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APPLICATION AND SYNTHESIS OF DOPED
VANADIUM DIOXIDE POWDER AND
DISPERSING AGENT

TECHNICAL FIELD

[0001] This mnvention mvolves the synthesis of VO, pow-
der, especially doped VO, powder and 1ts application.

BACKGROUND

[0002] Due to the worldwide growing energy crisis, energy
conservation and emission reduction are more important
today than ever betfore. In December of 2009, United Nations
Environment Programme reported that building energy con-
sumption occupies about one third of global greenhouse gas
emissions. In China, building energy consumption overall
accounts for 30% of the total available primary energy. In
particular, energy exchange through windows accounts for
over 50% of energy consumed through a building’s envelope
by means of conduction, convection and radiation. To reduce
energy consumption, it 1s necessary to develop smart win-
dows which are designed to intelligently control the amount
of transmitted light and heat (mainly 1n the near infrared
region) 1n response to an external stimulus.

[0003] At present low emissivity glass which has high vis-
ible transmittance and high infrared reflection 1s prevalent 1n
the energy saving glass market and can greatly reduce heat
transier from mdoors to outdoors compared to the ordinary
glass and traditional building coating glass. However, low
emissivity glass 1s expensive and not intelligent enough.
Theretore, there 1s urgency to develop the next generation of
smart windows with independent intellectual property rights.

[0004] Vanadium dioxide (VO,) with a Mott-phase transi-
tion 1s a key material for application to thermochromic smart
windows because 1t exhibits a reversible transformation from
an infrared-transparent semiconductive state at low tempera-
tures to an inirared-transparent semiconductive state at high
temperatures, while maintaining visible transmittance.

[0005] Various techniques including the sol-gel method,
chemical vapor deposition, sputtering deposition, pulsed-la-
ser deposition, and 10n 1mplantation have been utilized to
deposit VO, films, however many problems exist, such as
expensive equipment, complex control processes, poor sta-
bility, low deposition rate and unsuitable mass production. In
addition, the application of smart windows with VO, films 1s
restricted because 1t can only be applied to new glass. There-
fore, on the basis of energy saving reconstruction, VO, pow-
ders with intelligent energy-saving eifect are preferably
coated on existing ordinary glass.

[0006] The vanadium-oxygen phase diagram shows nearly
15-20 other stable vanadium oxide phases besides VO, such
as VO, V O, , and VO, ,. The formation of VO, occurs only
over a very narrow range ol oxygen partial pressures. Addi-
tionally, more than ten kinds of crystalline phases of vana-
dium dioxide have been reported, including tetragonal rutile-
type VO, (R), monoclinic rutile-type VO, (M), triclinic VO,
(P*(2)), tetragonal VO,, (A), monoclinic VO, (B), VO, (C),
orthorhombic VO, .H,O, tetragonal VO, .0.5H,O, monoclinic
V.0, and V,0,.2H,0O. Only the rutile-type VO, (R/M)
undergoes a fully reversible metal-semiconductor phase tran-
sition (MST) at approximately 68° C. However, the prepara-
tion of VO, (M/R) powder has become a technical difficulty

tor the application of smart windows.
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[0007] High temperature sintering was usually used to fab-
ricate VO, powder. A method to fabricate vanadium dioxide
powder doped with tungsten, 1n which VO, (B) powder 1s first
synthesized and then heat treated at 350-800° C. to attain VO,
(R) powder 1s 1ssued 1n patent (CN10164900). Moreover,
many methods including spray pyrolysis (U.S. Pat. No. 5,427,
763), thermal cracking (CN1321067C), sol-gel (U.S. Pat. No.
6,682,596) and reverse microemulsion (WO2008/011198
A2) have been used to synthesize VO, powder. A patent

(CN101391814) trom our research group describes one-step
hydrothermal synthesis of VO, (M/R) powders.

SUMMARY

[0008] The preparation of composite film with VO, powder
and other material was simple and beneficial for mass pro-
duction, and could be used not only for energy conservation
reconstruction of existing glass, but also for coating different
substrates, thus expanding the application of VO,. However,
for preparation of thin films and coatings of VO,, the mor-
phology and particle size of VO, powder met special require-
ments that allowed VO, powder to possess excellent dispers-
1bility.

[0009] However, the doped VO, powder usually had a large
s1ze (more than 100 nm) and rod shape (aspect ratio more than
10), and furthermore doping elements couldn’t control the
crystalline phase, and doped VO, powder possessed poor
dispersibility and were unsuitable for preparation oI VO, thin
films and coatings.

