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Abstract

Monoclinic vanadium dioxide (VO, (M)) powder was synthesized by injecting air over a vanadium precursor powder
at 190 °C for 1 h. The reversible metal-insulator phase transition was observed at 67 °C under heating conditions
and at 61 °C under cooling conditions based on thermal and electrical property analysis. The VO, (M) powder has a
porous nanorod structure required to realize excellent optical performance. The VO, (M) powder was mixed with an
acrylic resin to fabricate VO, films on glass substrates. The films consisting of porous VO, particles exhibited a clear
difference in optical performance as a function of the coating thickness. The glass with the thinnest coating of 33.5 nm
showed a higher transmittance of the visible light (as high as 86 %) and inferior NIR switching performance (as low
as 15 %). A thicker coating leads to decreased visible light transmittance and improved NIR switching performance;
the glass with a coating thickness of 70 nm exhibited the best NIR switching performance of 31 %. However, the
visible-light transmittance decreased and the NIR switching performance deteriorated significantly when the coating
was significantly thick. This suggests that controlling the film thickness is a key factor for achieving excellent optical

performance of the VO, film.
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I. Introduction

Vanadium dioxide (VO,) is known to exhibit metal-in-
sulator phase transition (MIPT) behavior involving rapid
changes in its electric and optical properties at the transi-
tion temperature of 68 °C 1. VO, has a monoclinic struc-
ture below the transition temperature and is in an insu-
lating state, where it exhibits properties that allow trans-
mission of all Near-Infrared Radiation (NIR) of low ener-
gy without absorption. VO, has a tetragonal rutile struc-
ture above the transition temperature, and transforms in-
to a metal state to absorb or reflect the NIR. The ther-
mochromic property of VO, is useful for various technical
applications 2=#.In particular, itis a promising material for
energy-saving smart windows via the transition switching
function. VO, film may block the near-infrared (NIR) ra-
diation accompanying the heat and prevent an increase in
the room temperature in hot weather. Meanwhile, it can
elevate the room temperature by allowing the NIR radia-
tion to penetrate the coating layer in cold weather.

Various processes have been developed for the fabrica-
tion of thermochromic VO, films on glass substrates 5-7.
Guinneton et al. compared the optical responses of the
films made either by means of RF sputtering or by
nanoparticle dispersion. It was shown that efficient sur-
face of coatinglayers is critical to the transmittance of mid-
IR range. Manning et al. applied a thin film of vanadium
oxide by means of chemical vapor deposition of vana-
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dium tetrachloride and water. The phase deposited was
dependent on the substrate temperature and the reagent
mixing ratio. Kang et al. used the mixture of vanadium
oxide precursor and poly(vinylpyrrolidone) to prepare
thermochromic film. It was accompanied by another heat
treatment at high temperature (600 °C) after spin coating.

However, these methods cannot be used for large-area
fabrication. Furthermore, they involve complicated pro-
cedures and yield products with low visible-light trans-
mittance and NIR-switching performance. A coating pro-
cess using VO, powder was recently suggested. In this
method, VO, is dispersed in a polymer solution for fab-
rication of a thin film of VO, 8:9. This process has several
advantages, such as convenient processing, ease of scaling
up to coat large areas, and low cost.

In a previous study, optimal processing conditions were
established for the synthesis of monoclinic VO, powder,
using specific heat treatment conditions to prevent the oxi-
dationof VO, to V,05 A highly pure and crystalline VO,
(VO, (M)) powder was obtained at room temperature af-
ter pyrolyzing a pure vanadium precursor powder 19. The
high-quality powder prepared under the described condi-
tions shows a porous structure, which is necessary to real-
ize excellent transmission as well as thermochromic prop-
erties.

In this study, high-quality VO, (M) powder synthe-
sized in the aforementioned process was used to prepare
a VO,-polymer solution to fabricate IR-blocking ther-
mochromic thin films on glass substrates. The film was
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fabricated in a simple spin-coating process that allowed
easy control over the film thickness on the glass plate. The
change in the optical properties of the film was analyzed
as a function of temperature and assessed according to the
coating thicknesses. This was done to establish the fabri-
cation conditions for the coating according to the intend-
ed application by analyzing the reversible thermochromic
properties of the VO, (M) powder in the film.

