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ABSTRACT: This paper reports a one-step TiO, seed-
assistant hydrothermal synthesis of Mo-doped VO,(M)/TiO,
composite nanocrystals. It was found that excess Mo doping
can promote formation of the VO,(M) phase, and rutile TiO,
seed is beneficial to morphology control, size reduction, and
infrared modulation of Mo-doped VO,(M) nanocrystals. The
Mo-doped VO, nanocrystals epitaxially grow on TiO, seeds
and have a quasi-spherical shape with size down to 20 nm and a
nearly 35% infrared modulation near room temperature. The
findings of this work demonstrate important progress in the
near-room-temperature thermochromic performance of
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VO,(M) nanomaterials, which will find potential application in constructing VO,(M) nanocrystal-based smart window coatings.
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1. INTRODUCTION

Monoclinic phase vanadium dioxide [VO,(M)] is a promising
material for thermochromic smart windows because of its
reversible phase transition between monoclinic and rutile
phases [VO,(M) < VO,(R)] at T. ~338 K, leading to
dramatically changed electrical and optical properties."”
VO,(M) is a metallic material with high infrared reflection
when the temperature is above T, and becomes a semi-
conductor with a reasonable infrared transmission when the
temperature is below T.>”> The modulation of T, to room
temperature is essential for many practical applications not
limited to smart windows. A number of approaches have been
reported for the reduction of T,, and among them, doping of
VO,(M) with metal ions (e.g, W®, Mo®, Ta’*, Nb**, and
Ru*') is a commonly used strategy but often leads to a
decreased thermochromic performance.®

Hydrothermal synthesis is a commonly used method, and it
has been demonstrated that if the hydrothermal reaction
temperature is not high enough and/or the reaction time is not
long enough, the VO,(B) phase instead of the VO,(M) phase
will be obtained. Pure single-crystal VO,(R) powders have been
synthesized by the hydrothermal treatment of V,05 and oxalic
acid at 240 °C for 7 days.” VO,(R) nanorods have also been
fabricated using the same reaction at 260 °C for at least 16 h.®
VO,(M) micro- and nanocrystals were prepared using N,H, as
a reducing algent.9 Pure and W-doped VO,(M) nanobelts were
obtained using V,0, and a mixture of V,0;, H,C,0, (oxalic
acid), and H,WO,.'">"" VO,(M) powders have been synthe-
sized by either an ultrafast solid-state reaction of VOOH or
direct combustion of a VO(acac), ethanolic solution.'*'?
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VO,(M) ultrathin nanosheets were successfully fabricated by
chemical lithiation and exfoliation—deintercalation using
VO,(M) bulk.** Owing to the high temperature and long
reaction time, overgrowth of VO,(M) is a common issue in the
hydrothermal synthesis.

Rutile TiO, has the same structure as VO,(R) with
approximate lattice parameters, and the crystal structure of
VO, is sensitive to under- and/or overcoated materials, which
promises that the rutile TiO, nanocrystal can be used as a seed
to assist the nucleation and growth of rutile VO, with
nanostructure. Moreover, the VO,(M)/TiO, composite has
its own advantages in not only increasing the luminous
transmittance but also modifying the infrared modulation
ability.">~"” The reported fabrication methods of the VO,(M)/
TiO, composite are limited to sol—gel, chemical, and/or
physical vapor deposition,ls_17 which cannot meet the
requirements for the production of large-area VO, thermo-
chromic windows because of technical and cost problems. A
nanoparticle-based solution coating is an alternative way to
fabricate the thermochromic film because of its simple coating
system, flexibility for substrate selection, ease of large-scale
production, and low cost.'®

In this paper, we report a one-step TiO, seed-assistant
hydrothermal synthesis of Mo-doped VO,(M)/TiO, composite
nanocrystals. It was found that the size and phase transition
temperature of the composite nanocrystals can be regulated by
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the content of TiO, seed and a good near-room-temperature
thermochromic performance has been realized.