[0010] Although a patent (CN10164900A) demonstrated
that the size o1 VO, powder doped with tungsten was smaller
than 50 nm, 1t was not involved 1n the microstructure of the
powder, suggesting that the doped tungsten element didn’t
modulate the aspect ratio of VO, powders. Moreover, 1t was
difficult to control the crystalline phase by means of high
temperature sintering from VO,(B) to VO,(R) powder. A
patent (CN101391814A) from our research group indicated
the shape of VO, powder was granular, however 1t wasn’t
related to the size and aspect ratio of VO,, powder. According
to FIG. 2, the grain was actually rod-shaped rather than granu-
lar.

[0011] The doping of VO, powder focused on the effect on
the phase transition temperature of VO,, and tungsten and
molybdenum are usually used as doping elements. Butit pays
no attention to the intluence on the grain size and morphol-
ogy. Furthermore, there 1s no discussion about regulation of
the grain size and morphology ot VO, by doping.

[0012] A patent 1illustrated the method to fabricate VO,
with small size, however VO,(M) was synthesized through
induction on the surface of TiO,, meaning that VO.,/T10,
composite particles were attained, rather than doped VO,
particles with single chemical composition.

[0013] VO, powder which could be controllable and have

excellent dispersibility was beneficial. On the one hand, the
present invention provides one approach to preparation of
doped V,__M O, powder (M 1s a doping element and x lies
between 0 and 0.5. When 0.03<x=0.3, it 1s preferred. IT
0.03<x<0.1 or 0.005<x<0.025, 1t 1s more preferred.), on the
other hand, this doping method can control the size and mor-
phology of VO, powders.

[0014] In this imnvention, through doping with certain ele-
ments, small and uniform VO, powder was attained, and the
doped VO, powder possessed stable crystalline phase and
good dispersibility 1n water and dispersing agent (such as
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polyvinyl pyrrolidone) so that 1t was easily used to coat the
glass substrate and suitable for preparation of films and coat-
ings of VO,.

[0015] Certain elements could be transition metal elements
with atomic number between 21 and 30, tin and its nearby
elements such as In, Sb, Sn, Ga, Ge, Pb and Bi. These tran-
sition metal elements included Sc, Ti, Cr, Mn, Fe, Co, N1, Cu
and Zn. The preferred elements were Bi1, Sn, Fe, Zn and 1.
[0016] The above doping elements could not only change
phase transition temperature of VO, but also regulate the size
and morphology ot VO, powder, and they were ditferent from
previous doping elements which only adjust phase transition
temperature.

[0017] Inthis invention, the doped VO, powder was granu-
lar and possessed the aspect ratio between 1 and 10. The
preferred aspect ratio was 1~35 and the more preferred aspect
ratio was 1~2. The particle size of VO, 1n at least one dimen-
sion was less than 1 um and 11 1t was not more than 100 nm, 1t
was an preferred size. The more preferred particle size was
not more than 100 nm 1n three dimensions and the most
preferred size was less than 70 nm 1n three dimensions. The
particle could be various shapes such as nearly sphere, ellipse,
snowflakes, cube, tablet and so on.

[0018] VO, powder with the above size and morphology
had better dispersibility.

[0019] The doped VO, powder contained rutile phase VO,
and the proportion of VO,(R) could be as high as 80%, even
100%. The doped VO, powder had controllable s1ze and mor-
phology and possessed a semiconductor-metal phase transi-
tion, whose phase transition temperature was continuously
adjusted between —30 and 90° C.

[0020] Due to extensive application of VO, powder, it 1s
urgent to develop a simple and low-cost synthesis of VO,
powder. It was found that processing a reaction precursor
lessened the difficulty of hydrothermal reaction of VO,. This
invention provided a method to fabricate doped VO, powder,
in which the V** ion aqueous solution was treated with a basic
reagent and then attained a suspension precursor.

[0021] Before doping certain elements, the V**ion aqueous
solution precursor was treated with basic reagent and we
obtained VO, powder with controllable s1ze and morphology.
The particle size was less than 1 um 1n at least one dimension
and the particle aspect ratio wasn’t more than 10. Small and
uniform VO, powder was attained, and the doped VO, pow-
der possessed a stable crystalline phase and good dispersibil-
ity 1n water and dispersing agent (such as polyvinyl pyrroli-
done) so that 1t was easy to coat 1n the glass substrate and
suitable for preparation of films and coatings of VO.,.

[0022] Insum, this method had many advantages including
simple operation, low cost, easy control, excellent crystallin-
ity and suitable scale production.

[0023] Inthisinvention, the molar ratio of the basic reagent
and V** ion aqueous solution was 0.02~10. The preferred
ratio was 0.1~5 and the more preferred ratio was 0.2~2. The
precursor was treated by means of a titration method 1n which
we used the basic reagent to titrate the V** ion aqueous
solution until the suspension precursor was attained. The pH
at the end of the titration was 2~12 and the preferred pH was
5~10. This method was easy to operate and control, and
performed without special equipment.

