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ABSTRACT. Monoclinic VO2(M) nanoparticles codoped with 1.5 at. % W and 2.9 at. % Mg were synthesized by the hydro-
thermal treatment and post-thermal transformation method of V,0s-H,C,04-H,O with Na,WO4 and Mg(NO3),. The compos-
ite thin film of the W/Mg-codoped VO»(M) with a commercial acrylic block copolymer was also prepared on PET substrate
by wet-coating method. The reversible phase transition characteristics of the codoped VO,(M) nanoparticles and the compos-
ite film were investigated from DSC, resistivity and Vis-NIR transmittance measurements compared with the undoped and W-
doped VO2(M) samples. Mg-codoping into W-doped VO,(M) nanoparticles synergistically enhanced the transition character-
istics by increasing the sharpness of transition while the transition temperature (7;) lowered by W-doping was maintained. The
codoped composite film showed the prominently enhanced NIR switching efficiency compared to only W-doped VO(M) film

with a lowered T..
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INTRODUCTION

Vanadium dioxide of monoclinic M1 phase, VO»(M), has
recently redrawn much attention for the practical appli-
cation to energy—saving smart window because of its ther-
mochromic property that can control the transmission of
infrared (IR) radiation depending on temperature'. VO2(M)
undergoes a reversible crystal phase transition from mono-
clinic to rutile and vice versa at about 68 °C and concom-
itantly its electrical property changes from semiconducting or
insulating to metallic.? This transition switches its optical
property from IR-transparent at low temperature to IR-reflective
at high temperature, which is very useful for modulating
solar flux depending on outside temperature. There are many
methods for fabricating VO, film such as chemical vapor
deposition (CVD),** sol-gel method,>® sputtering deposition,’
etc. The most cost-effective method among them is the wet-
coating method utilizing sol-gel coating solutions. The
traditional sol-gel method uses a precursor solution that
can be transformed to a target material after heat-treat-
ment. In this method high temperature treatment cannot be
usually avoided. In that case it cannot be applied to a plastic
substrate such as polyethylene terephthalate (PET) film.
The most practical method for preparing thin film on plastic
substrate is to utilize coating solution that has well-dispersed
target nanoparticles in solvent with matrix polymer.

The transition temperature (7;) of pure VO2(M) is too
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high to be suitable for real-life solar modulation. For the
practical purpose it must be lowered down to about room
temperature. A number of investigations showed that the
cation substitution could change 7. and the room temperature
crystal structure.® The dopants such as W®', Nb** and Mo®"
decreased T, while the cations such as Ti*", Cr’*and AP
increased 7;. The tungsten was known to be the most
effective dopant to reduce 7. with a rate of about 20 °C per
atomic (at.) %.” Doping of a certain amount of W into
VO, (M) lowered the transition temperature down to prac-
tical one lower than 30 °C but the visible transmittance
was still low and the IR transmittance difference after
transition became much smaller than the undoped one.”®
The doping of fluorine'® and magnesium'' improved the
visible transmittance and decrease 7; of VO2(M) thin films.
But F-doping is not suitable for smart window application
because the hysteresis became substantially wider. The Mg-
doping decreased 7; by ~3 °C per at. % Mg and the trans-
mittance of visible light and solar radiation were enhanced
by about 10 % when Mg content was ~7 at. %. The codop-
ing of two different cations were also more interested in.
The thin films of W/Mo-, W/Ti-, and W/F-codoped VO»(M)
were investigated by several researchers'? but an notice-
able improvement was not found. Very recently Wang et
al. investigated the thermochromic properties of W/Mg-
codoped VO; thin films that were prepared by the tradi-
tional sol-gel method utilizing the precursor solution and
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dip coating."” They showed a synergistic effect of the codop-
ing by reducing 7. and simultaneously increasing visible
transmittance. The synthesis of W/Mg-codoped VO»(M)
nanoparticles has not been reported yet and as mentioned
earlier, the better method for preparing thin films on any
kind of substrates cost-effectively at low-temperature is
another wet-coating method that utilizes the coating solution
mixed with nanoparticles of target material and matrix
polymer in solvents. Therefore, in order to investigate the
synergistic effect of W/Mg-codoping in VO»(M) further,
we have first prepared W/Mg-codoped VO»(M) nanopar-
ticle by hydrothermal and post thermal treatment method
and the transition property was investigated comparatively
with undoped and W-doped ones. And then we have pre-
pared the thin composite film of W/Mg-codoped one with
polyacrylic block copolymer on PET substrate by the wet-
coating method and its thermochromic property was also
comparatively investigated.