2. EXPERIMENTAL SECTION

2.1. Materials. Oxalic acid (H,C,0,-2H,0, purchased from
Chinese Sinopharm Chemical Reagent Co., Ltd., Shanghai, China),
vanadium pentoxide (V,0s, purchased from Research Institute of
Tianjin Guangfu Fine Chemical Research Institute, Beijing, China),
and molybdic acid (H,MoO,, purchased from Shanghai Senhao Fine
Chemicals Co. Ltd., Shanghai, China) were used without purification.
Rutile TiO, nanoparticles (with sizes of 11—20 nm; purchased from
Hangzhou Wan Jing New Material Co., Ltd.,, Zhejiang, China) were
used as received.

2.2. Synthesis of Mo-Doped VO,(M) Nanorods. For a typical
synthesis procedure, an appropriate amount of oxalic acid was first
dissolved in 35 mL of deionized water with constant stirring in a 50
mL Teflon cup followed by the addition of proportional quantities of
oxalic acid, vanadium pentoxide (the molar ratio of oxalic acid and
vanadium pentoxide is 1—2:1), and molybdic acid. The resultant
solution was stirred for 1 h and then heated in a sealed autoclave with
a stainless steel shell at 220 °C for 2 days. The black precipitate was
collected after cooling naturally to room temperature, washed three
times using deionized water and alcohol alternatively, and then dried at
60 °C for 12 h. The pure VO,(B) nanopowders were synthesized
using the same procedures except the addition of molybdic acid.

2.3. Synthesis of Mo-Doped VO,/TiO, Composite Nano-
crystals. Similar to the above procedures, after stirring for 1 h, a
certain amount of rutile TiO, nanocrystals with average sizes of about
15 nm was added to the solution and stirred for another 2 h; the
resultant solution was heated in a sealed autoclave with a stainless steel
shell at 220 °C for 2 days, and the rest of the procedures are the same
as those mentioned above. After mixing with S wt % poly-
(vinylpyrrolidone) in alcohol, the Mo-doped VO,(M) and VO,/
TiO, composite nanocrystal films on a glass substrate were obtained
by spin coating at a speed of 5000 rpm.

2.4. Characterizations. The microstructure of the products was
determined by X-ray diffraction (XRD; Philips X’Pert Pro MPD and
Cu Ka radiation at 1.54056 A), field-emission scanning electron
microscopy (FESEM; Sirion 200 operating with an accelerating
voltage of 10 kV), and transmission electron microscopy (TEM; JEOL
model 2010). The valence state and chemical composition were
studied by X-ray photoelectron spectroscopy (XPS; PerkinElmer PHI-
5600ci). The phase transition behavior was analyzed by differential
scanning calorimetry (DSC; Netzsch DSC-4000) at a temperature
ramp rate of 10 °C/min within the —20 to +100 °C range in a flowing
nitrogen atmosphere. Optical transmittance of VO,(M) films was
recorded at wavelengths of 400—1800 nm with a variable-temperature
device (Shimadzu UV3600 UV—vis—near-infrared spectrophotome-
ter).

3. RESULTS AND DISCUSSION

3.1. Synthesis of Mo-Doped VO,(M) Crystals. Figure 1
shows the XRD patterns of the as-prepared VO, powders with
and without 5.62 atom % Mo doping. The strong diffraction
peaks prove that both undoped and Mo-doped VO, are well
crystallized. The diffraction peaks shown in Figure la can be
indexed as metastable monoclinic VO,(B) (JCPDS card no. 81-
2392; space group C2/m) with lattice parameters a = 12.0930
A b =37021 A and ¢ = 64330 A, in agreement with the
reported results.' Figure 1b shows the diffraction peaks of the
Mo-doped product, which can be indexed to monoclinic
VO,(M) (JCPDS card no. 43-1051; space group P2,/c) with
lattice parameters of a = 5.7517 A, b = 4.5378 A, and ¢ = 5.3825
A. Tt was found that the pure monoclinic Mo-doped VO,(M)
can be obtained only when the Mo doping content reaches 5.62
atom %, and the mixed phases of VO,(B) and VO,(M) will be
obtained if the Mo doping content is lower than 5.62 atom %
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Figure 1. XRD patterns of VO, powders (a) without and (b) with 5.62
atom % Mo doping.