[0024] The concentration of V** ion aqueous solution was
between 0.005 and 0.5 mol/L, usually chosen to be 0.01
mol/L. The V** ion aqueous solution was attained through
dissolving soluble vanadium raw material 1n detonized water.

Dec. 26, 2013

Commonly used soluble vanadium raw material could be
trivalent, quadrivalent or pentavalent vanadium salts and their
hydrates, and quadrivalent vanadium salts and their hydrates
such as VOSO,, VOCl, and VOC,0,.5H,0O are preterred.
When trivalent and pentavalent soluble vanadium salts and
their hydrates were employed as starting materials, V** ion
aqueous solution was attained through oxidation and reduc-
tion pretreatment respectively; at the same time, the quadriva-
lent vanadium salts were obtained via oxidation and reduction
pretreatment respectively and then dissolved i deionized
water. Moreover, for insoluble vanadium raw material such as
metal vanadium, vanadium oxide or their combination, V**
1on aqueous solution was prepared via oxidation, reduction or
solvation pretreatment.

[0025] Alkaline reagents such as ammonia, sodium
hydroxide, potassium hydroxide, soda ash, sodium bicarbon-
ate, potassium carbonate solution, potassium bicarbonate and
the arbitrary combination could be used. Ammonia, sodium
hydroxide and potasstum hydroxide were preferred choices
and the more preferred choice was sodium hydroxide. The
basic reagent concentration could be 0.5~35 mol/LL and the
preferred concentration was 0.5~2 mol/L.

[0026] The attaimned suspension solution via alkali treat-
ment could be mixed with certain doping agents, and then
doped VO, powder was fabricated through a hydrothermal
reaction. The mole ratio of doping elements and V** ion
aqueous solution could be 0.001~1; preferred mole ratios
were 0.03~0.43 mol/LL and 0.005~0.026 and the more pre-
ferred mole ratio was 0.03~0.11. The temperature of the
hydrothermal reaction could be 200~400° C.; preferred tem-
perature was 200~350° C. and the more preferred tempera-
ture was 250~300° C. The time of the hydrothermal reaction
was 1~240 h; preferred time was 2~120 h and the more
preferred time was 4~60 h. The filling ratio of the hydrother-
mal reaction was 20~90%; preferred filling ratio was 30~80%
and the more preferred filling ratio was 50~80%.

[0027] Before hydrothermal reaction, the V** ion aqueous
solution precursor was treated with basic reagent, and then
the reaction became one-step reaction with low reaction tem-
perature and high production. VO, powder with controllable
s1ze and morphology was attained. This method had many
advantages including simple operation, low cost, easy control
and excellent crystallinity.

[0028] The dispersing agent of VO, powder was provided
in this 1nvention and the concentration of VO, powder could
be 100 g/L; preferred concentration was 1~30 g/L. and the
more preferred concentration was 5~30 g/L..

[0029] The above dispersing agent could be coated 1n suit-
able matrix and used in the thermochromic film, energy-
saving paint, intelligent energy-saving glass curtain wall,
temperature control device(such as solar temperature control
device) and energy-saving coating. For example, this agent 1s
suitable for direct manufacturing energy-saving glass and
could also be used to transform existing common glass, and
even used 1n surface energy-saving reconstruction of build-
ings, and transportation. What’s more, this VO, powder could
be used 1n energy information equipment including micro
photoelectric switches, thermistors, battery materials and
optical information storage devices.

[0030] Energy-saving film was prepared with doped VO,
powder and possessed many advantages such as a simple
process, low cost, wide application and excellent spectral
characteristics.
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BRIEF DESCRIPTION OF THE FIGURES

[0031] FIG. 1 illustrates example XRD patterns of VO,
powders;

[0032] FIG.21illustrates example TEM 1mages o VO, pow-
ders:

[0033] FIG. 3 illustrates XRD patterns of VO, powders

from example 1;

[0034] FIG. 41illustrates TEM 1mages of VO, powders from
example 1;
[0035] FIG. S illustrates XRD patterns of VO, powders

from example 2;

[0036] FIG. 61llustrates TEM 1mages of VO, powders from
example 2;
[0037] FIG. 7 illustrates XRD patterns of VO, powders

from example 8;

[0038] FIG. 8 illustrates TEM 1mages of VO, powders from
example 8;
[0039] FIG. 9 illustrates XRD patterns of VO, powders

from example 12;

[0040] FIG. 10 1illustrates TEM 1mages of VO, powders
from example 12;

[0041] FIG. 11 illustrates optical spectra of film fabricated
with VO, powders betfore and after phase transition; and

[0042] FIG. 12 illustrates temperature dependence of the
optical transmittance of the film fabricated with VO, powders
at a fixed wavelength of 2000 nm.