EXPERIMENTAL

Materials

V205 (99.2%, Alfa-Aesar) and anhydrous oxalic acid
(H2C204, 95%, Kanto Chemical) were used as vanadium
precursor and reducing agent, respectively. Sodium tungstate
(NaWO4-2H>0, 99%) and magnesium nitrate (Mg(NOs),-
6H-0, 99%) that were used as doping agents were obtained
from Sigma-Aldrich and Junsei Chemical, respectively.
Ethyl acetate (99.5%), ethyl cellosolve (99%) and methyl
isobutyl ketone (99.5%) that were used as solvents for coat-
ing solution were purchased from Samchun and Junsei.
The acrylic block copolymer EFKA 4310 that was employed
as dispersing agent and binder was purchased from BASF.
Polyethylene terephathate (PET) film with thickness of
50 pm and 0.7% haze was purchased from Kolon industries
Inc. Water was purified to 18.1 MQcm with Barnstead Nano-
pure water purification system.

Instrumentation

The X-ray diffraction (XRD) patterns were carried out
on Phillips X'Pert-MPD diffractometer using Cu Ka radi-
ation source at a scan rate of 0.02° s™' in the 20 range of
5-80°. The morphologies of the samples were character-
ized by field-emission scanning electron microscope (FE-
SEM, Jeol JEM-6700F) and field-emission transmission
electron microscope (FE-TEM, Jeol JEM-2100F). The electri-
cal resistance according to temperature change were mea-
sured by preparing pellet samples using 4-point probe method.
The pellet samples were prepared by applying the pres-

sure of 4.42 MPa to 10 mm pellet die loaded with about
0.1 g of the sample powders. The pellet samples were placed
on the electrically insulated plate of which temperature was
controlled by heating element and chilling circulator. The
pellet samples were contacted with 4-probe with an inter-
val of 1 mm and the resistivity was measured by constant-
current mode using Keithley 2400 source meter. Thickness
of pellet samples were measured by a microcaliper in order to
calibrate thickness. Differential scanning calorimetry (DSC,
Perkin-Elmer Pyris 1) was used to measure the phase tran-
sition temperature of sample powders with a heating rate
of 5 °C/min in nitrogen atmosphere. U V-Vis-NIR spectropho-
tometer (JASCO V-670) equipped with a Peltier thermo-
statted sample holder (JASCO ETCS-761) was used to
characterize the optical switching properties of VO, composite
films below and above the phase transition temperature
(20-90 °C). Auto film applicator (BMS Tech VT-300D)
was used to prepare thin film samples on PET by wet-coating.
The amounts of W and Mg in doped VO»(M) were analyzed
with X-ray fluorescence spectrometer (Shimadzu XRF-
1700) and atomic absorption spectrometer (Jena Vario 6).

Synthesis of VO»(B) and VO,(M)

For VO,(B), typically 0.04 mol of H,C>0,4 and 0.02 mol
of V,0s were mixed into 50 ml of deionized water at 60-
70 °C. The mixture was kept stirred for 24 hours until it
turned to blue suspension. The blue suspension was trans-
ferred into a 100 ml stainless steel autoclave with Teflon
liner and kept in a forced convection oven at 200 °C for 24
hours. After being cooled down to room temperature, the
precipitate was filtered and washed thoroughly with water
and ethanol, and then dried at 60 °C for 10 hours in air. For
the doping of W and Mg into VO»(B) the appropriate amounts
of 1.0 M Na, WO, and Mg(NOs)s solutions (W = 1.5 at. %,
Mg =4.5 at. % vs V) were added to the mixed suspension
of H>C»04 and V»0s and kept stirred for 24 hours before
the hydrothermal treatment. In order to obtain VO»(M) the
synthesized VO»(B) was heated in a tube furnace under
the flow of argon in 80 mL/min as a protective gas at 500 °C
for 2 hours, and cooled down to room temperature in the
argon flow.

