reading of the furnace temperatures, temperature calibration
was performed using K-type thermocouples directly attached to the
surface of the furnace tube. The annealing atmosphere with Ar gas was
kept at 50 sccm, which was precisely controlled with a mass ﬂow
controller (MFC). After thermal treatment, the VO2 nanoparticles in
ethanol were treated by ultra-sonication and syringe ﬁltering with a
0.45 µm pore size to reduce the average size of the nanoparticles because larger particle sizes could not be used to fabricate VO2 thin ﬁlms
because they could not be dispersed in the solvent.

2. Experimental procedure

2.3. Preparation of nanopatterned VO2 thin ﬁlm

2.1. Synthesis of colloidal VO2 nanoparticles

As shown in Fig. 1(b), the nanopatterned VO2 thin ﬁlms were fabricated through a polydimethylsiloxane (PDMS) mold and spin coating.
The Si trench master mold with a pattern width of 250 nm and diﬀerent
patterns for diﬀerent pattern periods was fabricated using KrF photolithography followed by reactive ion etching (RIE). A positive photoresist with a thickness of 400 nm was spin coated on 200 mm Si wafers,
which was exposed by a KrF scanner (Nikon, NSR-S203B), followed by
developing using a developer solution (tetramethylammonium hydroxide, TMAH). The photoresist patterns were used as an etch mask to
pattern the Si surface by reactive ion etching by CF4 gas. After the
stripping of the remaining photoresist, trench patterns with a width of
250 nm, a depth of 200 nm, and a diﬀerent period were obtained and
used for VO2 nanofabrication. To fabricate the PDMS mold, pre-polymers and a curing agent (Sylgard 184, Dow Corning Co. Ltd.) were
mixed with a weight ratio of 10:1, and the resulting air bubbles in the
mixture were eliminated by degassing in a vacuum. The mixture was
then poured on a silicon wafer and baked at 150 °C for 30 min using a
convection oven. Poly-4-vinylpyridine (P4VP) ﬁlm was spin coated on
the elastomeric PDMS mold, which was prepared by thermal curing prepolymers on surface-patterned silicon templates. To remove the top-

2.2. Post thermal treatment

In a typical synthesis procedure, ammonium meta-vanadate
(NH4VO3, 99%, Sigma-Aldrich) and ethylene glycol (C2H6O2, 99.8%,
Sigma-Aldrich) were used as received to prepare the vanadium precursor. To reduce or depress the aggregation of nanocrystals during
synthesis, oleic acid (C18H34O2, Sigma-Aldrich) was utilized as a
structure directing agent with the VO2 nanoparticles. As shown in
Fig. 1(a), 3 g of NH4VO3, 3 g of oleic acid and 60 mL of C2H6O2 were
mixed in a 250 mL round-bottomed ﬂask. The mixture was purged by
N2 gas, and then the ﬂask was placed in a heating mantle at 160 °C
under vigorous stirring. The temperature of the solution was monitored
by thermocouples. The color of the reaction solution turned from
yellow to blue after 60 min. The blue precipitate was washed and ﬁltered several times with 60 mL of C2H6O2 by a 0.1 µm pore sized PTFE
membrane under reduced pressure. The ﬁltered precipitate was placed
in a convection oven at 200 °C for 30 min to remove most of the C2H6O2
and water and to form crystalline VO2 nanoparticles. After cooling to
room temperature, the resulting particles were mixed with 10 mL of
C2H6O2 and sonicated for 10 min to form a suspension. The suspension