II. Experimental Procedure

(1) Sample preparation

Ammonium metavanadate (NH VO3 > purity 99.0 %,
Daejung Chemicals & Metals Co., Ltd.) and ethylene gly-
col (C,H¢O,, Daejung Chemicals & Metals Co., Ltd.)
were used as starting materials for the preparation of the
vanadyl ethylene glycolate (VEG) precursor powder.

NH,VOj; powder (1 g) and ethylene glycol (20 ml) were
mixed in a round-bottom flask and heated in an oil bath
at 160 °C for 2 h with vigorous stirring. The purple-col-
ored precipitate formed was rinsed thrice with acetone
(C3H¢O, Daejung Chemicals & Metals Co., Ltd.) and
centrifuged. Then, the compound was dried in a vacuum
desiccator to obtain the final product, the vanadium pre-
cursor powder. Subsequently, manual grinding was con-
ducted for 10 min to increase the reaction surface area
of the prepared vanadium precursor powder. The ground
powder was then placed in an Al,Oj crucible and py-
rolyzed under an air flux of 10 I/min at 190 °C for 1 h to
obtain the VO, (M) powder.

The VO, (M) powder (0.1 g) was dispersed in 5 ml of iso-
propyl alcohol by means of ultrasonication. Acrylic resin
(10 ml) was added into the suspension and mixed in a ball
mill for 24 h. After milling, an appropriate volume of the
VO,-polymer solution was coated onto quartz glass plates
by means of spin coating. The thickness of the thin films
was controlled by varying the spin-coating speeds (2 500,
2000, 1500,1 000,500, and 250 rpm). Then, the spin-coat-
ed glass plates were dried in an oven for 6 h at 50 °C to ob-
tain the thermochromic VO, thin films on glass plates.

(2) Characterization

The crystal structure of the VO, (M) powder was ana-
lyzed at variable temperatures with an X-ray diffractome-
ter (D/max-2500, PC, Rigaku, Japan) equipped with a
high-temperature attachment (SHT-1500/Rigaku, Japan).
The oxidation state of vanadium was examined by means
of X-ray photoelectron spectroscopy (XPS; PHI 5000
Versaprobe I1, Ulvac-PHI, Japan). The microstructure of
the VO, (M) powder was observed with field emission
scanning electron microscopy (FE-SEM; JSM-2F, JEOL,
Japan).

The reversible thermochromic properties of the synthe-
sized powders were evaluated with a thermal analyzer
(SDT Q600, TA instruments, USA). The measurements
were carried out between 50 and 100 °C, and the heat-
ing speed was set to 1K/min. The reversible changes
in the electric properties of VO, (M) powder in accor-
dance with the variable temperature were analyzed by
means of an electric conductivity measurement system
(RZ20011, Ozawa Science, Japan) in the temperature range
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of 25-110 °C range. The VO, (M) testing structure was
prepared in the form of hexahedron measuring 30 x 30 x
100 mm.

The thicknesses of the VO, thin films coated on quartz
glass plate were measured with an ellipsometer (Elli-SE
UaM12, Ellipso Technology, Korea). The optical proper-
ties of the prepared VO, films were assessed as a function
of temperature by means of a UV-Vis-NIR spectropho-
tometer (JASCO, V-770, Japan); the measurement tem-
perature was controlled with a Peltier thermostatted single
cell holder (JASCO, ETCS-761, Japan). The wavelength
range was set between 250 and 2 200 nm and the tempera-
ture before and after MIPT was set to 25 and 90 °C, respec-
tively.