Preparation of thin films of VO,(M) on PET substrate
1.3 g of pure or doped VO»(M) powder was dispersed in
8.2 g of the mixed solvent of ethyl acetate, ethyl cellosolve
and methyl isobutyl ketone (1:2.5:2 weight ratio) with 0.5 g
of an commercial acrylic block copolymer (EFKA 4310)
as dispersing agent and the mixture was ball-milled for 8
days. Using this mixed solution as coating solution, the
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film of VO, was prepared on PET substrate using an auto
film applicator equipped with #3 Meyer bar in the rate of
20 mm/s. The cast film of VO»(M) was dried at room tem-
perature in air. The thickness of the coated films that was
measured by alpha-step profiler was about 150 nm in all
cases.

RESULTS AND DISCUSSION

In order to prepare VO»(M) nanoparticles we have syn-
thesized metastable monoclinic VO»(B) first by the hydrother-
mal reaction of the precursor solutions of V,05-H2C>04-
H,0 system at 200 °C. The direct hydrothermal synthesis
of VO»(M) strongly depended upon the several synthetic
conditions such as molar ratio and concentration of pre-
cursors, pH, temperature, reaction time and other addi-
tives." However, VOx(B) could be easily prepared from
the hydrothermal treatment of V,0s-H,C>04-H,O system
whether Na,WO4 and Mg(NO3), were included as dopant
precursors or not if the reaction temperature was kept near
200 °C." In this study we kept the doping level of W to be
1.5 at. % vs V because 1.5-2 at. % was known to be an
appropriate doping level at which a noticeable phase tran-
sition could be observable with 7. lowered close to room
temperature as mentioned in Introduction.” The doping
amounts of W and Mg were analyzed as 1.5 and 2.9 at. %
vs V, respectively when the feeding amounts of W and Mg
were 1.5 and 4.5 at. %. This means that all fed W in this
amount were doped while the fed Mg were partly doped.
Fig. 1(a) shows the XRD patterns of the W-doped and W/
Mg-codoped VO»(B) compared with the undoped one.
Regardless of doping, all three samples showed the well-
defined crystal structure of VO,(B).'® The peak intensi-
ties were all similar in all three cases, which means that
doping of W and Mg did not influence on their B phase
crystallinity in this doping level. Those VO»(B)s were trans-
formed to VO,(M) when they were annealed at 500 °C in
an inert condition as shown in Fig. 1(b)."” The well-defined
M phase crystal structure was shown in all three cases
although VO,(B) phase was shown in impurity level (indi-
cated as the arrows in Fig. 1b) for both the doped cases
whereas the undoped was not. Interestingly, the peak inten-
sity and width of both the doped ones were smaller and
broader than those of the undoped one. This means that the
dopings make the transformation a little difficult and that is
why the impurity level of B phase were also shown in both
the doped cases. The enlarged (011) peaks of those VO»(M)
were shown in Fig. 2. W-doping shifted the peak to lower
position and increased the interplanar distance because of
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Figure 1. XRD patterns of (a) B and (b) M phases of the
undoped, W-doped and W/Mg-codoped VO, (The arrows in (b)
indicate (110) peak of B phase).
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Figure 2. The enlarged (011) peaks of XRD patterns of the
undoped, W-doped and W/Mg-codoped VO(M).

the larger W atomic size and perturbed the crystallinity to
give a broader peak. However, the codoping of W and Mg
shifted the peak position back to the undoped and also
slightly increased the crystallinity. The crystalline sizes of
those VO»(B) and VO»(M) that were estimated from (110)
and (011) peaks, respectively by applying Debye-Scherrer
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Undoped

Table 1. The crystalline sizes of B and M phases of the undoped,
W-doped and W/Mg-codoped VO, estimated from the XRD peaks
of (110) and (011) planes

Crystalline size (nm)
Undoped W-doped W/Mg-codoped
VO2(B) 52 45 44
VOx(M) 52 27 43

equation were listed in 7able 1. For the B-phase samples
the sizes of W-doped and W/Mg-codoped ones were not
different as estimated to be about 45 nm but when they
were transformed to M-phase, the W-doped one became
much smaller to 27 nm while the undoped and W/Mg-
codoped ones were barely changed. FE-SEM images in Fig.
3 depict the morphologies of all the undoped, W-doped and
W/Mg-codoped VO, powders in B and M phases. In the
case of B phase all three samples have a rod-like shape
with a similar dimension of about 1 mm length and 200
nm width. When they were transformed to M phase, the
morphologies were changed from rod shape to spherical-
like one with slight different sizes. The undoped one had the
largest size while the W-doped one had the smallest in this
aggregated phase. This tendency is consistent with their

Figure 3. FE-SEM images of B and M phases of the undoped,
W-doped and W/Mg-codoped VO, (Magnification: x10,000).