[0043] FIG. 13 illustrates XRD patterns of intermediate
solid vanadium dioxide powder suspension.

DETAILED DESCRIPTION OF TH
EMBODIMENTS

L1

[0044] According to the following figures, the implemen-
tation method of this invention 1s explained 1n detail.

[0045] First, the hydrothermal reaction to fabricate doped
VO,(R) powder was taken for example. Furthermore, this
method could be used to prepare undoped VO,(R) powder
and other crystalline phase of VO, powder such as VO,(A)
powder.

[0046] The V** ion aqueous solution acted as a reaction
precursor and was treated with a basic reagent.

[0047] The V* ion aqueous solution was prepared through
commonly used methods. The quadrivalent soluble vanadium
salt and 1ts hydrate such as VOSO,, VOCI, and VOC,QO,.
SH,O was dissolved 1n a suitable amount of deionized water
and the proper concentration could be 0.005~0.5 mol/L, usu-
ally 0.01 mol/L. The V** ion aqueous solution was prepared
at room temperature, but slightly heating or ultrasonic pro-
cessing could help the dissolution.

[0048] When trivalent and pentavalent soluble vanadium
salts and their hydrates were employed as starting materials,
they were dissolved in deionized water, and then V** ion
aqueous solution was attained through oxidation and reduc-
tion pretreatment respectively; at the same time, the quadriva-
lent vanadium salts were obtained via oxidation and reduction
pretreatment respectively and then dissolved in deionized
water. IT insoluble precipitate appeared in the redox process,
it could be dissolved through slightly heating or adding the
right amount of deiomized water.

[0049] V**ions aqueous solution can be prepared by using
insoluble vanadium material as raw materials, such as vana-
dium, vanadium oxide or a combination of vanadium oxide.
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These materials can be dissolved in water to form V** ions
aqueous solution by oxidation, reduction or other pretreat-
ment.

[0050] The configured V** aqueous solution was titrated
with alkaline reagent until the suspension was generated.
Ammonia, sodium hydroxide aqueous solution, potassium
hydroxide solution, aqueous sodium carbonate, sodium
bicarbonate aqueous solution, aqueous potassium carbonate,
potassium bicarbonate aqueous solution, or any combination
thereolf may be used as the alkaline reagent for titration.
Aqueous ammonia, aqueous sodium hydroxide, and aqueous
potassium hydroxide solutions were preferable and aqueous
sodium hydroxide solution was more preferable. Through a
ogreat deal of experiments, the mmventor found that 1t was
conducive to the formation of the suspension to determine the
titration end point by controlling the concentration of the
alkaline reagent and V** ions in aqueous solution, wherein
the favorable concentration of alkaline agent was 0.5 to 2
mol/L. When the titration was finished, the pH value of the
suspension was usually from 2 to 12, the molar ratio of
alkaline reagent and V** ions in the aqueous solution is usu-
ally from 1:50 to 10:1, and the minimum amount of alkaline
reagent should be capable of forming a suspension. There-
fore, the preferred molar ratio of alkaline reagent and V** ions
in aqueous solution was greater than 1:10, and more prefer-
ably from 1:5 to 2:1. However, it should be understood that
the alkaline agent was not excessive, and the molar ratio of
alkaline reagent and V** ions in aqueous also preferably did
not exceed 5:1. It was easy to observe and control, without the
need for additional equipment, when the suspension appeared
as the endpoint of the titration.

[0051] Adter titration with alkaline reagent, the suspension
was filtered to obtain a solid dry suspension, and was mea-
sured using X-ray difiraction. As shown 1n FIG. 13, the sus-
pension obtained from the alkaline treatment had a chemaical
composition of V,H.O,,. The obtained suspension from
above was transierred to a hydrothermal reaction autoclave.
The vanadium dioxide powders can be prepared by hydro-
thermal reaction, drying, and separating.

[0052] In the present invention, the doped vanadium diox-
1de powder can be prepared through hydrothermal reaction of
an aqueous solution of vanadium 1ons and a dopant together.
Predetermined dopants were the oxide of the element M, and
M can be near V 1n the Periodic Table with an atomic number
of 21-30, such as scandium, titanium, chromium, manganese,
iron, cobalt, nickel and copper. M can be Zn and Sn or near
them 1n the Periodic Table such as indium, antimony, gallium,
germanium, lead, and bismuth. The doping element M can be
a single element or any combination of the above elements.
Thus, 1t should be understood that the dopant M oxides may
be a single oxide, and also two or more than two of the oxides
of the doping elements, and also a mixture of different doping
clement oxides. In the present invention, the size and mor-
phology of the resulting doped vanadium dioxide powders
can be controlled by the doping element. The molar ratio of
the doping elements and V** ions in the aqueous solution can
be determined according to the amount of the dopant element.
In the present invention, the ratio ranged from 1:1000 to 1:1,
preferably from 3:97 to 3.7, more preferably from 3:97 to 1:9,
in addition, the ratio ranging from 1:199 to 1:39 was pre-
ferred.