Fig. 1. A schematic of the general procedure for nanopatterned VO2 thin ﬁlms. (a) Preparation of VO2 nanoparticles with ammonium meta-vanadate, oleic acid, and ethylene glycol. (b)
Nanoimprinting method to fabricate nanopatterns by a PDMS mold.
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orientation at 2θ = 27.90° and the other peaks of the spectrum at 2θ =
37.07°, 42.21°, 55.53°, and 57.54° corresponded to the (200), (−212),
(211), and (022) plane of the VO2, respectively [40]. As the time of
thermolysis increased, the peak intensity of the (011) orientation and
other orientations, (200), (−212), (211), and (022), in the VO2 nanoparticles slightly increased and the peak width of the full width half
maximum (FWHM) also decreased. However, we ascribed a low intensity peak at around 25–27° for the VO2 nanoparticles to the presence
of a V6O13 phase. The formation of these unwanted crystal phases might
have been caused by excessive oxidation during the drying with assynthesized VEG in the oven. The average crystal sizes were calculated
from the (011) peaks of the VO2 nanoparticles by applying Scherrer's
formula on the XRD patterns, D = Kλ / (β cos θ), where D is the mean
size of crystallites (nm), K is a dimensionless shape factor that has a
typical value of about 0.94, λ is the X-ray wavelength (1.5405 Å), β is
the full width at half the maximum (FWHM) in radians of the X-ray
diﬀraction peak and θ is Braggs' angle. The crystal sizes were 29.5 nm at
160 °C for 60 min and 34.2 nm at 160 °C for 120 nm.
The SEM images for the pure VO2 nanoparticles without a surfactant
are shown in Fig. 2(b). The VO2 nanoparticles consisted of an amount of
long ranged nanorods and an aggregated structure below 500 nm. According to the TEM images (see in Fig. 2(c)), the crystallite structures
were spherical with 20–30 nm diameters. The crystal sizes were in good
agreement with the results of the XRD patterns.
Fig. 3(a) and (b) show the structure of the VO2 nanoparticles with/
without oleic acid as a surfactant. The surface treated VO2 nanoparticles were better dispersed in ethanol compared with oleic acid-free
VO2 nanoparticles. To apply VO2 nanoparticles in various potential
applications, it is very important to control their size and shape as well
as dispersion properties by surface modiﬁcation. Oleic acid is a commonly used surfactant for stabilizing the synthesized nanoparticles. Assynthesized VO2 nanoparticles have many defects on the surface that
hinder electron transport during the phase transition. The ligand
structure of the surfactant on the surface of the VO2 nanoparticles can
be arranged by their orientation and surface energy due to the hydrophilic surface combined with the surfactant [41]. In addition, the ligand
reaction with VO2 nanoparticles prevents aggregation among particles
caused by surface properties of the hydrophilic surface, which sustains
smaller particle sizes. As a result, the surfactant treated VO2 nanoparticles are much smaller than surfactant-free VO2 nanoparticles. It
has also been found that the precursor solution with oleic acid treated
VO2 nanoparticles and solvent, such as ethanol or methanol, remained
stable without any agglomeration for 5 days. As shown in Fig. 3(c), the
FT-IR spectra of the with/without oleic acid as a surfactant and VO2
nanoparticles on the KBr pellets in the spectra ranged from 4000 to
400 cm−1. When oleic acid was injected into the synthesis with ammonium meta-vanadate and ethylene glycol, a C–H vibration was
strongly detected in the VO2 nanoparticles. Oleic acid is a commonly
used surfactant in the various synthesis process because of relatively
high boiling temperature of 268 °C. The absorption peak near a wavenumber of 2919 and 2838 cm−1 corresponded to the C–H vibration of
oleic acid and the strong C=O˭ stretch of the oleic acid was also observed near a wavenumber of 1731, 1704, and 1554 cm−1, respectively. Many researchers have already reported that they used oleic acid
to make various nanoparticles [42–44]. They also investigated the
chemical reaction between the surfactant and the nanoparticles at the
interface by FT-IR spectra, which showed some sharp bands at 2922
and 2853 cm−1 in the C–H stretch spectral region and the peaks at 1743
and 1707 cm−1 in the C=O˭ stretch, respectively.
To distinguish the eﬀect of the post thermal treatment of VO2 nanoparticles with oleic acid as a surfactant, the VO2 nanoparticles were
annealed in a vacuum furnace by varying the annealing times from
60 min to 180 min while the temperature was kept at 600 °C. It could be
seen that all the annealed VO2 nanoparticles exhibited strong diﬀraction peaks at 2θ = 27.90°, 37.07°, 42.21°, 55.53°, and 57.54° corresponding to a preferred (011) orientation, (200), (−212), (211), and