III. Results and Discussions

(1) Thermochromic properties of monoclinic VO, pow-

der

Fig. 1 shows the phase analysis of the synthesized VO,
powder. The peaks of single-phase VO, (M) are observed
for the sample heat-treated at 190 °C for 1 h under an air
flux of 10 I/min. No impurities or other crystalline peaks
were observed in the XRD diffraction pattern. The pyrol-
ysis was performed in air because oxygenis required to ob-
tain the VO, (M) phase from the VEG precursor. If the
precursor is overheated, VO, powder is oxidized to V,0O5
by the peroxidation of the surface of the VO, (M) pow-
der. Therefore, the heat treatment temperature and atmo-
sphere were carefully controlled 11-13.
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Fig. 1: XRD pattern of the synthesized VO, powder.

XPS was used to observe the chemical composition and
binding state of the VO, (M) powder surface. The results
are shown in Fig. 2. The peak fitting was performed with
the Shirley method, and the presence of O,, V, and C was
confirmed. Fitting was performed for each element based
on a C peak of 284.6 eV. The valence state of vanadium
was recognized as V4+ around 515.8 eV and as V°+around
517.2 €V in the V2p3/2 peak 1415, The valence states of
vanadium were quantitatively analyzed based on the areas
of the fitted peaks. The results of the analysis indicate that
the V#*+ content was 50.58 % and the V>+ content was
49.42 %.
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Fig. 2: High-resolution XPS profiles of (a) V2p3/2 and Ol1s, (b) Cls.

The MIPT phenomenon in the synthesized VO, (M)
can be verified by the XRD patterns acquired as a
function of temperature. As shown in Fig. 3(a), when the
temperature increases, the monoclinic diffraction peak
corresponding to the (011) plane shifts to a lower angle
that corresponds to the tetragonal rutile diffraction peak
of the (110) plane. Moreover, as shown in Fig.3(b), the
monoclinic diffraction peak corresponding to the (211)
plane clearly changes to the tetragonal rutile diffraction
peak (i.e. the peak shifts to a higher angle) corresponding
to the (211) plane with an increase in the temperature.
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This result is consistent with that of a prior study on the
MIPT phenomenon, in which corresponding changes
in the diffraction peak positions were observed in the
XRD pattern in respect of temperature under similar
experimental conditions 11,16,

Fig.4 shows the microstructure of the prepared VO,
(M) powder. At low magnification, the VO, (M) pow-
der (Fig.4(a) & (b)) exists as nanorods with different
thicknesses and lengths, which form a mesh-like struc-
ture with lengths in the range of several micrometers.
At higher magnifications, the nanorod microstructure
(Fig.4(c)) is seen to comprise spherical nanoparticles
(diameter between 20 and 50 nm) that are irregularly
agglomerated and form nanorods in the range of tens to
hundreds of nanometers and micrometers.

Fig.4(d) shows the FE-TEM images of the VO, (M)
nanoparticles. Numerous nanopores are formed due to
irregularly agglomerated VO, (M) nanoparticles. It has
been reported that these nanopores are generally smaller
than 10 nm; this size enables the transmission of light,
because it is within the range that does not scatter visible
light 17,18, The spherical nanoparticles and nanopores
observed here are known to be characteristic of VO,
(M) particles.

DSC thermal analysis was conducted to observe the re-
versible MIPT phenomenon of the VO, (M) powder as a
function of temperature change. As seen in the DSC ther-
mogram in Fig. 5, during the heating cycle, an increase in
the heat flow in the VO, (M) powder begins at ~67 °C,
with a peak at ~83 °C. This suggests that the endother-
mic reaction is accompanied by the phase transition of the
structure from monoclinic to the tetragonal rutile phase.
The opposite phase transition begins at ~ 61 °C during the
cooling cycle, with a peak at ~55 °C. This implies that
the endothermic process is accompanied by the reversible
metal-insulator phase transition from the tetragonal rutile
structure to the monoclinic one. The delayed endothermic
peak during the cooling process is attributed to the lower
cooling rate under ambient cooling conditions.
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Fig. 3: XRD pattern of the prepared VO,(M) powder as a function of temperature (inset: shift in the diffraction angle of (a) the main peak and

(b) a secondary peak of VO, with temperature increase).
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Fig. 4: (a-c) FE-SEM images and (d) an FE-TEM image of the as-prepared VO, (M) powder.
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Fig.5: DSC thermogram of the VO, (M) powder.

