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TUNGSTEN COMPRISING
NANOMATERIALS AND RELATED
NANOTECHNOLOGY

[0001] CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0002] This application is a continuation patent application
and claims the benefit of U.S. patent application Ser. No.
11/125,316, filed May 10, 2005, which 1s a continuation-in-
part patent application of U.S. patent application Ser. No.
10/6°79,611, filed Oct. 6, 2003, which 1s hereby incorporated
by reference 1n its entirety. U.S. patent application Ser. No.
11/125,3161s also a continuation-in-part of U.S. patent appli-
cation Ser. No. 10/315,272, filed Dec. 10, 2002, now U.S. Pat.
No. 7,547,431, which 1s hereby incorporated by reference in
its entirety. The present application claims the benefit of U.S.
Provisional Patent Application No. 60/569,689, filed May 10,
2004, which application 1s hereby incorporated by reference
1n 1ts entirety.

FIELD OF THE INVENTION

[0003] The present invention generally relates to methods
of manufacturing submicron and nanoscale powders com-
prising tungsten and applications of such powders.

RELEVANT BACKGROUND

[0004] Nanopowders in particular and sub-micron powders
in general are a novel family of materials whose distinguish-
ing feature 1s that their domain size 1s so small that size
confinement effects become a significant determinant of the
maternals’ performance. Such confinement effects can, there-
fore, lead to a wide range of commercially important proper-
ties. Nanopowders, therefore, are an extraordinary opportu-
nity for design, development, and commercialization of a
wide range ol devices and products for various applications.
Furthermore, since they represent a whole new family of
material precursors where conventional coarse-grain physio-
chemical mechamisms are not applicable, these materials
offer umique combinations of properties that can enable novel
and multifunctional components of unmatched performance.
Yadav et al. in U.S. Pat. No. 6,344,271 and in co-pending and
commonly assigned U.S. patent application Ser. Nos. 09/638,
977, 10/004,387, 10/071,027, 10/113,315, and 10/292,263,
all of which along with the references contained therein are
hereby incorporated by reference 1n their entirety, teach some
applications of sub-micron and nanoscale powders.

SUMMARY OF THE INVENTION

[0005] Brnetly stated, the present invention involves meth-
ods for manufacturing nanoscale powders comprising tung-
sten and applications thereof.

[0006] In some embodiments, the present mvention pro-
vides nanoparticles of doped or undoped tungsten oxides.
[0007] In some embodiments, the present mvention pro-
vides methods for manufacturing doped or undoped metal
oxides comprising tungsten.

[0008] In some embodiments, the present mvention pro-
vides oxide composites and coatings that comprise doped or
undoped tungsten.

[0009] In some embodiments, the present mvention pro-
vides applications of powders comprising doped or undoped
tungsten oxides.
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[0010] In some embodiments, the present invention pro-
vides catalysts for use 1n a variety of applications.

[0011] In some embodiments, the present invention pro-
vides additives for use 1n a variety of applications.

[0012] In some embodiments, the present invention pro-
vides materials and devices for optical, sensing, thermal,
biomedical, structural, superconductive, energy, and security
application, as well as other applications.

[0013] In some embodiments, the present invention pro-
vides methods for producing novel nanoscale powders com-
prising tungsten in high volume, low-cost, and reproducible

quality.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 shows an exemplary overall approach for
producing submicron and nanoscale powders 1n accordance
with the present invention.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

(1]
By

ERRED

[0015] This mvention 1s generally directed to very fine
powders comprising tungsten (W). The scope of the teachings
includes high purity powders. Powders discussed herein are
of mean crystallite size less than 1 micron, and in certain
embodiments less than 100 nanometers. Methods for produc-
ing and utilizing such powders in high volume, low-cost, and
reproducible quality are also outlined.

Definitions

[0016] For purposes of clarity, the following definitions are
provided to aid the understanding of the description and spe-
cific examples provided herein. Whenever a range of values
are provided for a specific variable, both the upper and lower
limit of the range are included within the definition.

[0017] “Fine powders” as used herein, refers to powders
that simultaneously satisty the following criteria:

[0018] (1) particles with mean size less than 10 microns;
and

[0019] (2) particles with aspect ratio between 1 and 1,000,
000.

[0020] For example, 1n some embodiments, the fine pow-

ders are powders that have particles with a mean domain size
less than 5 microns and with an aspect ratio ranging from 1 to
1,000,000.

[0021] ““Submicron powders™ as used herein, refers to fine
powders with a mean size less than 1 micron. For example, in
some embodiments, the submicron powders are powders that
have particles with a mean domain size less than 500 nanom-
cters and with an aspect ratio ranging from 1 to 1,000,000.
[0022] The terms “nanopowders,” “nanosize powders,”
“nanoparticles,” and “nanoscale powders” are used 1inter-
changeably and refer to fine powders that have a mean size
less than 250 nanometers. For example, 1n some embodi-
ments, the nanopowders are powders that have particles with
a mean domain size less than 100 nanometers and with an
aspect ratio ranging from 1 to 1,000,000.

[0023] “‘Pure powders,” as the term 1s used herein, are pow-
ders that have composition purity of at least 99.9% by metal
basis. For example, in some embodiments the purity 1s

99.99%.

[0024] “‘Nanomaterials,” as the term 1s used herein, are
materials 1n any dimensional form that have a domain size
less than 100 nanometers.

2?4



US 2010/0210450 Al

[0025] “‘Domain size,” as that term 1s used herein, refers to
the minimum dimension of a particular material morphology.
In the case of powders, the domain size 1s the grain size. In the
case of whiskers and fibers, the domain size is the diameter. In
the case of plates and films, the domain size is the thickness.
[0026] Theterms “powder,” “particle,” and “grain’ are used
interchangeably and encompass oxides, carbides, nitrides,
borides, chalcogenides, halides, metals, 1ntermetallics,
ceramics, polymers, alloys, and combinations thereof. These
terms include single metal, multi-metal, and complex com-
positions. These terms further include hollow, dense, porous,
semi-porous, coated, uncoated, layered, laminated, simple,
complex, dendritic, mmorganic, organic, elemental, non-el-
emental, composite, doped, undoped, spherical, non-spheri-
cal, surface functionalized, surface non-functionalized, sto-
ichiometric, and non-stoichiometric forms or substances.
Further, the term powder 1n 1ts generic sense 1mcludes one-
dimensional matenials (fibers, tubes, etc.), two-dimensional
materials (platelets, films, laminates, planar, etc.), and three-
dimensional maternials (spheres, cones, ovals, cylindrical,
cubes, monoclinic, parallelolipids, dumbbells, hexagonal,
truncated dodecahedron, irregular shaped structures, etc.).
[0027] “‘Aspect rat10,” as the term 1s used herein, refers to
the ratio of the maximum to the mmimum dimension of a
particle.