segregated P4VP layer and organic blocks, the samples were etched by
oxygen plasma (etching time = 20 s, O2 gas ﬂow rate = 30 sccm,
working pressure = 15 mTorr, plasma source power = 100 W, and
substrate bias power = 50 W). After a short treatment of oxygen
plasma that removed the residual bottom polymer layers, 200 nm of
nanopatterns with diﬀerent pattern periods were formed on a glass
substrate. The glass substrate (Corning® EAGLE XG®) with a thickness of
0.7 mm was cleaned by isopropyl alcohol and dried with N2 gas and
then exposed to an ozone cleaner for 10 min. Aperture ratios with
striped lines and spaces were kept at 17%, 34%, and 50%. To fabricate
VO2 thin ﬁlms, the VO2 nanoparticles were dispersed in ethanol to form
a homogeneous solution with ethanol (10 mL) and VO2 nanoparticles
(1 mg). The VO2 nanoparticles were treated by syringe ﬁltering with a
0.45 µm pore size and ultra-sonication to reduce the average particle
sizes. The thin ﬁlms were coated on nanopatterned glass by spin coating
with 0.4 mg of solution at a high speed of 1500 rpm for 15 s.
2.4. Characterization
Structural analysis of the VO2 particles was performed using high
resolution powder X-ray diﬀraction (XRD, smartLab, Rigaku) with CuKα radiation (λ = 1.5405 Å) generated at 40 kV and 30 mA. To verify
the thermochromic behavior of the VO2 thin ﬁlms, the transmittance
spectra with a 0° incident angle were measured using a UV–vis spectrophotometer (V-670, JASCO) in a wavelength region of 300–2500 nm
at two diﬀerent temperatures, 20 °C and 90 °C. The sample stage could
be used to vary the temperature in a range of 20–100 °C with a heating
and cooling rate of about 1 °C/min, based on the Peltier eﬀect. The
integral luminous transmittance (Tlum) in a wavelength of 380–780 nm
and the solar transmittance (Tsol) in a wavelength of 300–2500 nm were
calculated from Tlum,sol = ∫ φlum,sol(λ)T(λ)dλ / ∫ φlum,sol(λ)dλ, where
φlum is the spectral sensitivity of the light-adapted eyes and φsol is the
solar irradiation spectrum for an air mass of 1.5 (corresponding to the
sun standing 37° above the horizontal). ΔTsol refers to the diﬀerence in
the average optical transmittance levels in a wavelength range of
300–2500 nm between 20 °C and 90 °C, which was obtained from ΔTsol
= (Tsol at the 20 °C) − (Tsol at the 90 °C) [39]. The microstructures of
VO2 nanoparticles were investigated by ﬁeld emission scanning electron microscopy (FE-SEM, S-4800, Hitachi) with an acceleration voltage of 10 kV and high resolution transmission electron microscopy
(HRTEM, JEM-2100F, JEOL) with an acceleration voltage of 200 kV,
respectively. The transition temperature in the VO2 nanoparticles was
investigated by low temperature diﬀerential scanning calorimetry
(DSC, DSC204F1, NETZSC). The sample was placed in a N2 gas ﬂow in a
temperature range of 20–100 °C with a heating and cooling rate of
about 5 °C/min. Resistance measurements were performed on 1 cm ×
1 cm sized VO2 thin ﬁlms on a glass substrate. The two contact pad was
fabricated by an e-beam evaporator with Ag-plated electrodes. The
resistance was measured by a probe station (Keithley 4200-SCS, MST1000H, MSTECH). The chemical composition between oleic acid and
VO2 nanoparticles was measured by Fourier transform infrared spectroscopy (FT-IR, IFS66V/S, Bruker). The KBr pellets were prepared by
pressing 500 mg of VO2 nanoparticles under a pressure of 15 MPa,
which was measured in a spectra range from 4000 to 400 cm−1.
3. Results and discussions
The structural change in the VO2 nanoparticles with diﬀerent
synthesis conditions and their crystal and surface morphologies were
examined by the XRD, SEM, and TEM, respectively. Fig. 2(a) shows that
the XRD patterns for the as-synthesized vanadyl ethylene glycolate
(VEG), and VO2 nanoparticles in a convection oven at 160 °C for 60 min
and 120 min were well indexed in terms of the VEG (C2/c, JCPDS card
number: #49-2497) and VO2 monoclinic lattice (P21/c, JCPDS card
number: #43-1051). Thermolysis indicated that the VO2 nanoparticles
were mostly composed of a crystalline VO2 phase with a preferred (011)
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Fig. 2. The microstructure of VO2 nanoparticles with diﬀerent synthesis temperatures from 60 min to 120 min at 160 °C. (a) XRD patterns of VO2 nanoparticles and vanadyl ethylene
glycolate synthesized at 160 °C for 60 min and 120 min (b), (c) SEM and TEM images of VO2 nanoparticles synthesized at 160 °C for 120 min.