(Figure S1, Supporting Information, SI). This result demon-
strates that sufficient Mo doping can promote formation of the
VO,(M) phase. Doping with Mo can induce distortion of the
VOyg octahedra by Mo atoms substituting for V atoms, making
it easier to break the interconnections between different
octahedra and thus reducing the activation energy of the
formation of VO,(M). Note there is a critical Mo doping
content to achieve sufficient reduced activation energy of
VO,(M) formation.” It is worth noting that the peaks related to
molybdenum oxide were not observed in Figure 1b, indicating
that Mo atoms are homogeneously distributed inside the
VO,(M) crystal lattice, forming a solid solution.

Figure 2 shows FESEM images of the as-prepared VO,
powders with and without 5.62 atom % Mo doping. It can seen
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Figure 2. FESEM and TEM images of VO, powders without (a and b)
and with (c and d) 5.62 atom % Mo doping. The insets are the
corresponding SAED patterns.

from Figure 2a that VO,(B) has a rodlike shape with lengths up
to several micrometers and a typical width of 100 nm. TEM
analysis (Figure 2b) confirms that the rodlike structure is
formed by VO,(B) nanorods, which is supported by the
corresponding selected area electron diffraction (SAED)
patterns (the upper inset in Figure 2b). The interplanar
distances of 0.62 and 0.356 nm match well with the (001) and
(110) crystal planes of the monoclinic VO,(B) (the lower inset
in Figure 2b). The VO,(B) nanorods are single crystal with
preferential growth along the [010] direction. With 5.62 atom
% Mo doping, the asterisk-like morphology forms, as shown in
Figure 2c. TEM observation (Figure 2d) shows that the asterisk
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consists of VO,(M) nanorods with a thickness of about 200 nm
and a width of 300 nm. High-resolution TEM (HRTEM)
analysis of the end part of an individual rod confirms that the
asterisk-shaped crystals are the VO,(M) phase. The interplanar
distances of 0.228, 0.244, and 0.245 nm match well with the
(020), (1T12), and (211) crystal planes of the monoclinic
VO,(M), which is in agreement with the XRD results and is in
accordance with the previous reports.”*°

Figure 3 shows the DSC curves of Mo-doped VO,(M)
crystals in a typical heating cycle. One can see that the phase
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Figure 3. DSC curves of VO,(M) powders with Mo doping contents
of (1) 3.74, (2) 5.62, and (3) 9.36 atom %. The inset is a plot of T
versus Mo doping content.

transition temperature can be reduced to room temperature
with 5.62 atom % Mo doping and even to below zero with 9.36
atom % doping. This result demonstrates that Mo doping can
not only promote formation of the VO,(M) phase but
effectively reduce T, This is slightly different from the result
reported by Hanlon et al; there they found that T can only be
reduced to 24 °C with 7% Mo doping.>" The inset in Figure 3
shows the relationship between the Mo doping content and T..
An average reduction efficiency of 7.86 °C per Mo atom % can
be obtained from the slope of the line:

T. = 64.91 — 7.86 Mo (atom %) (1)

The above results indicate that Mo-doped VO,(M) can be
fabricated via a one-step hydrothermal synthesis process, and T,
can be reduced to room temperature. Nevertheless, from Figure
2, one can see that the size of Mo-doped VO,(M) powders is
very large (in the micrometer range), which cannot meet the
demands for smart window coating because of its poor
dispersity and low optical transmittance. To reduce the size
of the VO,(M) crystal to the nanometer scale, it is essential to
control the nucleation and growth processes of the VO,(M)
crystal in solution.