[0028] “‘Precursor,” as the term 1s used herein, encompasses
any raw substance that can be transformed into a powder of
same or different composition. In certain embodiments, the
precursor 1s a liguid. The term precursor includes, but 1s not
limited to, organometallics, organics, mnorganics, solutions,
dispersions, melts, sols, gels, emulsions, or mixtures.

[0029] “‘Powder,” as the term 1s used herein, encompasses
oxides, carbides, nitrides, chalcogenides, metals, alloys, and
combinations thereof. The term includes hollow, dense,
porous, semi-porous, coated, uncoated, layered, laminated,
simple, complex, dendritic, inorganic, organic, elemental,
non-elemental, dispersed, composite, doped, undoped,
spherical, non-spherical, surface functionalized, surface non-
functionalized, stoichiometric, and non-stoichiometric forms
or substances.

[0030] “Coating” (or “film” or “laminate” or “layer™), as
the term 1s used herein, encompasses any deposition compris-
ing submicron and nanoscale powders. The term includes 1n
its scope a substrate, surface, deposition, or a combination
thereol that 1s hollow, dense, porous, semi-porous, coated,
uncoated, simple, complex, dendritic, norganic, organic,
composite, doped, undoped, uniform, non-uniform, surface
functionalized, surface non-functionalized, thin, thick, pre-
treated, post-treated, stoichiometric, or non-stoichiometric
form or morphology.

[0031] “‘Daspersion,” as the term 1s used herein, encom-
passes 1nks, pastes, creams, lotions, Newtonian, non-Newto-
nian, uniform, non-uniform, transparent, translucent, opaque,
white, black, colored, emulsified, with additives, without
additives, water-based, polar solvent-based, or non-polar sol-
vent-based mixtures of powder in any fluid or tluid-like state.

[0032] In some embodiments, the present invention 1is
directed to submicron and nanoscale powders comprising
doped or undoped tungsten oxides. Given the relative abun-
dance of tungsten 1n the earth’s crust and current limitations
on purification technologies, 1t 1s expected that many com-
mercially produced materials would have naturally occurring,
tungsten impurities. These impurities are expected to be
below 100 parts per million and 1n most cases in concentra-

e Y
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tion similar to other elemental impurities. Removal of such
impurities does not materially atfect the properties of interest
for an application. For the purposes herein, powders compris-
ing tungsten impurities wherein tungsten 1s present in a con-
centration similar to other elemental impurities are excluded
from the scope of this invention. However, 1t 1s emphasized
that 1n one or more doped or undoped compositions of matter,
tungsten may be intentionally engineered as a dopant into a
powder at concentrations of 100 ppm or less, and these are
included 1n the scope of this invention.

[0033] In a generic sense, the invention teaches nanoscale
powders, and 1n more generic sense, submicron powders
comprising at least 100 ppm by weight, 1n some embodiments
greater than 1 weight % by metal basis, and in other embodi-
ments greater than 10 weight % by metal basis, of tungsten
(W).

[0034] While several embodiments for manufacturing
nanoscale and submicron powders comprising tungsten are
disclosed, for the purposes herein, the nanoscale or submi-
cron powders may be produced by any method or may result
as a byproduct from any process.

[0035] FIG. 1 shows an exemplary overall approach for the
production of submicron powders 1n general and nanopow-
ders 1n particular. The process shown 1n FIG. 1 begins with a
tungsten containing raw material (for example, but not lim-
ited to, coarse oxide powders, metal powders, salts, slurries,
waste products, organic compounds, or 1norganic com-
pounds). FIG. 1 shows one embodiment of a system for
producing nanoscale and submicron powders 1n accordance
with the present invention.

[0036] The process shown in FIG. 1 begins at 100 with a

tungsten metal-containing precursor such as an emulsion,
fluid, particle-containing tluid suspension, or water-soluble
salt. The precursor may be evaporated tungsten metal vapor,
evaporated alloy vapor, a gas, a single-phase liquid, a multi-
phase liquid, a melt, a sol, a solution, fluid mixtures, solid
suspension, or combinations thereof. The metal-containing
precursor comprises a stoichiometric or a non-stoichiometric
metal composition with at least some part i a tluid phase.
Fluid precursors are utilized 1n certain embodiments of this
invention. Typically, fluids are easier to convey, evaporate,
and thermally process resulting 1n a more uniform product.

[0037] Inone embodiment of this mnvention, the precursors
are environmentally benign, safe, readily available, high-
metal loading, lower-cost, fluid materials. Examples of tung-
sten metal-containing precursors include, but are not limited
to, metal acetates, metal carboxylates, metal ethanoates,
metal alkoxides, metal octoates, metal chelates, metallo-or-
ganic compounds, metal halides, metal azides, metal mitrates,
metal sulfates, metal hydroxides, metal salts soluble 1n organ-
ics or water, compounds of the metal, comprising ammonium
compounds of the metal comprising sodium/potassium/
lithium , and metal-containing emulsions.

[0038] In another embodiment, multiple metal precursors
may be mixed if complex nano-nanoscale and submicron
powders are desired. For example, a tungsten precursor and
alkal1 (or alkaline earth) precursor may be mixed to prepare
sodium tungsten oxide powders for color and for electrocer-
amic applications. As another example, a tungsten precursor,
a vanadium precursor and titantum precursor may be mixed in
correct proportions to yield a high punity, high surface area,
mixed oxide powder for catalyst applications. In yet another
example, a bartum precursor (and/or zinc precursor) and a
tungsten precursor may be mixed to yield powders for pig-
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ment applications. Such complex nanoscale and submicron
powders can help create materials with surprising and
unusual properties not available through the respective single
metal oxides or a simple nanocomposite formed by physi-
cally blending powders of different compositions.

[0039] Itis desirable to use precursors of a higher purity to
produce a nanoscale or submicron powder of a desired purity.
For example, if a punity greater than x% (by metal weight
basis) 1s desired, one or more precursors that are mixed and
used may have purities greater than or equal to x% (by metal
weight basis).

[0040] With continued reference to FIG. 1, the metal-con-
taining precursor 100 (containing one or a mixture of metal-
containing precursors) 1s fed into a high temperature process
106, which may be implemented using a high temperature
reactor, for example. In some embodiments, a synthetic aid
such as a reactive fluid 108 may be added along with the
precursor 100 as 1t 1s being fed 1nto the reactor 106. Examples
ol such reactive fluids include, but are not limited to, hydro-

gen, ammonia, halides, carbon oxides, methane, oxygen gas,
and atr.