Fig. 4. (a) XRD patterns of VO2 nanoparticles with diﬀerent post thermal treatment times
from 60 to 180 min while the atmosphere and temperature were kept at an Ar gas ﬂow
rate of 50 sccm and a temperature of 600 °C. SEM images of VO2 nanoparticles with
various post treatment times (b) 60 min; (c) 120 min; (d) 180 min.
Fig. 3. TEM images of VO2 nanoparticles with a surfactant. (a) The plane views of the
VO2 nanoparticles without a surfactant, (b) oleic acid added VO2 nanoparticles, (c) FT-IR
spectra of VO2 nanoparticles dispersed in a KBr pellet.

nanoparticles were composed of smaller crystallite sizes (a few tens of
nanometers in size) and exhibited larger FWHMs prior to post thermal
treatment (see in Fig. 2) [45–47]. After the thermal treatment with
diﬀerent times, the VO2 nanoparticles had larger crystallite sizes and
higher crystallinity. The average particle sizes shown in the SEM images
were larger than the average crystallite sizes calculated from the XRD
results. The particle size did not seem to represent the single crystallites
and were likely formed by agglomeration of crystallites, but the tendency of particle sizes was similar to that of the crystal sizes. The larger
particle sizes in the VO2 nanoparticles with longer post thermal treatment can promote particle growth and enhance the crystallization of
VO2 nanoparticles [48].
The reversible phase transition of the VO2 nanoparticles with oleic
acid as a surfactant were clearly revealed by diﬀerential scanning calorimetry (DSC). As shown in Fig. 5(a), the endothermal and exothermal peaks during the heating and cooling process conﬁrms the ﬁrstorder phase transition from monoclinic to tetragonal in response to
temperature. An endothermal peak was observed at 69 °C in the heating

(022) plane of the VO2, respectively, which conﬁrmed that crystalline
VO2 was successfully fabricated after post thermal annealing. The
crystallinity of the VO2 nanoparticles were aﬀected not only by the
diﬀerent crystal orientation of the VO2 nanoparticles but also by the
diﬀerent peak intensity. However, other kinds of diﬀraction peaks were
also exhibited at around 2θ = 25.36° and 26.86°, corresponding to
V6O13, probably because of excessive oxidation of V4+ during the post
thermal treatment. Even though the unwanted crystal peaks existed at
around 2θ = 25–26°, the peak widths (FWHM) of the (011) plane
gradually decreased from 0.12 to 0.11°, and the average crystallite sizes
calculated from the (011) planes of the VO2 nanoparticles increased
from 74 to 78 nm as the annealing time increased from 60 to 180 nm.
The trend of the average crystallite size expected from the XRD peak
widths for the VO2 nanoparticles with the diﬀerent post treatment times
was in agreement with the SEM results in Fig. 4(b)–(d). The VO2
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Fig. 6. Thermochromic performance of VO2 thin ﬁlms prepared by (a) as-synthesized VO2
nanoparticles and post thermally treated VO2 nanoparticles at 600 °C for 120 min. (b)
Electrical resistance of the VO2 thin ﬁlms prepared by the post thermally treated VO2
nanoparticles at 600 °C for 120 min.