[0053] The hydrothermal reaction temperature can range
from 200 to 400° C., preferably from 200 to 350° C., more

preferably from 250 to 300° C. Within these temperature
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ranges, the higher the temperature, the more easily the rutile
phase vanadium dioxide was prepared. The hydrothermal
reaction time could range from 1 to 240 h, preferably from 2
to 120 h, more preferably from 4 to 60 h, and the reaction time
can be adjusted with the reaction temperature. Those skilled
in the field can select a suitable reaction vessel according to
the packing ratio. Usually the packing ratio of hydrothermal
reaction may be from 20 to 90%., preferably from 30 to 80%,
more preferably 50 to 80%.

[0054] Hydrothermal reaction products were separated and
dried by centrifugal drying, but it should be understood that

the products were also separated by freeze-drying, and other
methods.

[0055] The powders prepared 1n the invention had a single
chemical composition with the expression of V,_M O,, and
wherein x satisfied 0<x<0.5, preferably 0.03<x=0.3, more
preferably, 0.03<x=<0.1 or 0.005=x=<0.025. M was a doping
clement. The crystalline phases of the nanoparticles were
determined by X-ray diffraction (XRD, Model D/Max 23550
V, Cu Ka, A=0.13406 nm, 4° /min, Rigaku, Japan), and the
patterns showed than the powders belonged to VO,(M). The
morphology was determined by transmission electron
micros-copy (ITEM, JEM-2010F, JEOL, Tokyo, Japan) and
the results showed that the doped powders were comprised of
granulated particles with the size of 10-100 nm.

[0056] The method of the invention also can be used to
prepare undoped powders with the formula of VO,. The XRD
pattern 1n FIG. 3 (the horizontal ordinate 1s 20 degree, the
vertical ordinate 1s the intensity of the diffraction peak)
showed that the undoped powders belonged to VO,(A). The
TEM photographs (FIG. 4) showed the powders were com-
prised of long rod single crystals with lengths of hundreds of
nm to dozens of um and widths of hundreds of nm.

[0057] The optical properties of the energy saving films
prepared with the doped VO, powders were comparable to
that prepared by sputtering and chemical coating methods.
The XRD pattern 1n FIG. 3 (the horizontal ordinate 1s 20
degree, the vertical ordinate 1s the intensity of the diffraction
peak) showed that the undoped powders belonged to VO, (A).
The TEM photographs (FIG. 4) showed the powders were
comprised of long rod single crystal with length of hundreds
of nm to dozens of um and width of hundreds of nm. However,
as was shown 1n FIG. 5 (the XRD pattern of one undoped VO,
example) and FIG. 6 (the TEM photographs of one undoped
VO, example), the undoped powders were comprised of uni-
form particles of 50 nm, and the aspect ratio of the particles
was 2:1. The powder belonged to VO,(M). As a result, in
comparison withundoped VO, powders , the morphology and
s1ze ol the powders were controlled through doping of unique
clement, and the prepared powders had advantages of small
grain size, umform diameter, and stable crystal structure.
Furthermore, the powders can be dispersed well in H,O and
dispersant such as PVP. The concentration was in the range of
0.1-100 g/L. The prepared suspension was easily coated on
the substrate of glass and applicable to preparing films and
coatings o1 VO,. The VO, dispersion was prepared as follows:
the powders was added to distilled water with addition of
dispersant such as PVP to form a slurry, then the slurry was
stirred and ultrasonicated for 30-60 min. The powders dis-
perse well in H,O and dispersant. The prepared suspension
was coated on the substrate of glass and was dried to form
VO, films. FIG. 12 shows the VO, films with uniform thick-

ness. It 1s noted that the dispersion can be coated on other
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substrates such as plastic, silicon walfer and metal, and these
coated substrates can be used 1n construction and travel appli-
cations for energy savings.