[0041] While the discussion herein teaches methods of pre-
paring nanoscale and submicron powders of oxides, the
teachings may be readily extended 1n an analogous manner to
other compositions such as carbides, nitrides, borides, carbo-
nitrides, and chalcogenides. These compositions can be pre-
pared from micron-sized powder precursors of these compo-
sitions or by utilizing reactive fluids that provide the elements
desired 1n these tungsten comprising compositions. In some
embodiments, high temperature processing may be used.
However, a moderate temperature processing or a low/cryo-
genic temperature processing may also be employed to pro-
duce nanoscale and submicron powders using the methods of
the present invention.

[0042] The precursor 100 may be pre-processed 1n a num-
ber of other ways belfore any thermal treatment. For example,
the pH may be adjusted to ensure precursor stability. Alter-
natively, selective solution chemistry, such as precipitation
with or without the presence of surfactants or other synthesis
aids, may be employed to form a sol or other state of matter.
The precursor 100 may be pre-heated or partially combusted
before the thermal treatment.

[0043] The precursor 100 may be injected axially, radially,
tangentially, or at any other angle into the high temperature
region 106. As stated above, the precursor 100 may be pre-
mixed or diffusionally mixed with other reactants. The pre-
cursor 100 may be fed into the thermal processing reactor by
a laminar, parabolic, turbulent, pulsating, sheared, or cyclonic
flow pattern, or by any other flow pattern. In addition, one or
more metal-containing precursors 100 can be 1njected from
one or more ports 1 the reactor 106. The feed spray system
may vield a feed pattern that envelops the heat source or,
alternatively, the heat sources may envelop the feed, or alter-
natively, various combinations of this may be employed. In
some embodiments, the spray i1s atomized and sprayed 1n a
manner that enhances heat transfer efficiency, mass transier
eificiency, momentum transier efficiency, and reaction effi-
ciency. The reactor shape may be cylindrical, spherical, coni-
cal, or any other shape. Methods and equipment such as those
taught 1n U.S. Pat. Nos. 5,788,738, 5,851,507, and 5,984,997
(ecach of which 1s hereby specifically incorporated by refer-
ence 1n 1ts entirety) can be employed.

[0044] With continued reference to FIG. 1, after the precur-
sor 100 has been fed into reactor 106, it may be processed at
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high temperatures to form the product powder. In other
embodiments, the thermal processing may be performed at
lower temperatures to form the powder product. The thermal
treatment may be done 1n a gas environment with the aim to
produce products, such as powders, that have the desired
porosity, density, morphology, dispersion, surface area, and
composition. This step produces by-products, such as gases.
To reduce costs, these gases may be recycled, mass/heat inte-
grated, or used to prepare the pure gas stream desired by the
process.

[0045] In embodiments using high temperature thermal
processing, the high temperature processing may be con-
ducted at step 106 (FIG. 1) at temperatures greater than 13500
K, 1 some embodiments greater than 2500 K, imn some
embodiments greater than 3000 K, and 1n some embodiments
greater than 4000 K. Such temperatures may be achieved by
various methods including, but not limited to, plasma pro-
cesses, combustion 1n air, combustion in purified oxygen or
oxygen rich gases, combustion with oxidants, pyrolysis, elec-
trical arcing in an appropriate reactor, and combinations
thereof The plasma may provide reaction gases or may pro-
vide a clean source of heat.

[0046] A high temperature thermal process at 106 results 1n
a vapor comprising the metal(s) 1n one or more phases. After
the thermal processing, this vapor 1s cooled at step 110 to
nucleate submicron powders, in certain embodiments nan-
opowders. In certain embodiments, the cooling temperature
at step 110 1s maintained high enough to prevent moisture
condensation. The dispersed particles form because of the
thermokinetic conditions 1n the process. By engineering the
process conditions, such as pressure, residence time, super-
saturation and nucleation rates, gas velocity, tlow rates, spe-
cies concentrations, diluent addition, degree of mixing,
momentum transfer, mass transter, and heat transfer, the mor-
phology of the nanoscale and submicron powders can be
taillored. It 1s important to note that the focus of the process
should be on producing a powder product that excels 1n sat-
1siying the end application requirements and customer needs.

[0047] In certain embodiments, the nanopowder 1s
quenched after cooling to lower temperatures at step 116 to
minimize and prevent agglomeration or grain growth. Suit-
able quenching methods include, but are not limited to, meth-
ods taught i U.S. Pat. No. 5,788,738. In certain embodi-
ments, sonic to supersonic quenching may be used. In other
embodiments, coolant gases, water, solvents, cold surfaces,
or cryogenic fluids might be employed. In certain embodi-
ments, quenching methods are employed which can prevent
deposition of the powders on the conveying walls. Suitable
methods include, but are not limited to, electrostatic means,
blanketing with gases, the use of higher tlow rates, mechani-
cal means, chemical means, electrochemical means, or soni-
cation/vibration of the walls.

[0048] In some embodiments, the high temperature pro-
cessing system includes instrumentation and software that
can assist 1in the quality control of the process. Furthermore, 1n
certain embodiments, the high temperature processing zone
106 1s operated to produce fine powders 120, 1n certain
embodiments submicron powders, and 1n certain embodi-
ments nanopowders. The gaseous products from the process
may be monitored for composition, temperature, and other
variables to ensure quality at step 112 (FIG. 1). The gaseous
products may be recycled to be used in process 108 or used as
a valuable raw material when nanoscale and submicron pow-
ders 120 have been formed, or they may be treated to remove
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environmental pollutants if any. Following quenching step
116, the nanoscale and submicron powders may be cooled
turther at step 118 and then harvested at step 120.

[0049] The product nanoscale and submicron powders 120
may be collected by any method. Suitable collection means
include, but are not limited to, bag filtration, electrostatic
separation, membrane filtration, cyclones, impact filtration,
centrifugation, hydrocyclones, thermophoresis, magnetic
separation, and combinations thereof.

[0050] The quenching at step 116 may be modified to
enable preparation of coatings. In such embodiments, a sub-
strate may be provided (in batch or continuous mode) 1n the
path of the quenching powder containing gas tlow. By engi-
neering the substrate temperature and the powder tempera-
ture, a coating comprising the submicron powders and nanos-
cale powders can be formed.

[0051] In some embodiments, a coating, film, or compo-
nent may also be prepared by dispersing the fine nanopowder
and then applying various known methods, such as, but not
limited to, electrophoretic deposition, magnetophorectic
deposition, spin coating, dip coating, spraying, brushing,
screen printing, ink-jet printing, toner printing, and sintering.
The nanopowders may be thermally treated or reacted to
enhance their electrical, optical, photonic, catalytic, thermal,
magnetic, structural, electronic, emission, processing, oOr
forming properties before such a step.

