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(57) ABSTRACT

Nanotechnology methods for creating stoichiometric and
non-stoichiometric substances with unusual combination of
properties by lattice level composition engineering are
described. The modified properties described include electr-
cal conductivity, dielectric constant, dielectric strength,
dielectric loss, polarization, permittivity, critical current,
superconductivity, piezoelectricity, mean free path, curie
temperature, critical magnetic field, permeability, coercive
force, magnetostriction, magnetoresistance, hall coellicient,
BHmax, critical temperature, melting point, boiling point,
sublimation point, phase transformation condition, vapor
pressure, amisotropy, adhesion, density, hardness, ductility,
clasticity, porosity, strength, toughness, surface roughness,
coellicient of thermal expansion, thermal conductivity, spe-
cific heat, latent heat, refractive index, absorptivity, emissiv-
ity, dispersivity, scattering, polarization, acidity, basicity,
catalysis, reactivity, energy density, activation energy, free
energy, entropy, frequency factor, bioactivity, biocompatibil-
ity, thermal coellicient of any property and pressure coelll-
cient ol any property.
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METHOD OF FORMING
NON-STOICHIOMETRIC NANOSCALLE
POWDER COMPRISING
TEMPERATURE-PROCESSING OF A
STOICHIOMETRIC METAL COMPOUND.

1. RELATED APPLICATTONS

[0001] The present application 1s a divisional of copending
U.S. patent application Ser. No. 10/449,27/8 filed on May 20,

2003 entitled “INORGANIC COLORS AND RELATED
TECHNOLOGY” which 1s a division of U.S. patent applica-
tion Ser. No. 10/150,722 filed on May 17, 2002 entitled
“NANOTECHNOLOGY FOR INKS AND DOPANTS”
which claims the benefit of provisional application No.
60/111,442 filed Dec. &8, 1998 and 1s a divisional of U.S.
patent application Ser. No. 09/274,5177 filed on Mar. 23, 1999
entitled “MATERIALS AND PRODUCTS USING NANO-
STRUCTURED NON-STOICHIOMETRIC SUB-
STANCES” now U.S. Pat. No. 6,344,271 which claims the
benefit of provisional application No. 60/107,318, filed Nov.
6, 1998, entitled “MATERIALS AND PRODUCTS USING
NANOSTRUCTURED NON-STOICHIOMETRIC MATE-
RIALS,” all of which are assigned to the assignee of the
present invention and which are incorporated herein by ref-
erence.

[0002] The present application 1s also a continuation-in-

part of co-pending U.S. patent application Ser. No. 09/790,
036 titled “NANOTECHNOLOGY FOR DRUG DELIV-

ERY, CONTRAST AGENTS AND BIOMEDICAL
IMPLANTS” filed on Feb. 20, 2001 which 1s a divisional of
U.S. Pat. No. 6,228,904 filed on May 22, 1998, which 1s
incorporated herein by reference and which claims the benefit
of U.S. Provisional applications 60/049,0777 filed on Jun. 9,
1997, 60/069,936 filed on Dec. 17, 1997, and 60/079,225
filed on Mar. 24, 1998. U.S. Pat. No. 6,228,904 1s a continu-
ation-in-part of U.S. patent application Ser. No. 08/739,257,
filed Oct. 30, 1996, now U.S. Pat. No. 5,905,000, titled
NANOSTRUCTURED ION CONDUCTING SOLID
ELECTROLYTES, which 1s a continuation-in-part of U.S.
Ser. No. 08/730,661, filed Oct. 11, 1996, now U.S. Pat. No.
5,952,040 titled “PASSIVE ;LECTRONIC COMPO-
NENTS FROM NANO—PRECISION ENGINEERED
MATERIALS” which 1s a continuation-in-part of U.S. Ser.
No. 08/706,819, filed Sep. 3, 1996, now U.S. Pat. No. 5,851,