Fig. 5. Phase transition behavior of thermal annealed VO2 nanoparticles (a) DSC curves
of the post thermally treated VO2 nanoparticles with heating/cooling rates of 5 °C/min
from 30 °C to 90 °C, (b) in-situ XRD patterns according to the ambient temperature from
40 °C to 100 °C. The crystal phase of the VO2 nanoparticles gradually changed from a
monoclinic structure to a tetragonal structure.

transition eﬃciency due to a higher crystallinity in the VO2 nanoparticles. Fig. 6(b) shows the variation in the electrical resistance of the
VO2 thin ﬁlms by thermally treated VO2 nanoparticles. The value of the
electrical resistance of the VO2 thin ﬁlm at 20 °C was about 105–106 Ω.
On the other hand, the electrical resistance of VO2 thin ﬁlms above the
transition temperature decreased to several 103 Ω, which demonstrated
a variation of electrical resistance on the order of 103 Ω, as measured
between 20 °C and 90 °C. That means that the phase structure of the
VO2 thin ﬁlms eﬀectively changed from monoclinic to tetragonal above
the transition temperature.
The luminous transmittance of the non-patterned VO2 thin ﬁlms was
limited by the reﬂection and absorption of light at the surface of the
VO2 thin ﬁlms. To fabricate the nanopatterns of VO2 thin ﬁlms, we used
in nanoimprinting method to form ﬁne patterns on the glass substrate
(see in Fig. 1(b)). The nanopatterned VO2 thin ﬁlms were fabricated by
the PDMS mold of a pattern width of 250 nm with diﬀerent pattern
periods, for which the aperture ratio was varied from 0% to 50% according to the pattern to pattern period. The thermochromic properties
as a function of aperture ratios are shown in Fig. 7. As the aperture ratio
of the VO2 thin ﬁlms increased from 0% to 50%, the luminous transmittance gradually increased from 21.5% to 31.8% because the vertically aligned incident light against the glass substrate was transmitted
through the non-patterned area of the VO2 thin ﬁlms [50,51]. We attributed to improvement in luminous transmittance to a decrease in the
reﬂection and absorption on the surface of the non-patterned area like
the surface of glass. Even though the luminous transmittance increased
approximately 47% in the nanopatterned VO2 thin ﬁlms, the transition
eﬃciency in the solar transmittance decreased from 4.2% to 0.1% as

curve of the DSC, which indicated the phase transition from a monoclinic structure to a tetragonal structure. On the other hand, the reverse
phase transition from the tetragonal structure to the monoclinic structure occurred with an exothermal peak at 59 °C in the cooling curve
[49]. The transition width was calculated by the diﬀerence between the
heating and cooling curves in the DSC result, where the transition width
was 10 °C. In addition, the phase transition behaviors were investigated
by in-situ XRD for the VO2 nanoparticles. Furthermore, the distinctive
phase transition from monoclinic to tetragonal structure was veriﬁed
from the in-situ XRD shown in Fig. 5(b). The crystal phase of the VO2
nanoparticles was at a preferred (011) orientation at 2θ = 27.90°, and
the peaks gradually shifted to a lower angle as the ambient temperature
increased from 40 °C to 100 °C, which revealed that the transition
temperature by in-situ XRD was in good agreement with the result of
the DSC. The phase transition from monoclinic to tetragonal structure
happened in a temperature range from 60 to 70 °C in the in-situ XRD.
As shown in Fig. 6(a), both VO2 thin ﬁlms exhibited thermochromic
characteristics at low (20 °C) and high (90 °C) temperature transmittance spectra. The VO2 thin ﬁlms were composed of post thermally
treated VO2 nanoparticles with a temperature of 600 °C for 120 min and
as-synthesized nanoparticles. The luminous transmittance of the VO2
thin ﬁlms with post thermally treated VO2 nanoparticles drastically
increased from 21.1% to 33.6%. In addition, the transition eﬃciency
also improved from 1.5% to 3.8%. Thus, the results conﬁrmed that the
post thermal treatment of VO2 nanoparticles eﬀectively improved the
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