[0052] It should be noted that the intermediate or product at
any stage of the process described herein, or similar process
based on modifications by those skilled 1n the art, may be used
directly as a feed precursor to produce nanoscale or fine
powders by methods taught herein and other methods. Other
suitable methods include, but not limited to, those taught 1n
commonly owned U.S. Pat. Nos. 5,788,738, 5,851,507, and
5,984,997, and co-pending U.S. patent application Nos.
09/638,977 and 60/310,967 which are all incorporated herein
by reference 1n their entirety. For example, a sol may be
blended with a fuel and then utilized as the feed precursor
mixture for thermal processing above 2500 K to produce
nanoscale simple or complex powders.

[0053] In summary, one embodiment for manufacturing
powders comprises (a) preparing a precursor comprising at
least 100 ppm by weight of tungsten element; (b) feeding the
precursor 1nto a high temperature reactor operating at tem-
peratures greater than 1500 K, 1n certain embodiments greater
than 2500 K, in certain embodiments greater than 3000 K, and
in certain embodiments greater than 4000 K; (¢) wherein, 1n
the ligh temperature reactor, the precursor converts into
vapor comprising the rare earth metal 1n a process stream with
a velocity above 0.25 mach 1n an inert or reactive atmosphere;
(d) cooling the vapor to nucleate submicron or nanoscale
powders; (e¢) quenching the powders at high gas velocities to
prevent agglomeration and growth; and (1) filtering the
quenched powders from the gases.

[0054] Another embodiment for manufacturing nanoscale
powders comprising tungsten comprises (a) preparing a fluid
precursor comprising two or more metals, at least one of
which 1s tungsten in a concentration greater than 100 ppm by
weight; (b) feeding the said precursor into a high temperature
reactor operating at temperatures greater than 1500 K, in
some embodiments greater than 2500 K, 1n some embodi-
ments greater than 3000 K, and in some embodiments greater
than 4000 K 1n an 1nert or reactive atmosphere; (¢) wherein, in
the said high temperature reactor, the said precursor converts
into vapor comprising tungsten; (d) cooling the vapor to
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nucleate submicron or nanoscale powders; (¢) quenching the
powders at gas velocities exceeding 0.1 Mach to prevent
agglomeration and growth; and (1) separating the quenched
powders from the gases. In certain embodiments, the tluid
precursor may include synthesis aids, such as surfactants
(also known as dispersants, capping agents, emulsifying
agents, etc.), to control the morphology or to optimize the
process economics and/or product performance.

[0055] One embodiment for manufacturing coatings com-
prises (a) preparing a fluid precursor comprising one or more
metals, one of which 1s tungsten; (b) feeding the precursor
into a high temperature reactor operating at temperatures
greater than 1500 K, in some embodiments greater than 2500
K, 1n some embodiments greater than 3000 K, and 1n some
embodiments greater than 4000 K in an inert or reactive
atmosphere; (¢) wherein, 1n the high temperature reactor, the
precursor converts into vapor comprising tungsten; (d) cool-
ing the vapor to nucleate submicron or nanoscale powders; ()
quenching the powders onto a substrate to form a coating on
the substrate comprising tungsten.

[0056] The powders produced by teachings herein may be
modified by post-processing as taught by commonly owned
U.S. patent application Ser. No. 10/113,313, which 1s hereby
incorporated by reference 1n its entirety.

Methods for Incorporating Nanoparticles into Products

[0057] Submicron and nanoscale powders can be incorpo-
rated into a composite structure by any method. Some non-
limiting exemplary methods are taught 1n commonly owned
U.S. Pat. No. 6,228,904 which 1s hereby incorporated by

reference 1n 1ts entirety.

[0058] The submicron and nanoscale powders taught
herein may be incorporated into plastics by any method. In
one embodiment, the method comprises (a) preparing nanos-
cale or submicron powders comprising tungsten by any
method, such as a method that employs fluid precursors and a
peak processing temperature exceeding 1500 K; (b) provid-
ing powders ol one or more plastics; (¢) mixing the nanoscale
or submicron powders with the powders of plastics; and (d)
co-extruding the mixed powders 1nto a desired shape at tem-
peratures greater than the softening temperature of the pow-
ders of plastics but less than the degradation temperature of
the powders of plastics. In another embodiment, a master-
batch of the plastic powder comprising nanoscale or submi-
cron powders comprising tungsten 1s prepared. These mas-
terbatches can later be processed into useful products by
techniques well known to those skilled in the art. In yet
another embodiment, the tungsten metal containing nanos-
cale or submicron powders are pretreated to coat the powder
surface for ease in dispersability and to ensure homogeneity.
In a further embodiment, 1njection molding of the mixed
powders comprising nanoscale powders and plastic powders
1s employed to prepare useful products.

[0059] One embodiment for incorporating nanoscale or
submicron powders into plastics comprises (a) preparing
nanoscale or submicron powders comprising tungsten by any
method, such as a method that employs fluid precursors and
peak processing temperature exceeding 1500 K; (b) provid-
ing a film of one or more plastics, wherein the film may be
laminated, extruded, blown, cast, or molded; and (¢) coating
the nanoscale or submicron powders on the film of plastic by
techniques such as spin coating, dip coating, spray coating,
ion beam coating, sputtering. In another embodiment, a nano-
structured coating 1s formed directly on the film by tech-
niques such as those taught 1n herein. In some embodiments,
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the grain size of the coating 1s less than 200 nm, 1n some
embodiments less than 75 nm, and 1n some embodiments less
than 25 nm.

[0060] Submicron and nanoscale powders can be 1ncorpo-
rated 1into glass by any method. In one embodiment, nanopar-
ticles of tungsten are incorporated into glass by (a) preparing,
nanoscale or submicron powders comprising tungsten by any
method, such as a method that employs fluid precursors and
temperature exceeding 1500 K 1n an mnert or reactive atmo-
sphere; (b) providing glass powder or melt; (¢) mixing the
nanoscale or submicron powders with the glass powder or
melt; and (d) processing the glass comprising nanoparticles
into articles of desired shape and size.

[0061] Submicron and nanoscale powders can be 1ncorpo-
rated into paper by any method. In one embodiment, the
method comprises (a) preparing nanoscale or submicron
powders comprising tungsten; (b) providing paper pulp; (c)
mixing the nanoscale or submicron powders with the paper
pulp; and (d) processing the mixed powders into paper, such
as by molding, couching and calendering. In another embodi-
ment, the tungsten metal containing nanoscale or submicron
powders are pretreated to coat the powder surface for ease in
dispersability and to ensure homogeneity. In a further
embodiment, nanoparticles are applied directly on the manu-
factured paper or paper-based product; the small size of nano-
particles enables them to permeate through the paper fabric or
reside on the surface of the paper and thereby functionalize
the paper.