3.2. Preparation of Mo-Doped VO,/TiO, Composite
Nanocrystals. Figure 4 shows the XRD patterns of Mo-doped
VO, powders with and without TiO, seed together with that
from a physical mixing of VO,(M) and TiO, nanoparticles.
One can see that all observed diffraction peaks can be indexed
to the monoclinic phase of VO,(M) (JCPDS card no. 43-
1051), and no noticeable diffraction peak positions changed
when different TiO, seed contents were used (curves 2—4) but
shifted slightly to a low angle when compared to the case
without TiO, seed (curve 1). This shift could have resulted
from the superposition of the diffraction peak from both rutile
TiO, and VO,(M) near 27.8°, as confirmed by the XRD results
of the physical mixture of TiO, and VO,(M) powders shown in
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Figure 4. (a) XRD patterns of VO,(M) powders without (1) and with
TiO, seed of TiO,/VO, molar ratios (2) 1:11, (3) 1:7, and (4) 1:S.
(5) XRD pattern of a TiO, and VO, phase mixture (1:1 molar ratio).

curve S of Figure 4 and the Gaussian fitting results (Figure S2,
SI).

Figure S shows the FESEM images of Mo-doped VO,(M)/
TiO, composite nanocrystals (with TiO,/VO, molar ratios

Figure S. FESEM images of rutile TiO, seed (a) and Mo-doped
VO,(M)/TiO, composite nanocrystals with TiO,/VO, molar ratios of
(b) 1:11, (¢) 1:9, (d) 1:7, (e) 1:5, and (f) 1:3.

from 1:11 to 1:5) together with that from TiO, seed. The TiO,
seeds have uniform size distribution with an average size of 15
nm (Figure Sa). Without TiO, seed, the Mo-doped VO,(M)
has an asterisk-like shape (Figure 2c,d). With TiO, seed, all
resultant Mo-doped VO,(M)/TiO, composite nanocrystals
possess a quasi-spherical shape. The size of the composite
nanocrystals decreases with increased TiO, seed content and
can be modulated from 100 nm (TiO,:VO, = 1:11; Figure Sb)
to about 20 nm (TiO,:VO, = 1:5; Figure Sd). This result
indicates that the introduction of TiO, seed can substantially
reduce the size and control the morphology of VO,(M)/TiO,
composite nanocrystals.
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Figure 6 shows the TEM and HRTEM images of Mo-doped
VO,(M)/TiO, composite nanocrystals (TiO,:VO, = 1:11).

Figure 6. (a) TEM and (b and d) HRTEM images and (c) FFT
patterns of Mo-doped VO,(M)/TiO, composite nanocrystals with a
TiO,/VO, molar ratio of 1:11.

The quasi-spherical shape with a size of around 100 nm can be
clearly seen in Figure 6a. The interplanar distances of 0.332 nm
in area I and 0.324 nm in area II match well with the (111) and
(110) crystal planes of VO,(M) and rutile TO, (Figure 6b),
respectively, indicating that VO,(M) crystals epitaxially grow
on rutile TiO, nanocrystals, and the appearance of a dislocation
in area III also confirmed epitaxial growth because of slightly
different interplanar distances in VO,(M) and TO,. The fast
Fourier transformation (FFT) patterns taken from areas I and
II, as well as the transition region III shown in Figure 6¢, further
confirm the above results, in which the FFT spots in areas I and
I are discrete because of the individual structure, while in area
III, they are slightly dispersed because of the overlap of the two
structures. This result reveals that rutile TiO, seed can lead to
epitaxial growth of VO,(M) nanocrystals.

The composition and chemical state of Mo-doped VO,(M)/
TiO, composite nanocrystals are investigated by XPS analysis
(Figure 7). The XPS spectra were calibrated by the C 1s peak
(284.6 V) from adventurous hydrocarbon contamination on
the sample surface. The survey spectrum in Figure 7a shows the
existence of V, O, Mo, and Ti without any impurities. High-
resolution analyses of the O 1s and V 2p peaks as well as their
deconvolution based on the Gaussian function are shown in
Figure 7b. One can see that the main fitting peak of V 2p;, is
centered at 518.05 eV, which is slightly higher than that of
undoped V 2p;, as a result of Mo doping.”*** The small peak
at a binding energy of 516.76 €V corresponds to V** ions due to
surface oxidation when exposed in air. The strong symmetrical
peak at 530.88 eV can be indexed to O,. It can be seen from
deconvolution of the Mo,y peak (Figure 7c) that Mo is present
as Mo®* with bindin§ energies of 235.61 and 232.40 eV for Mo
3d;, and Mo 3ds,,”>** respectively, demonstrating that a Mo
atom has been doped into the TiO,/VO, composite. The
binding energies at 459.31 and 464.93 eV are respectively
attributed to the Ti 2ps3/, and Ti 2p, /, peaks in the rutile phase
TiO, (Figure 7d), corresponding to the position for Ti*" in
TiO,, and are slightly higher than that in pure TiO, (the
reported value for pure Ti is 458.0—458.5 eV>"). The increase
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Figure 7. XPS spectra of Mo-doped VO,(M)/TiO, composite
nanocrystals with a TiO,/VO, molar ratio of 1:11: (a) survey spectral
high-resolution scan of (b) V 2p, O 1s, (c) Mo 3d, and (d) Ti 2p and
the corresponding Gaussian fittings.