[0058] The VO, spectral curve before and after the phase
transition were obtained through using a UV-vis-NIR spec-
trophotometer, Hitachi Corp., Model UV-4100 with tempera-
ture control unit at temperatures of 25 and 90° C., respec-
tively. In FIG. 11, a great change i doped VO, optical
transmittance occurred before and after the phase transition,
for example, the optical transmittance difference of 40.6%
found at 2000 nm wavelength. The hysteresis loops were
obtained by measuring the prepared film transmittance at
2000 nm with heating and cooling. In FIG. 12, 1t 1s found that
the doped VO, films had phase change properties and the
transmittance after phase transition decreased dramatically.
The results showed that the optical properties of the VO,
powders prepared by the imvention were comparable to that
prepared by sputtering and chemical coating methods.
[0059] It 1s noted that the detailled method above 1n the
invention and the examples below were used to explained the
invention but are not limited the scope. The raw matenals
used, and the reagents can be obtained through the purchase
of commercially available starting materials or synthesized
by conventional chemical method. The following examples,
not including the detailed steps, were implemented according
to conventional conditions such as described in Beilstein
organic chemistry Manual(Chemical Industry Press, 1996) or
the advice given by manufacturers. The ratios and percent-
ages, except where described otherwise, were based on the
molar mass. In addition, any methods and materials similar or
equivalent with the contents can be applied to the method of
the present invention. Other aspects of the present invention
coming from the disclosure of this article are easily under-
standable for the skilled person.

[0060] The following examples give a detailed description
of the mvention.

[0061] Comparative Example:

[0062] 0.225 gV,0. powders were added to 50 mL, 0.015
mol/LL H,C,O,, solution while stirring for 10 min and trans-
terred to an autoclave and added 26 mg tungstic acid followed
by hydrothermal treatment at 240° C. for 7 days. Then the
VO, powders were obtained through centrifugation and dry-
ing. The yield of the powders with a formula ot V, oW 0.0,
1s 75%. As 1s shown in FIG. 1 and FIG. 2, the powders
belonging to M phase 1s long rod-like.

[0063] Example One:

[0064] 1 g VOSSO, wasdissolved in 50 mL deionized water
and titrated with 1 mol/L NaOH solution while stirring. After
titration, the suspension was transierred into a 50 mL auto-
clave with 45 mL distilled H,O followed by hydrothermal
treatment at 250° C. for 12 h. Then the powders with a
formula of VO, were obtained through centrifugation and
drying and the yield was 90%. As 1s shown 1n the XRD pattern
(FI1G. 3) and TEM photographs (FIG. 4), the powders belong-
ing to A phase are long and rod-like, and the long rod products
were single crystals with a length ranging from several nm to
a few micrometers and a width of several nanometers.

[0065] Example Two:

[0066] 1gVOSO,wasdissolved in 50 mL deionized water
and titrated with 1 mol/L NaOH solution while stirring. After
titration, the suspension and 25 mg B1,0, were transierred
into a S0 mL autoclave with 45 mL distilled H,O followed by
hydrothermal treatment at 250° C. for 12 h. Then the powders
with a formula o'V, 54:B1, 5,,0,were obtained through cen-
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trifugation and drying and the yield was 90%. As 1s shown in
the XRD pattern (FI1G. 5) and TEM photographs (FIG. 6), the
powders belonging to A phase are granule-like, and the par-
ticles with a main size o1 40-50 nm and an aspect ratio of less
than 2:1 were single crystals.

[0067] Example Three:

[0068] The experiment was conducted according to the
description of Example Two with 1 g VOSO,, and 7.5 mg
B1,0,. The powders with a formula of V, o-B1, ,,:0, were
obtained and the yield was 85%. The powders belonged to M
phase and the particles with main si1ze o1 40-70 nm and aspect
ratio of 1:1-3:1 were single crystals.

[0069] Example Four:

[0070] The experiment was conducted according to the
description of Example Two with 1 g VOSO,, and 25 mg SnO
in place of B1,0O,. The powders with a formula of V, ,.,Sn,,
0380, were obtained and the yield was 95%. The powders
belonged to M phase and the particles with main si1ze of 30-40
nm and aspect ratio of 1:1-1.5:1 were single crystals.

[0071] Example Five:

[0072] The experiment was conducted according to the
description of Example Two with 1 g VOSO,, and 21 mg SnO
in place of B1,0O,. The powders with a formula of V, ,-,-Sn,,
0250, were obtained and the yield was 90%. The powders
belonged to M phase and the particles with main si1ze of 40-50
nm and aspect ratio of 1:1-2:1 were single crystals.

[0073] Example Six:

[0074] The experiment was conducted according to the
description of Example Two with 1 ¢ VOSO, and 25mg
Fe,O; 1n place of B1,0;. The powders with a formula of
Vi os3F€q 000, were obtained and the yield was 90%. The
powders belonged to M phase and the particles with main size
of 40-60 nm and aspect ratio of 1:1-3:1 were single crystal.
[0075] Example Seven:

[0076] The experiment was conducted according to the
description of Example Two with 1 g VOSO, and 55 mg
Fe,O5 1n place of B1,0;. The powders with a formula of
V, ooFe, O, were obtained and the yield was 80%. The pow-
ders belonged to M phase and the particles with main size of
30-40 nm and aspect ratio of 1:1-1.5:1 were single crystals.