W/Mg-codoped

Figure 4. FE-TEM images of the undoped, W-doped and W/
Mg-codoped VO, (M) after being ball-milled in ethanol (Mag-
nification x50,000).

crystalline sizes that were estimated from XRD peaks.
When the particles were ball-milled in the solvent to pre-
pare the coating solutions for their thin films, the aggre-
gated particles were broken down to 20—-30 nm sizes as
shown in FE-TEM images of Fig. 4.

The phase transitions of these nanoparticle samples were
comparatively characterized by DSC and shown in Fig. 5.
All three samples showed the noticeable endothermic and
exothermic peaks for the heating and cooling cycles, respec-
tively. The transition temperatures that were determined
as the average peak temperature for heating and cooling
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Figure 5. DSC curves of the undoped, W-doped and W/Mg-
codoped VO, (M) (The positive heat flow indicates endothermic
reaction).

cycles were 63, 35, 44 °C for the undoped, W-doped, W/
Mg-codoped ones, respectively. While the undoped sam-
ple showed the sharp peak with small broad shoulder, both
the doped ones showed much broader peaks. 7. of the
undoped was slightly smaller than the known value in single
crystal phase, 68 °C and the hysteresis was relatively nar-
row. W-doping of 1.5 at. % reduced T at the rate of 19°C
per W at. % slightly smaller than the reported rates'® and
made the transition to occur at much broader temperature range.
The reduction of T by doping of W was firstly explained by
Tang et al.® According to their explanation, V**-W¢" and
V3*-V* pairs were formed and the loss of direct bonding
between V**-V** lowered 7. The widened hysteresis of both
the doped samples might be explained by their smaller
crystalline sizes than that of the undoped one according to
Lopez’s nucleation theory."”” The W/Mg-codoped sample
showed slightly higher 7; and narrower hysteresis than those
of W-doped one. This means that Mg-codoping into W-
doped VO,(M) turned the transition property slightly back
to the undoped one. This is coincident with the crystallinity
change shown in XDR data. Mg-doping into VO»(M) was
known to decrease 7; and increase visible transmittance
due to the increased unit cell volume and band gap wid-
ening as mentioned in Introduction."" As far as 7, is con-
cerned, our result showed that Mg-codoping effect into
W-doped VO,(M) was opposite to that of only Mg-doping.

The electrical properties of the undoped, W-doped and
W/Mg-codoped VO(M) were also studied by preparing
the pellet samples of them. The electrical resistivity vs tem-
perature curves for these pellet samples were presented in
Fig. 6. The resistivity change due to the phase transition
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Figure 6. Resistivity-vs.-temperature curves of the pellet sam-
ples of the undoped, W-doped and W/Mg-doped VO>(M).

was the largest for the undoped one while it was smaller in
almost an order of magnitude for both the W-doped and
W/Mg-codoped ones. However, the resistivity value of
W/Mg-codoped one was higher in about half an order of
magnitude than that of W-doped one. W-doping definitely
increases the conductivity of VO»(M) by increasing the
carrier concentration as well known. The effect of Mg-dop-
ing on 7. and the optical transmittance of VO>(M) was
investigated as mentioned above but not on the electrical
conductivity yet as far as we know. The slight increase of
resistivity of the W/Mg-codoped one might be explained
by the widened band gap as explained in Mg-doped VO»(M).
The bad gap widening will slightly decrease the carrier
concentration in the semiconductor. The transition tempera-
tures that were estimated from resistivity measurements
also showed the same tendency as that from DSC although
the values were slightly higher. In 7able 2 the phase tran-
sition properties were listed comparatively from DSC and
resistivity measurements for those undoped, W-doped and
W/Mg-codoped samples.

We have prepared the composite films of these undoped,
W-doped and W/Mg-codoped VO»(M) on PET substrate
with a commercial acrylic block copolymer. The copolymer in

Table 2. The phase transition properties of the undoped, W-doped
and W/Mg-codoped VO>(M) measured from DSC and resistivity
measurements

Undoped W-doped W/Mg-codoped

DSC 63 35 44

T. (°C) .
Resistivity 70 43 50
DSC 43 12 8.5

AT e
Resistivity 7.5 10.1 11.8
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Figure 7. FE-SEM images of (a) the undoped, (b) W-doped and
(c) W/Mg-codoped VO2(M) composite films on PET substrate
(Magnification: x20,000).

the film plays a role of binder as well as dispersing agent
during preparation of coating solution. The film thicknesses
of all the samples were almost same as about 150 nm. The
microscopic morphologies of these films were taken by
FE-SEM and shown in Fig. 7. There were no cracks and
the surfaces were all rough and porous for all three samples.
The aggregated surface particles in the undoped sample
were the largest while both the doped ones had slightly
smaller and similar size. This is consistent with the aggre-
gated particle sizes of the powder samples shown in Fig. 3.