in the binding energy might be due to electronic interactions
between Ti and the doped Mo.**

Figure 8 shows the DSC curves of 5.62 atom % Mo-doped
VO,(M) nanocrystals without and with TiO, seed (TiO,/VO,
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Figure 8. DSC curves of Mo-doped VO,(M) nanocrystals without (1)
and with (2) TiO, seed (TiO,/VO, molar ratio of 1:11).

molar ratio of 1:11). The endothermic and exothermic peaks in
each DSC curve can be clearly seen, which further confirms the
formation of VO,(M) in a one-step hydrothermal synthesis and
is in agreement with the XRD result. The peak temperature in
the heating cycle is slightly increased from 25.03 °C without
seed to 25.5 °C with seed, while it decreases from 20.12 °C
without seed to 15.82 °C with seed in the cooling cycle. The
calculated latent heat from Figure 8 in the heating cycle is 31.5
and 11.7 J/g for Mo-doped VO,(M) nanocrystals with and
without TiO, seed. The higher latent heat indicates that Mo-
doped VO,(M)/TiO, composite nanocrystals are highly
crystalline and relatively perfect in their crystalline structure.”®
Hysteresis between the heating and cooling cycles increases
with TiO, seed (from 4.91 to 9.68 °C), which is different from
the reported result that TiO, additives can remarkably reduce
the hysteresis loop width,'® and is considered to be due to the

size effect of Mo-doped VO,(M)/TiO, composite nanocryst-
als 2728
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Figure 9 shows the DSC curves of 5.62 atom % Mo-doped
VO,(M)/TiO, composite nanocrystals with different TiO, seed
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Figure 9. DSC curves of Mo-doped VO,(M)/TiO, composite
nanocrystals with TiO,/VO, molar ratios of (1) 1:11, (2) 1:7, and
(3) 1:s.

contents in the heating cycle. One can see that the peak
temperature increases with increasing TiO, seed content
despite having the same Mo doping content (e.g,, T, increases
from 25.50 to 38.72 °C when the TiO,/VO, molar ratio
increases from 1:11 to 1:5). This result indicates that the
addition of TiO, seed suppresses the Mo doping content in
VO,(M). Table 1 shows the influence of the TiO, seed content

Table 1. Influence of TiO, Seed on the Phase Transition
Temperature and Mo Doping Content in VO,(M) Crystals

T, by caled Mo
TiO,/VO, DSC Mo doping by  Ti/V by XPS  doping (atom
molar ratio (°C) XPS (atom %) (atom %) %)
0 25.03 9.26 / S.125
1:11 25.50 10.23 1:18 5.065
1:7 31.04 9.44 1:11 4.360
1:5 38.72 9.96 1:10 3.383

on T, and the Mo doping content calculated from formula (1)
and by XPS analysis. It was found that the Mo doping content
detected by XPS almost has a constant value and is very large
compared to the target Mo doping content (5.62 atom %),
while the Ti/V ratio by XPS increases with increasing TiO,
seed content because XPS is a surface-sensitive technique,
probing only the first few atomic layers. The fact that the Mo
doping content detected by XPS is larger than the target doping
content indicates that surface Mo enrichment has occurred. On
the other hand, the fact that the actual Mo doping content
calculated from formula (1) in the last column of Table 1
decreases with increasing TiO, seed content might also indicate
that not all Mo is doped in VO,(M) (because the phase
transition temperature increases with increasing TiO, content)
but exists in other forms such as doped into TiO,”*** or in a
separate Mo,0; phase.