[0077] Example Eight:

[0078] 35 g VOC,0,.5H,0 was dissolved 1 50 mL deilon-
1zed water and titrated with 0.5 mol/LL NaOH solution while
stirring. After titration, the suspension and 50 mg ZnO were
transierred into 50 mL autoclave followed by hydrothermal
treatment at 260° C. for 6 h. Then the powders with a formula
of V, o-7Z1n, 30, were obtained through centrifugation and
drying and the yield was 90%. As 1s shown in the XRD pattern
(F1G. 7) and TEM photographs (FIG. 8), the powders belong-
ing to M phase are granule-like and the particles with main
s1ze ol 25-35 nm and aspect ratio of 1:1-1.5:1 were single
crystals.

[0079] Example Nine:

[0080] The experiment was conducted according to the
description of Example Eight with 5 g VOC,0,.5H,0O and
550 mg ZnO 1n place of 50 mg ZnO. The powders with a
formula otV -Zn, ;0O, were obtained and the yield was 85%.
The powders belonged to M phase and the particles with main
s1ze of 80-100 nm and aspect ratio of 1:1-3:1 were single
crystals.

[0081] Example Ten:

[0082] The experiment was conducted according to the
description of Example Fight with 5 ¢ VOC,0O,.5H,0 and
1.65 g ZnO 1n place of 50 mg ZnO. The powders with a
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formula ol V, -Zn, ;O, were obtained and the yield was 80%.
The powders belonged to M phase and the particles with main
s1ize of 80-100 nm and aspect ratio of 1:1-5:1 were single

crystals.
[0083] Example Eleven:
[0084] The experiment was conducted according to the

description of Example Eight with the reaction temperature
o1 300° C. 1 place 01 260° C. The powders with a formula of
V, o741, 5,0, were obtained and the yield was 95%. The
powders belonged to M phase and the particles with main size
of 80-100 nm and aspectratio of 1:1-2:1 were single crystals.

[0085] Example Twelve:

[0086] 0.5¢gVOCI, wasdissolved 1in 50 mL deionmized water
and titrated with 2 mol/LL NaOH solution while stirring. After
titration, the suspension and 50 mg 11,0, were transierred
into 50 mL autoclave with 35 mL distilled H2,0 followed by
hydrothermal treatment at 260° C. for 24 h. Then the powders
with a formula of V 5,11, <O, were obtained through cen-
trifugation and drying and the yield was 85%. As 1s shown of
the XRD pattern (FIG. 9) and TEM photographs (FIG. 10),
the powders belonging to A phase are granule-like and the
particles with main s1ze of 10 nm and aspectratioof 1:1-1.5:1
were single crystals.

[0087] Example Thirteen:

[0088] The experiment was conducted according to the
description of Example Twelve with the reaction time o136 h
inplace of 12 h. The powders witha formula otV ..7Zn, , O,
were obtained and the yield was 95%. The powders belonged
to M phase and the particles with main size of 50 nm and
aspect ratio of 1:1-3:1 were single crystals.

[0089] Example Fourteen:

[0090] The experiment was conducted according to the
description of Example Twelve with 50 mg molybdic acid 1n
place of 30 mg T1,0,. The powders with a formula of
Vi 0:Mo, 7O, were obtained and the yield was 85%. The
powders belonged to M phase and long rods with a size of
several nm and an aspect ratio of more than 10:1 were single
crystals.

[0091] Through detection, the dispersibilities of the Com-
parative Example and Example One were poor, while that of
Examples Two through Thirteen were good, especially
Examples Two, Four, Five, Seven, Eight, Eleven, and Thir-
teen.

[0092] It is found from the examples above that the doping
clements had a vital impact on the size, morphology and
crystal form of VO, powders. A transition accompamed by
doping happened 1n VO, powders from the initial un-doped
micro rod of A phase to nano-granule, while the sizes can be
controlled easily. In spite of the description of doped elements
of B1, Sn, Fe, Zn, T1, Mo, 1t 1s noted that the elements near V
in Periodic Table, such as the atomic number ranges from 21
to 30, the elements near tin not described 1n the examples, and
even the element W can be used to dope according to the
detailed steps above.

[0093] 0.1 g VO, powders after grinding prepared accord-
ing to Example Seven was added to a beaker with 5 mL
distilled H,O while stirring. Then 0.25 ¢ PVP K-30 was
added to the suspension. The dispersed solution formed after
stirring for 30 min and ultrasonication of 60 min.