507 titled “INTEGRATED THERMAL PROCESS FOR
THE CONTINUOUS SYNTHESIS OF NANOSCALE
POWDERS” and U.S. Ser. No. 08/707,341, filed Sep. 3,
1996, now U.S. Pat. No. 5,788,738 ftitled “METHOD OF
PRODUCING NANOSCALE POWDERS BY QUENCH-
ING OF VAPORS”. This application 1s also a continuation-
in-part of co-pending U.S. patent application Ser. No. 09/753,
806 titled “LOW-COST MULTILAMINATE SENSORS”’
which 1s a divisional of U.S. Pat. No. 6,202,471 filed on May
7, 1998 titled “LOW-COST MULTILAMINATE SEN-
SORS” all of which are assigned to the assignee of the present
invention and which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0003] 1. Field of the Invention

[0004] The invention relates to non-stoichiometric sub-
stances and more particularly to nanostructured non-stoichio-
metric substances and products incorporating such sub-
stances.
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[0005] 2. Relevant Background

[0006] Most compounds are prepared as stoichiometric
compositions, and numerous methods of preparing sub-
stances for commercial use are motivated in objective to
create stoichiometric compounds. For example, producers of
titania fillers, copper oxide catalysts, titanate dielectrics, fer-
rite magnetics, carbide tooling products, tin oxide sensors,
zinc sulfide phosphors, and gallium nitride electronics all
seek stoichiometric compositions (110,, CuO, BaTliO,,
NiFe,O,, TiC, SnO,, ZnS, and GaN, respectively).

[0007] Those skilled 1in the art will note that conventional
powders of oxides and other compounds, when exposed to
reducing atmospheres (e.g. hydrogen, forming gas, ammonaia,
and others) over a period of time, are transformed to non-
stoichiometric materials. However, the time and cost of doing,
this 1s very high because the inherent diffusion coefficients
and gas-solid transport phenomena are slow. This has made 1t
difficult and uneconomical to prepare and commercially
apply stable non-stoichiometric forms of materials to useful
applications.

[0008] Limited benefits of non-stoichiometric materials
have been taught by others; for example, Sukovich and
Hutcheson 1n U.S. Pat. No. 5,798,198 teach a non-stoichio-
metric ferrite carrier. Similarly, Menu 1n U.S. Pat. No. 5,750,
188 teaches a method of forming a thin film of non-stoichio-
metric luminescent zinc oxide. The film 1s a result of a
thermodynamically favored defect structure mvolving non-
stoichiometric compositions where the non-stoichiometric
deviation 1s 1n parts per million.

[0009] A very wide variety of pure phase materials such as
polymers are now readily available at low cost. However, low
cost pure phase materials are somewhat limited in the achiev-
able ranges of a number of properties, including, for example,
clectrical conductivity, magnetic permeability, dielectric con-
stant, and thermal conductivity. In order to circumvent these
limitations, 1t has become common to form composites, 1n
which a matrix 1s blended with a filler material with desirable
properties. Examples of these types of composites include the
carbon black and ferrite mixed polymers that are used 1n
toners, tires, electrical devices, and magnetic tapes.

[0010] The number of suitable filler materials for compos-
ites 1s large, but still limited. In particular, difficulties 1n
fabrication of such composites often arise due to 1ssues of
interface stability between the filler and the matrix, and
because of the difficulty of orienting and homogenizing filler
material 1n the matrix. Some desirable properties of the
matrix (e.g., rheology) may also be lost when certain fillers
are added, particularly at the high loads required by many
applications. The availability of new filler materials, particu-
larly materials with novel properties, would significantly

expand the scope of manufacturable composites of this type.

SUMMARY OF THE INVENTION

[0011] This invention includes several methods of making
non-stoichiometric submicron and nanostructured materials
and devices from both stoichiometric and non-stoichiometric
precursors. This mvention also includes methods of making
stoichiometric materials and devices from non-stoichiomet-
ric precursors. In one aspect, the mmvention includes an
improved sintering technique utilizing submicron non-sto-
ichiometric powders. The invention also includes a variety of
other applications for submicron non-stoichiometric materi-
als, including catalysis, photonic devices, electrical devices
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and components, magnetic materials and devices, sensors,
biomedical devices, electrochemical products, and energy
and 1on conductors.