[0062] The submicron and nanoscale powders taught
herein may be incorporated into leather, fibers, or fabric by
any method. In one embodiment, the method comprises (a)
preparing nanoscale or submicron powders comprising tung-
sten by any method, such as a process that includes a step that
operates above 1000 K; (b) providing leather, fibers, or fabric;
(c) bonding the nanoscale or submicron powders with the
leather, fibers, or fabric; and (d) processing the bonded
leather, fibers, or fabric 1nto a product. In yet another embodi-
ment, the tungsten metal containing nanoscale or submicron
powders are pretreated to coat or functionalize the powder
surface for ease in bonding or dispersability or to ensure
homogeneity. In a further embodiment, nanoparticles are
applied directly on a manufactured product based on leather,
fibers, or fabric; the small si1ze of nanoparticles enables them
to adhere to or permeate through the leather, fibers (polymer,
wool, cotton, flax, animal-derived, agri-derived), or fabric
and thereby functionalize the leather, fibers, or fabric.

[0063] Submicron and nanoscale powders can be incorpo-
rated 1into creams or inks by any method. In one embodiment,
the method comprises (a) preparing nanoscale or submicron
powders comprising tungsten by any method, such as a
method that employs fluid precursors and peak processing
temperatures exceeding 1500 K; (b) providing a formulation
of cream or ink; and (¢) mixing the nanoscale or submicron
powders with the cream or ink. In yet another embodiment,
the tungsten comprising nanoscale or submicron powders are
pretreated to coat or functionalize the powder surface for ease
in dispersability and to ensure homogeneity. In a further
embodiment, pre-existing formulation of a cream or ink 1s

mixed with nanoscale or submicron powders to functionalize
the cream or 1nk.

[0064] Nanoparticles comprising tungsten can be difficult
to disperse 1n water, solvents, plastics, rubber, glass, paper,
etc. The dispersability of the nanoparticles can be enhanced 1n
certain embodiments by treating the surface of the tungsten
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oxide powders or other tungsten comprising nanoparticles.
The treatment step may lead to physical bonding in certain
embodiments. In other embodiments, the treatment step may
lead to chemical bonding of desirable functional groups to the
surface of the nanoparticles. For example, fatty acids (e.g.
propionic acid, stearic acid and oils) or organometallics com-
prising silicon or organometallics comprising titanium can be
applied to or with the nanoparticles to enhance the surface
compatibility. If the powder has an acidic surtface, ammonia,
quaternary salts, or ammonium salts can be applied to the
surface to achieve desired surface pH. In other cases, acetic
acid wash can be used to achieve the desired surface state.
Tnalkyl phosphates and phosphoric acid can be applied to
reduce dusting and chemical activity. In yet other cases, the
powder may be thermally treated to improve the dispersabil-
ity ol the powder.

Applications of Nanoparticles and Submicron Powders Com-
prising Tungsten

Pigments

[0065] Nanoparticles comprising tungsten containing
multi-metal oxides offer some surprising and unusual ben-
cfits as pigments. Nanoparticles are smaller than the visible
wavelengths of light which leads to visible wavelengths inter-
acting in unusual ways with nanoparticles compared to par-
ticles with grain sizes much bigger than the visible wave-
lengths (400-700 nm). The small size of nanoparticles can
also lead to more uniform dispersion. In certain embodi-
ments, 1t 1s important that the nanoparticles be non-agglom-
erated (1.e. do not have sintered neck formation or hard
agglomeration). In some embodiments, the nanoparticles
have non-functionalized, 1.e. clean surface; 1n other embodi-
ments, the surface 1s modified or functionalized to enable
bonding with the matrix 1n which they need to be dispersed.
[0066] One of the outstanding process challenges for
manufacturing inorganic pigments 1s the ability to ensure
homogeneous lattice level mixing of elements 1n a complex
multi-metal formulation. One of the features of the process
described herein 1s 1ts ability to prepare complex composi-
tions with the necessary homogeneity. Therefore, the teach-
ings herein are ideally suited for creating color and making
superior performing pigments with nanoparticles comprising,
tungsten.

[0067] Some non-limiting 1illustrations of pigments con-
taining tungsten are barium tungsten oxide, zinc tungsten
oxide, calcium tungsten oxide, tin doped tungsten oxide,
tungsten bronzes, phosphotungstomolybdic acid, and non-
stoichiometric substances comprising tungsten.

[0068] In one embodiment, a method for manufacturing a
pigmented product comprises (a) preparing nanoscale or sub-
micron powders comprising tungsten; (b) providing powders
ol one or more plastics; (¢) mixing the nanoscale or submi-
cron powders with the powders of plastics; and (d) processing
the mixed powders 1nto the product. In yet another embodi-
ment, the tungsten containing nanoscale or submicron pow-
ders are pretreated to coat the powder surface for ease 1n
dispersability and to ensure homogeneity. In a further
embodiment, extrusion or injection molding of the mixed
powders comprising nanoscale powders and plastic powders
can be employed to prepare useful products.

Additives

[0069] Nanoscale tungsten comprising substances are use-
tul lubricating additives. A non-limiting 1llustration 1s tung-
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sten disulfide nanoparticles. The small size of tungsten dis-
ulfide nanoparticles enables thinner {films 1n certain
embodiments offering reduced costs at higher performance.
Such lubricating nanoparticles, in certain better embodi-
ments, offer ability to distribute forces more uniformly. In
certain embodiments such as high precision, tight gap moving
surfaces, lubricating additives may be added to the lubricating
fluid or oils to improve the life or motor or engine. The
unusual characteristic that makes lubricating nanoparticle
additives useful 1s that the particle size enables by nanotech-
nology can be less than the naturally occurring characteristic
roughness sizes. The nanoparticles can enter and buffer (or
reside) 1n crevices, troughs thereby reducing the damaging
internal pressures, forces and ineflicient thermal etlects.
These additives can be dispersed 1n existing or novel lubri-
cating formulations and thereby provide an easy way to incor-
porate the benefits of nanotechnology. Tungsten disulfide,
molybdenum disulfide, molybdenum tungsten sulfide and
such 1norganic or organic nanoparticle composition are useful
lubricating additives elsewhere as well, e.g. shaving blades
and any surface that requires minimization of the adverse
elfects of friction.

Biochemical Analytical Agent

[0070] Sodium tungsten oxide nanoparticles, in high purity
form 1n certain embodiments, are useful in biochemical
analysis. The high surface area of nanoparticles comprising
tungsten, particularly when the mean particle size 1s less than
100 nanometers, make them useful 1n these applications.