[0094] To obtain the VO, thin films, the dispersion was
coated on a glass substrate by spin coating, then dried at room
temperature or 1n an oven.

[0095] As was shown in FIG. 11 and FIG. 12 the optical
properties, especially the properties of infrared solar control,
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of the VO, powders prepared by the mvention were compa-
rable to that prepared by sputtering and chemical coating
method.

[0096] Industrial applicability: the VO, powders and dis-
persion described 1n the invention can be applied to energy
saving and emission reduction equipment, such as energy
saving films, energy saving coatings and solar control equip-
ment, or to energy information devices such as micro-optical
switching devices, thermistors, battery materials, and optical
information storage devices. The method of preparation of
VO, powder of the invention 1s simple, low cost, high yield,
suitable for mass production.

1. A kind of doped vanadium dioxide powder, the doped
powder having a chemical compositionotV,_ M O,, 0<X<0.
5, and M 1s a doping element, which 1s introduced to control
a particle size and a morphology of the doped powder, the
doping element M 1is a transition element adjacent to vana-
dium 1n a periodic table of elements, Tin and one of 1ts
adjacent elements or their random combination, wherein the
transition metal element adjacent to vanadium 1n the periodic
table of elements includes titantum, chromium, manganese,
iron, cobalt, nickel, copper and zinc, tin and 1ts adjacent
clements include indium, stibtum, stannum, galllum, germa-
nium, lead and bismuth, and wherein the doped powder 1s 1n
particle form of particles that have a aspect ratio of 1:1-10:1,
and wherein the particle size 1s no more than 100 nm 1n at least
one dimension.

2. (canceled)

3. The doped vanadium dioxide powder of claim 1, wherein
0.03 <X=0.3.

4. (canceled)

5. The doped vanadium dioxide powder of claim 1, wherein
0.005<X<0.023.

6. (canceled)

7. (canceled)

8. (canceled)

9. The doped vanadium dioxide powder of claim 1, wherein
the particle size 1s no more than 100 nm 1n all three dimen-
S101S.

10. (canceled)

11. The doped vanadium dioxide powder of claim 1,
wherein a powder component includes rutile vanadium diox-
ide.

12. A hydrothermal method for preparing the doped vana-
dium dioxide powder of claim 1, the method comprising a
step of a precursor treatment of titrating a quadrivalent vana-
dium aqueous solution with a basic reagent to obtain a pre-
cursor suspension, wherein the precursor treatment involves
titrating the quadrivalent vanadium aqueous solution until the
emergence of the precursor suspension.

13. (canceled)
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14. The method of claim 12, wherein a mole ratio of the
basic reagent to the quadrivalent vanadium aqueous solution

1s from 1:50 to 10:1.
15. The method of claim 14, wherein the mole ratio of the
basic reagent to the quadrivalent vanadium aqueous solution

1s 1:5 to 2:1.

16. (canceled)

17. The method of claim 12, further comprising a process
of introducing elements that can regulate a phase transition
temperature of vanadium dioxide, and/or elements that regu-
late particle size and morphology of vanadium dioxide.

18. (canceled)

19. The method of claim 17, wherein a mole ratio of the

doping element to the quadrivalent vanadium aqueous solu-
tion 1s 1:1000 to 1:1.

20. (canceled)

21. (canceled)

22. The method of claim 12, further comprising a process
of preparing a quadrivalent vanadium aqueous solution.

23. The method of claim 22, further comprising a process
of dissolving a soluble raw material into water, the soluble
raw material including trivalent, quadrivalent, or pentavalent
vanadic salts.

24. The method of claim 22, further comprising a step of
oxidization, reduction or dissolving pretreatment of insoluble
vanadium raw material, the insoluble vanadium raw material
including metal vanadium, vanadium oxides or their mixture.

235. (canceled)

26. The method of claim 12, further comprising a step of
transferring the basic reagent treated quadrivalent vanadium
aqueous solution to a hydrothermal reactor to undergo a
hydrothermal reaction, for which a packing ratio of the reac-
tor 1s 20%-90% , a reaction temperature 1s 200-400° C. and a
holding time 1s 1-240 h.

277. The method of claim 26 wherein the holding time 1s
2-120 h.

28. (canceled)

29. The method of claim 26, wherein the packing ratio 1s
30-80%.

30. (canceled)

31. The method of claim 26, wherein the holding time 1s
4-60 h.

32. (canceled)

33. A vanadium dispersion, the dispersion including any
kind of the doped vanadium dioxide powder of claim 1.

34. The dispersion of claim 33, wherein a concentration of
vanadium dioxide 1s 0.1-100 g/L..

35. Application of any kind of the doped vanadium dioxide
powder of claim 1 in fabricating energy conservation and
emission reduction or energy information devices.
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