Fig. 6 shows the change in the electrical conductivity of
VO, (M) powder as a function of temperature. The VO,
(M) powder shows insulating properties, with the electri-
cal conductivity being close to 0 (zero) at room temper-
ature. However, upon heating, the conductivity starts to
increase at ~ 67 °C. The conductivity increases significant-
ly with increasing temperature, until the temperature of
~90 °C is reached, and then gradually stabilizes. The con-
ductivity at the high temperature represents metallic prop-
erties. The conductivity begins to slowly decrease during
the cooling cycle and reduces significantly at ~ 60 °C. The
more gradual change during the cooling cycle than that
during the heating one is probably caused by the decreased
cooling rate under ambient cooling conditions. Further-
more, hysteresis of 18 °C is observed between the heat-
ing and cooling cycles. The result is consistent with the
endothermic and exothermic reactions and corresponds
to the phase transition observed during the DSC analy-

sis. Thus, we confirm the rapid change in the conductivity,
which in the case of the VO, (M) powder, is accompanied
by MIPT.

Acrylic binder, which is the matrix in VO, thin films,
has a transmittance of 92-98 % and a refractive index
of 1.48-1.50 n, and is a suitable material for visible light
transmittance. Furthermore, the nanoporous structure
of the VO, powder contributes to excellent visible light
transmission in thick films. In actual scenarios, appropri-
ate visible light transmittance is required for windows.
However, to achieve a distinct NIR switching efficiency,
films must have a certain minimum thickness.
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Fig. 6: Temperature-dependent conductivity of the as-prepared
VO, (M) powder.

(2) Optical performance of the thermochromic VO,
film

The transmittance spectrum of the thermochromic VO,
thin film applied on a glass plate was recorded. Fig. 7 shows
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the transmittance spectra of the VO, film on the glass plate
before and after the MIPT temperature as a function of
the coating thickness. Table 1 summarizes the results. The
coating thickness was varied from 33.5 to 129 nm.

The transmittance of the visible light calculated by the
integration of the spectrum at temperatures before and
after MIPT (7,25, T, 20) clearly increased as the film
became thinner. The film with a thickness of 33.5 nm
showed high transmittances of 86.37 % and 85.40 %
at temperatures before and after MIPT, respectively,
and the film with a thickness of 129 nm showed low
transmittances of 5.84 % and 7.65% at temperatures
before and after MIPT, respectively. The transmittances
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before and after MIPT (T7000m2% T7000m°) at 700 nm,
the visible light wavelength, showed the same trend. In
contrast, the switching performance before and after the
MIPT temperature in the NIR region (475000nm2>~°)
improved as the film thickness increased. However, if the
coating was significantly thick, a low visible light (77,25,
T;n¢?°) transmittance and inferior switching performance
was observed in the NIR region (A4T5000nm2>~%°) at
temperatures before and after MIPT. These results
suggest that the exceptional visible light transmittance
and NIR switching performance is lost and the film
becomes a static absorber when its thickness exceeds a
certain value.
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Fig. 7: Thickness-dependent transmittance spectra of VO, films. Dotted lines indicate the wavelengths of 700 and 2200 nm.
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Table 1: Optical performance of VO, thin films of various thicknesses

Vol. 11, No. 2

Film Thickness T700nm? T700nm”° Tin® Tin”° AT 7000m? =0 | AT 20000m?° ~*°
33.5 nm 63.62 69.49 86.37 85.40 5.87 14.86
39.9 nm 58.43 64.33 77.49 74.27 5.90 17.67
65.4 nm 49.17 55.18 59.89 60.55 6.01 28.98
70.0 nm 40.20 45.78 47.28 47.90 5.58 31.01
103.7 nm 9.36 11.34 11.52 11.38 1.98 14.93
129.0 nm 5.06 8.11 5.84 7.65 3.06 11.19