The W/Mg-codoped composite film had the least haze
among three types of films when they were prepared at the
same condition. This means that the solvent dispersibility
of W/Mg-codoped VO,(M) was relatively better than
those of the undoped and W-doped ones. The visible and
near-infrared (NIR) spectra of these films depending on
temperature were measured for the wavelengths of 350—
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Figure 8. Temperature dependence of transmission spectra of
the undoped, W-doped and W/Mg-codoped VO»(M) composite films
on PET substrate.
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Figure 9. Temperature dependence of transmittances at 2,000 nm
for the undoped, W-doped and W/Mg-codoped VO>(M) com-
posite films on PET substrate.

Table 3. Optical transition properties of the undoped, W-doped and
W/Mg-codoped VO»(M) composite films on PET substrate

Undoped W-doped W/Mg-codoped

7. (°C) 67 42 44

AT.(°C) 11 7 5
Transmittance 20 °C 69.5 492 64.2
at2000nm T (%) 90°C  22.7 203 214
AT (%) 46.8 289 4238

2,500 nm and the temperature range of 20-90 °C and shown
in Fig. 8. As you can see in the figures, the thermochro-
mic characteristics were clearly shown as the temperature
changed. The NIR transmittance of all three films decreased
as temperature increased while the visible transmittance
slightly increased oppositely. In Fig. 9 the transmittance-
vs-temperature curves at 2,000 nm were plotted for all three
films. The transmittance change (AT) between 20 °C and
90 °C was most pronounced for the undoped film as 47%
and it decreased to 29% for the W-doped film. But it increased
back to 43% for the W/Mg-codoped film. The transition
temperatures that were determined from the transmittance
data during heating and cooling cycles were 67, 42, 44 °C
for the undoped, W-doped and W/Mg-codoped films, respec-
tively. This tendency is also consistent with the data of
powder and pellet samples from DSC and resistivity as
discussed above. The hysteresis during heating and cool-
ing became narrower for both the doped films than for the
undoped one. This is opposite result to that of the powder
and pellet samples. The same hysteresis tendency was
shown for the W-doped and W/Mg-codoped films that was
prepared by the precursor sol-gel method that was men-
tioned in Introduction. This difference between the powder
and film samples may result from the fact that the grain
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size effect in film sample is more serious than powder
sample.”” As mentioned earlier Mg-doping improved the
visible transmittance of VO2(M) films and the result was
explained due to the band-gap widening whether it is singly
doped or codoped with W. In our composite film Mg-codop-
ing into VO,(M) with W did not show the pronounced effect
on the visible transmittance as shown in Fig. 8 although
there was very slight improvement. Rather than this, as
discussed above, Mg-codopoing apparently recovered the
deteriorated transition characteristics by W-doping and
NIR transmittance change after the transition, which is called
as NIR switching efficiency, was recovered to the level of
the undoped VO»(M) while keeping the transition tem-
perature low. Therefore, this study showed that the Mg-
codoping effect in W-doped VO»(M) nanoparticle played
more important role on the structural phase transition than
band gap widening that were shown in the other study of
W/Mg-codoped film.

CONCLUSION

W-doping into VO(M) gives definitely a benefit of low-
ering the phase temperature as well known. However, it also
causes the lowering of the sharpness of the phase transition
and decreases the NIR switching efficiency. Mg-codoping
into W-doped VO»(M) nanoparticles synergistically increased
the transition sharpness back to the level of the undoped
VO,(M) while keeping the transition temperature low. The
W/Mg-codoped VO»(M) composite film that was prepared
with W(1.5 at. %)/Mg(2.9 at. %)-codoped nanoparticles and
acrylic block copolymer showed relatively low transition
temperature (44 °C) and good NIR switching efficiency
(43%). The optimization of this synergistic effect is under
investigation by controlling W/Mg-codoping ratio.
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