Figure 10 shows variable-temperature (from —40 to +80 °C)
optical transmittance in the visible-light and near-infrared
regions of Mo-doped VO,(M) composite nanocrystal thin
films. One can see that infrared transmittance only changes
about 10% (Figure 10a) before and after phase transition for
5.62 atom % Mo-doped VO,(M) (T. = 25.03 °C) without
TiO, seed. The infrared modulation is substantially enhanced
with TiO, seed and increases with increasing TiO, seed
content. The infrared modulation increases to about 23%
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Figure 10. Variable-temperature transmission spectra of a Mo-doped
VO,(M) crystal film without TiO, seed (a) and with TiO,/VO, molar
ratios of (b) 1:11, (c) 1:7, and (d) 1:S.

(Figure 10b) with a TiO,/VO, molar ratio of 1:11 (T, = 25.50
°C) and further increases to 35% (Figure 10d) with a TiO,/
VO, molar ratio of 1:5 (T, = 38.72 °C). Transmittance in the
visible-light region also slightly increases with TiO, seed, which
is inconsistent with the literature reports."®>*>" The hysteresis
loop at 1500 nm of Mo-doped TiO,/VO, (M) composite
nanocrystal thin films [hysteresis width between 70 and 82 °C
with VO,(M) sizes of 100, 60, and 20 nm; Figures S3b—d, SI]
is larger than that for a Mo-doped VO,(M) crystal thin film
[hysteresis width of about SO °C with VO,(M) size between
200 and 300 nm; Figure S3a, SI] due to the size effect, which is
inconsistent with the DSC result shown in Figure 8. A high
solar modulation ability is very important for the application of
VO,(M) as smart windows,*>** and further work is underway
to study the thermochromic performance of the Mo-doped
TiO,/VO,(M) composite nanocrystal film on a glass substrate.

3.3. TiO, Seed Growth Mechanism. The growth of
VO,(R) on TiO, seed may be described in accordance with the
nucleation—growth mechanism. Without TiO, seed, the growth
of VO,(M) crystals has to overcome nucleation energy (AG,)
and surface free energy (AG;). So, the free energy needed for
the formation of VO,(R) crystals can be expressed by the
following equations:

AG = AG, + AG, )

(©)

where 7 denotes the surface tension of VO,(R) grain. Because
the lattice parameters of VO,(R) and rutile TiO, are very
similar, the surface tension ¥ is also nearly the same as that of
TiO, seed; therefore, the growth of VO,(R) on TiO, seed only
needs to overcome the nucleation energy (AG, ~ AG,) and
thus facilitates the nucleation and growth of VO,(R) grain.
From the perspective of crystal growth kinetics, it is easy to
understand that the higher the seed content, the smaller the
epitaxial crystals because of the limited VO,(R) raw material;
thus, the size of Mo-doped VO,(M)/TiO, composite nano-
crystals decreases with increasing TiO, seed content.

AG, = 4r’y

4. CONCLUSION

In summary, Mo-doped VO,(M)/TiO, composite nanocrystals
have been fabricated by a one-step hydrothermal synthesis

dx.doi.org/10.1021/am500135d | ACS Appl. Mater. Interfaces 2014, 6, 6555—6561
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method. The morphology changes from asterisk-like shape with
size in the micrometer range for Mo-doped VO,(M) without
TiO, seed to quasi-spherical shape with size down to 20 nm for
Mo-doped VO,(M)/TiO, composite nanocrystals with TiO,
seed. The size of the composite nanocrystals decreases with
increasing TiO, seed content, and the phase transition
temperature can be modulated to room temperature. The
infrared modulation can be substantially enhanced with the
addition of TiO, seed, and nearly 35% modulation can be
realized. The findings of this work not only provided a simple
means to achieve control of the morphology and size of
VO,(M) nanocrystals but also demonstrated that the infrared
modulation can be enhanced by the addition of TiO,
nanocrystals.
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Data of Gaussian fitting results of the XRD peak near 27.8° for
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