The differences in the optical properties at tempera-
tures before and after MIPT at the visible light wave-
length of 700 nm (47799pm2>~?9) are relatively small
for all the samples, as shown in Table 1. However, the
differences in the optical properties at temperatures be-
fore and after MIPT at the NIR wavelength of 2200 nm
(AT 32000m2°~?0) are relatively large. This result shows
that MIPT is accompanied by rapid changes in optical
properties in the NIR region rather than in the visible
regions. These characteristics are suitable for smart win-
dows with excellent NIR switching performance. The
selective control of the optical properties by varying
the film thickness is a key factor in fabricating a smart
window with excellent optical properties. The maximum
NIR switching performance (47q00nm?2> ~?°) of the film
fabricated in the study is ~31 %, which is comparable to
the maximum NIR switching performance obtained in
previous studies (30 %) 19. Thus, VO, films can be used
as an energy-saving smart window material in which the
optical properties can be adjusted based on the intended
use.

T700nm2> and T7g0nm?° are the measured transmittances
for the 700 nm wavelength at 25 °C and 90 °C, respectively.
T;n2° and T, P9 are the calculated visible transmittances at
the same temperatures based on the transmittance spectra.

IV. Conclusions

Herein, we have presented the fabrication of ther-
mochromic VO, thin films via an inexpensive and facile
process using high-quality VO, (M) powder synthesized
according to processing conditions established in a prior
study. First, a pure VEG precursor powder was synthe-
sized as a precursor to the VO, (M) powder. Then, pure
crystalline VO, (M) powder was obtained by pyrolyzing
the VEG powder at 190 °C for 1 h atan air flux of 10 [/min.

The change in the reversible crystalline transition was
verified at the transition temperature by analyzing the
crystallinity of VO, (M) with XRD. Further, the re-
versible MIPT phenomenon was observed at 67 °C under
heating conditions and at 61 °C under cooling conditions
by means of thermal analysis. The accompanying electri-
cal properties were also verified.

Observation of the microstructure of the prepared VO,
(M) powder revealed the presence of nanorods with a
porous structure formed by the agglomeration of 20-50-
nm spherical nanoparticles. The observed porous struc-

ture is an important factor in realizing the optical prop-
erties of the material.

The VO, (M) powder was mixed with a polymer to fabri-
cate VO, films. The optical performances of the thin films
varied markedly with coating thickness. The glass with
the thinnest coating of 33.5 nm showed a higher transmit-
tance for visible light (as high as 86 %) and an inferior NIR
switching performance (as low as 15 %).

The results suggest that a thicker coating leads to de-
creased transmittance of visible light and increased NIR
switching performance; the glass with a 70-nm-thick coat-
ing showed the best NIR switching performance (31 %).
However, both the visible light transmittance and NIR
switching performance decreased drastically when the
coating thickness increased significantly.

Acknowledgements

This work was supported by the Infrastructure Program
for New Value Creation of Traditional Ceramic Industry
(BUS010025000) under the Ministry of Trade, Industry
and Energy.

References

1 Morin, EJ.: Oxides which show a metal-to-insulator transition
at the Neel temperature, Phys. Rev. Lett., 3, [1], 34—36, (1959).

2 Barker, A.S., Verleur, H.W., Guggenhe, H.J.: Infrared optical
properties of vanadium dioxide above and below the transition
temperature, Phys. Rev. Lett., 17, 1286, (1966).

3 Wei, J., Wang, Z., Chen, W., Cobden, D.H.: New aspects of the
metal-insulator transition in single-domain vanadium dioxide
nanobeams, Nat. Nanotechnol., 4, 420—424, (2009).

4 Jin, P, Tanemura, S.: Formation and thermochromism of VO,
films deposited by RF magnetron sputtering at low substrate
temperature, Jpn. J. Appl. Phys. (Part 1), 33, 14781483,
(1994).

5 Guinneton, E, Sauques, L., Valmalette, J.C., Cros, E.,, Gavarri,
J.R.: Comparative study between nanocrystalline powder and
thin film of vanadium dioxide VO,: Electrical and infrared
properties, J. Phys. Chem. Solids, 62, 12291238, (2001).