Sulfur and Carbon Accelerating Analytical Agent

[0071] Tungsten nanoparticles, in metallic form 1n certain
embodiments, are useful in the analysis of carbon and sulfur
by combustion in an induction furnace. The high surface area
and surface activity of nanoparticles comprising tungsten,
particularly when the mean particle size 1s less than 100
nanometers, make them useful 1n these applications.

Electrical & Lighting Applications

[0072] Nanomaterials comprising tungsten oifer several
unusual benefits as electron emaitters. These benefits are a
consequence of (a) the small size of nanoparticles which can
enable very thin film devices, (b) high surface area, which can
lower the sintering temperatures and sintering times, (C)
inherently low vapor pressure of tungsten metal even at high
temperatures and (d) unusual quantum confinement and grain
boundary effects. These properties can be used to prepare
improved electron emitting devices and electrical contacts.
Photocopiers, facsimile machines, laser printers and air
cleaners can benefit from charger wires prepared from tung-
sten comprising nanomaterials. Other nanodevices that can
be prepared from nanoscale powders comprising tungsten
include electrodes, chemical sensors, biomedical sensors,
phosphors, and anti-static coatings. Tungsten comprising,
nanomaterials also offer novel compositions for chemical
mechanical polishing applications.

[0073] For reasons described above, nanomaterials com-
prising tungsten are 1 certain embodiments particularly use-
tul at direct heated cathode or heater coils for indirectly
heated cathodes in cathode ray tubes, displays, x-ray tubes,
klystrons, magnetrons for microwave ovens and electron
tubes. Multimetal nanomaterial compositions comprising,
tungsten include those based on rare earths and thoria for high
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intensity discharge lamps and welding electrodes. X-ray
device anodes can also benefit from the low vapor pressure
and thermal conductivity of tungsten comprising nanomate-
rials.

[0074] The unusual combination of vapor pressure, electri-
cal conductivity and electronic properties make nanomaterial
compositions comprising tungsten useful as substrate for
high power semiconductor rectifying devices, high voltage
breakers (e.g. W-Cu, W-Ag contacts). In other embodiments,
various forms of infiltrated tungsten comprising nanocom-
posites are uselul for these applications. High temperature
furnace parts such as heating coils, reflectors, thermocouples
can also benefit from the quantum confined and low vapor
pressure characteristics of nanomaterials comprising tung-
sten.

[0075] Nanomaterials comprising tungsten are useiul for
lighting applications (incandescent lamps) because of the
same unusual combination of properties discussed above.
[lustrative applications include household lamps, automo-
tive lamps, and reflector lamps for floodlight or projector
applications. Speciality lamps can also benefit from the nano-
technology taught herein in applications such as, but not
limited to, audio-visual projectors, fiber-optical systems,
video camera lights, airport runway markers, photoprinters,
medical and scientific instruments, and stage or studio sys-
tems. In certain embodiments of lighting product and appli-
cations, alloys and dispersion strengthened forms of tungsten
comprising materials are usetul.

Electronics Applications

[0076] Nanomaterials comprising tungsten are useful 1n
certain embodiments as phosphors and electronic materials.
These benefits are a consequence of (a) the small size of
nanoparticles which can enable very thin film devices, (b)
high surface area which can lower the sintering temperatures
and sintering times, (c¢) inherently low vapor pressure of
tungsten metal even at high temperatures, (d) significant ther-
mal and electrical conductivity, and (e) unusual quantum
confinement and grain boundary effects. These properties can
be used to prepare improved phosphors for x-rays (e.g. cal-
cium tungsten oxide, magnesium tungsten oxide). Improved
and more cost effective heat removal components comprising
of tungsten and copper based heat sinks can be prepared from
nanomaterials. Tungsten comprising nanomaterials ks (wa-
ter, solvent or UV curable), adhesives and pastes can be usetul
in developing electrodes and conductors for ceramic circuit
board and other applications.

[0077] For silicon based semiconductor devices, tungsten
nanomaterials offer a close thermal coelficient of expansion.
In combination with other useful properties mentioned above,
tungsten and complex compositions comprising tungsten
offer materials that can help achieve a thermal coetlicient of
expansion similar to compositions comprising silicon and
metals used in microelectronics. These properties can be used
to prepare improved microelectronic components. Tungsten
comprising nanomaterials ks and pastes can be useful 1n
preparing improved DRAM chips, other silicon devices, and
liquad crystal display products.

[0078] Any method can be employed to utilize nanopar-
ticles comprising tungsten 1in electronic devices taught herein.
In one embodiment, a method for employing nanoparticles
comprising tungsten in miniature batteries comprises (a) pre-
paring nanoscale or submicron powders comprising tungsten;
(b) preparing an ink (water based, solvent based or UV cur-
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able monomer based 1nk) or adhesive or paste from the pow-
ders; and (c¢) utilizing the 1nk or adhesive or paste to prepare
an electronic device.

Catalysts

[0079] Tungsten containing nanoparticles such as oxides,
sulfides and heteropoly complexes are useful catalysts for a
number of chemical reactions. For example, they can be used
in hydration, dehydration, hydroxylation, and epoxidation
reactions as catalysts or promoters. In one embodiment, a
method for producing catalysts or promoters comprises (a)
preparing nanoscale powders comprising tungsten such that
the surface area of the said powder 1s greater than 25 square
meters per gram, in some embodiments greater than 75 square
meters per gram, and 1n some embodiments greater than 150
square meters per gram; and (b) reducing the powder 1n a
reducing environment (or activating the powder 1n any other
way ) and then conducting a chemical reaction 1n the presence
of the nanoscale powders comprising doped or undoped tung-
sten compound. In some embodiments, a further step of dis-
persing the nanoscale powders 1n a solvent and then deposit-
ing these powders onto a substrate from the dispersion may be
employed before chemical reaction 1s conducted.

[0080] The catalyst powders described above can be com-
bined with zeolites and other well-defined porous materials to
enhance the selectivity and yields of useful chemical reac-
tions.

Optics and Phosphors

[0081] Non-stoichiometric nanoparticles comprising tung-
sten offer several unusual benefits as phosphors and for detec-
tor applications. These benefits are a consequence of one or
more of the following characteristics (a) small size, (b) high
surface area, (c¢) dispersability in various media, inks, and
solid matrices, (e) unusual and complex combinations of
density, vapor pressures, work functions, and band gaps. The
advantages of phosphors and detectors comprising tungsten-
containing nanoparticles are (a) high dots per inch density, (b)
ability to form homogeneous products, and (c) the ability to
prepare very thin films thereby reducing the raw material
required for same or superior performance. Nanoparticles can
also be post-processed (calcination, sintering) to grow the
grain to the optimal size 1n order to provide the brightness
level, decay time and other characteristics desired.

[0082] Multi-metal compositions (two, three, four, or more
metals) comprising tungsten are used in certain embodi-
ments. A specific illustration of fluorescent composition 1s
calcium tungstate. These phosphor nanopowders can be used
for scintillation counters, display applications, lamps, fluo-
rescent bulbs, light emitting devices, markers, security pig-
ments, fabric pigments, luminous paints, toys, special effects,
etc.

[0083] Tungsten comprising nanoparticles are useful 1n
forming thin films comprising tungsten that lose oxygen 1n
bright light thereby becoming bluish and filtering light; these
films reoxidize in darkness thereby becoming clear. One of
the many useful properties of nanomaterials comprising tung-
sten 1s the ability of tungsten to lose oxygen easily (e.g.

WO,-W, 0, transition).

Interstitial Compounds

[0084] Interstitial compounds comprising tungsten (e.g.
carbide, nitrides, borides, silicides) offer several unusual ben-
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efits 1 hard, refractory applications. These benefits are a
consequence of one or more of the following characteristics
(a) size, (b) hardness, (¢) size confinement, (e) unusual and
complex combinations of density, vapor pressures, and physi-
cal properties. Nanoparticles can also be post-processed (cal-
cination, sintering) to grow the grain to the optimal size 1n
order to provide other characteristics as desired. Interstitial
nanomaterial compositions comprising tungsten (and other
metal(s)) are useful in cutting tools, structural elements of
kilns, turbines, engines, sandblast nozzles, protective coat-
ings and the like.

Reagent and Raw Material for Synthesis

[0085] Nanoparticles comprising tungsten such as tungsten
oxide and tungsten containing multi-metal oxide nanopar-
ticles are useful reagents and precursors to prepare other
compositions ol nanoparticles comprising tungsten. In a
generic sense, nanoparticles comprising tungsten are reacted
with another substance, 1.e., reagent, such as, but not limited
to, an acid, alkali, organic, monomer, ammonia, reducing
fluids, oxidizing fluds, halogens, phosphorus compounds,
chalcogenides, biological materials, gas, vapor or solvent; the
high surface area ol nanoparticles facilitates the reaction and
the product resulting from this reaction 1s also nanoparticles.
The reagent can take any suitable form and can comprise
nitrogen, a halogen, hydrogen, carbon, or oxygen.

[0086] These product nanoparticles can then be suitably
applied or utilized to catalyze or as reagents to prepare other
fine chemicals for a wide range of applications. A few non-
limiting illustrations utilizing tungsten comprising nanopar-
ticles follow. These teachings can be extended to multi-metal
oxides and to other compositions such as tungsten interstitial
compounds and organometallics based on tungsten. In certain
embodiments, the nanoparticles may be treated or function-
alized or activated under various temperatures, pressure,
charge or environment composition before use.

[0087] Tungsten: Tungsten oxide nanoparticles are reacted
with carbon or reacted with hydrogen comprising reducing
gases at temperatures above 450° C. to produce nanoparticles
of tungsten. In certain embodiments, lower temperatures may
be used. If other embodiments, heating the nanocrystals 1n a
vacuum or ambient pressures or higher pressures at tempera-
tures such as 800K, 1200 K, etc. may be used. Tungsten metal
nanoparticles are useful in many applications (such as form-
ing tungsten metal wire for filaments, etc.) and as a precursor
for forming other compositions of matter comprising tung-
sten.

[0088] An embodiment for producing nanoparticles com-
prising tungsten comprises (a) preparing nanoscale powders
comprising tungsten oxide (b) reacting the nanoscale pow-
ders with a reducing compound or environment; and (c) col-
lecting resultant nanoparticles comprising tungsten. The
higher surface area of tungsten comprising nanomaterials
enables surprisingly lower temperatures and times for the
conversion. In certain embodiments, the processing tempera-
tures and times are lowered by at least 10%. In certain
embodiments, the processing temperatures and times are low-
ered by at least 30%. In certain embodiments, the processing
temperatures and times are lowered by at least 50%. In certain
embodiments, the processing temperatures and times are low-
ered by at least 70%.

[0089] Tungsten Halides: Tungsten comprising nanopar-
ticles are reacted with a halogen comprising compound to
form tungsten halide comprising compounds. To 1illustrate,
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but not limit, tungsten nanoparticles are chlorinated to pre-
pare WCl, bluish black crystalline solid nanoparticles. The
chlorination 1s performed above 400° C. and 100-1000 Tarr in
one embodiment (other combinations of T and P may be used
in other embodiments). In certain embodiments, volume
expansion with phase transformation 1s taken care by provid-
ing excess volume. By addition of oxygen or moisture during
chlorination, oxychlorides of tungsten may be formed. Tung-
sten fluoride 1s prepared 1n one embodiment by reacting fluo-
rine with tungsten nanoparticles. Tungsten bromide, WBr,, 1s
formed 1n certain embodiments by exchange reactions such
as those between BBr; with WCl, nanoparticles. In another
embodiment, WBr. 1s formed by reacting bromine vapor with
tungsten nanoparticles above 350° C. Oxyftluorides (e.g.
WOEF,), which are extremely hygroscopic, can be formed by
reacting oxygen-fluorine mixtures with tungsten metal nano-
particles. In other embodiments, mixing tungsten, tungsten
oxide and excess 10dine followed by reaction above 300° C.
yields tungsten oxydinodide (WO,1,).

[0090] Tungsten suboxides: Tungsten oxide (WO, yellow)
nanoparticles can be reacted with reducing compounds such
as hydrogen to produce nanoparticles of tungsten suboxides
(e.g. WO, .5, 4) The suboxides possess different colors
than the stoichiometric trioxide form (e.g. green yellow, blue,
brown). Further reductions yield WO, which 1s grayish and
offers properties of both an oxide and those of a metallic
compound.

[0091] Tungsten bronzes: Tungsten bronze nanoparticles
can be represented by the generic formula M, _ WO,;. The M
in this generic formula can be an alkali metal (Na, K, Cs) or
any other metal. The x 1n the generic formula can be zero or
any number greater than zero and less than one. Tungsten
bronze nanoparticles can be prepared by reacting tungsten
oxide nanoparticles with any compound of M. In some
embodiments, this 1s an oxide of metal M, a hydroxide of M,
or metal M. In other embodiments, other compositions can be
employed. The reaction may be assisted by high tempera-
tures, vacuum, high pressures, gas environment, such as
hydrogen or carbon comprising species or oxygen or inert.
Other methods for preparing tungsten bronze nanoparticles
include electrolytic reduction, fusion, solid state reactions,
co-condensation, vapor phase deposition, sputtering and the
like. In some embodiments, nanoparticles of various constitu-
ents are used to enable cost eflective manufacturing with
uniform properties.