6 Manning, T.D., Parkin, I.P,, Clark, R.J.H., Sheel, D., Pemble,
M.E., Vernadou, D.: Intelligent window coatings: atmospheric
pressure chemical vapour deposition of vanadium oxides, J.
Mater. Chem., 12, 2936 —2939, (2002).

7 Kang, L.T.,, Gao, Y.E, Luo, H.J.: A novel solution process for
the synthesis of VO, thin films with excellent thermochromic
properties, ACS Appl. Mater. Interfaces, 1,2211-2218, (2009).

8 Lu, Z.D., Li, C.G,, Yin, Y.D.: Synthesis and thermochromic

properties of vanadium dioxide colloidal particles, J. Mater.
Chem., 21, 1477614782, (2011).



October 2020

Gao, Y.F, Wang, S.B., Luo, H.J., Dai, L., Cao, CX,, Liu,
Y.L., Chen, Z., Kanehira, M.: Enhanced chemical stability of
VO, nanoparticles by the formation of SiO,/VO, core/shell
structures and the application to transparent and flexible VO,-
based composite foils with excellent thermochromic properties
for solar heat control, Energy Environ. Sc., 5, 6104-6110,
(2012).

Jung, D., Kim, U., Cho, W.: Fabrication of pure monoclinic
VO, nanoporous nanorods via a mild pyrolysis process, Cer-
am. Int., 44, 69736979, (2018).

Zou, J., Peng, Y., Lin, H.: A low-temperature synthesis of
monoclinic VO, in an atmosphere of air, J. Mater. Chem. A,
1, 42504254, (2013).

Xu, Y., Zheng, L., Wu, C., Qi, E, Xie, Y.: New-phased
metastable V,03; porous urchinlike micronanostructures:
facile synthesis and application in aqueous lithium ion bat-
teries, Chem. Eur. J., 17, 384391, (2011).

Krasil’'nikov, V., Shtin, A., Gyrdasova, O., Baklanova, L,
Perelyaeva, L.: Vanadyl and titanium glycolates as precursors
for the preparation of oxide materials in the form of elon-
gated microparticles and nanoparticles, Nanotechnol. Russ., 3,
106—111, (2008).

Lindstrom, R., Maurice, V., Zanna, S., Klein, L., Groult, H.,
Perrigaud, L., Cohen, C., Marcus, P.: Thin films of vanadium

Optical Properties of a Thermochromic Film Fabricated with Nanoporous Monoclinic VO, Particles 79

oxide grown on vanadium metal: Oxidation to produce V,05
films for Li-intercalation applications and characterisation by
XPS, AFM, RBS/NRA, Surf. Interface Anal., 38, 618, (2006).

Silversmit, G., Depla, D., Poelman, H., Marin, G.B., De Gryse,
R.J.: Determination of the V2p XPS binding energies for dif-
ferent vanadium oxidation states (V5+ to VO+), Electron Spec-
trosc. Relat. Phenom., 135, 167 —175, (2004).

Chang, Y.J., Yang, J.S., Kim, Y.S., Kim, D.H., Noh, T.W., Kim,
D.W., Oh, E., Kahng, B., Chung, J.S.: Surface versus bulk
characterizations of electronic inhomogeneity in a VO, thin
film, Phys. Rev. B, 76, 075118, (2007).

Zhang, Z., Gao, Y., Chen, Z., Du, J., Cao, C., Kang, L., Luo,
H.: Thermochromic VO, thin films: solution-based process-
ing, improved optical properties, and lowered phase transfor-
mation temperature, Langmuir, 26, 10738 —10744, (2012).

Gentle, A., Maaroof, A.IL, Smith, G.B.: Nanograin VO, in the
metal phase: a plasmonic system with falling dc resistivity as
temperature rises, Nanotechnology, 18, 085607, (2007).

Blackman, C.S., Piccirillo, C., Binions, R., Parkin, I.P.: Atmo-
spheric pressure chemical vapour deposition of thermochromic

tungsten doped vanadium oxide thin films for use in architec-
tural glazing, Thin Solid Films, 517, 45654570, (2009).