[0092] Tungsten bronze nanoparticles offer unusual prop-
erties. To illustrate, but not limit, sodium tungsten bronzes
offer positive temperature coelificient of resistance when
x>X _, and negative temperature coellicient of resistance when
x<X . The x_ depends on the particle size, oxygen deficiency
and other nanoparticle characteristics. For example, x_1s 0.3
in certain embodiments and 0.6 1 other embodiments and
may be another number 1n other embodiments. Nanoparticles
comprising sodium tungsten bronzes ofler intense color with
metallic sheen depending on the value of x 1n Na,  WO,.
These and other nanoparticles comprising tungsten can be
combined with mica or other platelets to provide special
clfect pigments. Nanoparticles of tungsten bronzes are also
uselul as catalysts for oxidation reactions and fuel cell appli-
cations.

[0093] Mixed metal tungsten compounds: Tungsten metal
nanoparticles or tungsten oxide nanoparticles can be reacted
with other nanoparticles comprising metal to produce nano-
particles of mixed metal compounds comprising tungsten.

il
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Examples of such compounds include; but are not limited to,
BawQO,, CdAWQO,, CaWO,_, SrwQO,, PbWO,, Na,WQO,, Ce,
(WQO,);, etc. Alternatively, as discussed previously, mixed
metal compositions such as these tungstates can also be
directly prepared from precursors. Tungstate nanoparticles
are useiul maternials for optical, electronic, catalyst, pigment,
and other applications. Ceramics, corrosion resistance, and
fire inhibition formulations can also benefit from the unusual
surface activity, small size, and other properties of tungstate
nanomaterials.

[0094] Polytungstate compounds.: Tungstates, as dis-
cussed above, show unusual polytungstate nanocluster form-
ing characteristics when certain formulation conditions, such
as pH, are varied. Metatungstate, paratungstate, heteropolya-
nions, 1sopolyanions, etc. can be prepared by adjusting pH,
mixing in organic acids, monomers and the like. Heteropoly-
tungstate nanoparticles such as those comprising K, Co, P,
Ce, rare earths and large cations are useful as catalysts, pas-
stvation of metals and alloys, and as precipitants for colored
lakes, toners and dye manufacturing.

EXAMPLES 1-2

Tungsten Oxide Powders

[0095] Ammonium tungstate precursor was dissolved 1n a
50:50 water and 1sopropyl alcohol mix. This mix was sprayed
into a DC thermal plasma reactor described herein at a rate of
about 100 ml/min using about 1350 standard liters per minute
oxygen. The peak temperature 1n the thermal plasma reactor
was above 3000 K. The vapor was cooled to nucleate nano-
particles and then quenched by Joule-Thompson expansion.
The powders collected were analyzed using X-ray diffraction
(Warren-Averbach analysis) and BET. It was discovered that
the powders had a crystallite size of less than 100 nm and a
specific surface area greater than 10 m*/gm. It was also found
that the nanopowders were readily dispersable 1n water, polar
solvents, non-polar solvents and UV curable monomers con-
firming that inks can be readily prepared with these nanoscale
powders.

[0096] Next, 1n a separate run with the same process, the
mix was sprayed at a rate ol about 75 ml/min using about 150
standard liters per minute oxygen. The peak temperature 1n
the thermal plasma reactor was above 3000 K. The vapor was
cooled and then quenched by Joule-Thompson expansion.
The powders collected were analyzed using X-ray diffraction
(Warren-Averbach analysis) and BET. It was discovered that
the powders had a crystallite size less than 75 nm and a
specific surface area of greater than 15 m*/gm.

[0097] Theseexamples show that nanoparticles comprising
tungsten can be prepared and that the characteristics of tung-

sten oxide powder can be varied with process variations.

EXAMPLE 3

Tungsten Tin Oxide Powders

[0098] A mixture comprising ammonium metatungsate
and tin organometallic compound were processed 1n a ther-
mal quench reactor with a peak temperature above 2000 K.
The vapor was cooled and then quenched by Joule-Thompson
expansion. It was discovered that the powders had an average
crystallite size of less than 40 nm. The color of the powder
was observed to be a beautiful blue. This example shows that
the thermal plasma process can be used to create blue color
nanopigments.
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[0099] Other embodiments of the mvention will be appar-
ent to those skilled 1n the art from a consideration of the
specification or practice of the invention disclosed herein. It1s
intended that the specification and examples be considered as
exemplary only, with the true scope and spirit of the invention
being indicated by the following claims.

What 1s claimed 1s :

1. A nanomaterial composition of matter comprising WO,
63-2.99,

2. A composition comprising nanoparticles and at least one
other material, wherein the nanoparticles comprise WO, ;.
2.99,

3. The composition of claim 2, wherein the at least one
other material comprises a plastic, glass, paper, leather, fiber,
fabric, cream or 1nk.

4. The composition of claim 2, wherein the nanoparticles
are non-agglomerated.

5. The composition of claim 2, wherein the nanoparticles
have non-functionalized surfaces.

6. The composition of claim 2, wherein the nanoparticles
have functionalized or modified surfaces.

7. The composition of claim 6, wherein the functionalized
surfaces comprise fatty acids, propionic acid, stearic acid, oils
and combinations thereof.

8. The composition of claim 6, wherein the functionalized
surfaces comprise organometallics comprising silicon or tita-
nium.
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9. An electronic or optical device comprising the compo-
sition of claim 2.

10. A thin film comprising the composition of claim 2.
11. A coating comprising the composition of claim 2.

12. A method comprising:

reacting nanoparticles comprising tungsten with a reagent,

wherein the reaction produces the nanoparticles of the
composition of claim 2.

13. The method of claim 12, further comprising mixing the
produced nanoparticles with plastic powder.

14. The method of claim 13, further comprising 1njection
molding or co-extrusion of the mixture of the produced nano-
particles and the plastic powder.

15. The method of claim 12, wherein the nanoparticles
comprising tungsten are WQO,.

16. The method of claim 12, wherein the produced nano-
particles have a mean particle size of less than 100 nm.

17. The method of claim 12, wherein the reagent 1s selected
from the group consisting of nitrogen, a halogen, an acid, an
alkal1, hydrogen, oxygen and carbon.

18. The method of claim 12, wherein the reagent 1s hydro-
gen and carbon.

19. The method of claim 12, further comprising calcination
and/or sintering the produced nanoparticles.

20. A method comprising coating a film with the compo-
sition of claim 2.
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