[0012] In one aspect, this invention includes a varniety of
methods of producing a non-stoichiometric material. Accord-
ing to one method, a submicron powder of a stoichiometric
material 1s transformed into a non-stoichiometric powder.
The submicron powder may also be ananopowder. If desired,
the submicron non-stoichiometric powder may be sintered
into a bulk substance.

[0013] According to another method, a non-stoichiometric
submicron material 1s produced by quenching a high-tem-
perature vapor of a precursor material to produce a non-
storchiometric submicron powder. A vapor stream of the high
temperature vapor tlows from an inlet zone, and this stream 1s
passed through a convergent means to channel the vapor
stream through an area where tlow 1s restricted by controlling
the cross-section of the flowing stream. The vapor stream 1s
channeled out of the flow restriction through a divergent
means to an outlet pressure which 1s smaller than the inlet
pressure. This quenches the vapor stream. The inlet and outlet
pressures are maintained, creating a pressure differential
between them. The pressure differential and the cross-section
of the tlow restriction are adapted to produce a supersonic
flow of the vapor stream. This method may further comprise
sintering the resulting powder.

[0014] According to yet another method, a nanoscale start-
ing material comprising more than one element 1s provided.
At least one of these elements 1s an electropositive element. A
dopant element with valency different than the electropositive
element 1s added, and the mixture 1s heated to a selected
temperature, preferably greater than the solid state reaction
temperature, for a time suilicient to allow intermingling of the
dopant element and the given electropositive element.

[0015] According to still another method, two nanopow-
ders are mixed 1n a ratio selected to produce a desired non-
stoichiometric composition. The first nanopowder comprises
a plurality of maternials, and the second comprises a subset of
those materials. The materials comprising the first nanopow-
der may be metallic, semimetallic, non-metallic, or any com-
bination thereof. The mixture 1s heated 1n a selected atmo-
sphere to a temperature to produce a solid state reaction. The
atmosphere may participate in the solid state reaction. This
invention also includes the maternals produced via the above
methods.

[0016] In another aspect, this invention includes a submi-
cron non-stoichiometric material where the value for a
selected physical property of the submicron non-stoichiomet-
ric material 1s greater than 10% different from that for a
stoichiometric form of the submicron non-stoichiometric
material. Alternately, the relative ratios of the components of
the material differ by more than 1% from the stoichiometric
values, preferably 2% from the stoichiometric values, and
more preferably 5%. The material may be a nanomatenal or a
nanopowder.

[0017] This mvention also includes a submicron material
wherein a domain size of the material is less than 500 nm, and
the material 1s non-stoichiometric. Preferably, the domain
s1ze 1s less than 100 nm. Alternately, a domain size may be
less than 5 times the mean free path of electrons 1n the given
material, or the mean domain size may be less than or equal to
a domain size below which the substance exhibits 10% or
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more change 1n at least one property when the domain size 1s
changed by a factor of 2. The material may be a powder or a
nanopowder.

[0018] In another aspect, this invention includes a method
of determining the non-stoichiometry of a material. A sto-
ichiometric form of the material and the material whose sto-
ichiometry 1s to be ascertained (the “unknown’ matenal) are
heated separately 1n a reactive atmosphere to 0.5 times the
melting point of the material. The weight change per umit
sample weight for the unknown material 1s monitored. In
addition, the weight change per unit sample weight of the
unknown material 1s compared to the weight change per unit
sample weight of the known material.

[0019] In another aspect, this invention includes a method
of conducting combinatorial discovery of materials where
non-stoichiometric forms of materials are used as precursors.

[0020] In another aspect, this invention includes a method
of making a non-stoichiometric nanoscale device by fashion-
ing a non-stoichiometric nanoscale material into a device.
Alternately, a device 1s fashioned from a stoichiometric mate-
rial and the stoichiometric material converted into a non-
stoichiometric form. The stoichiometric material may be an
clectrochemical material, a photonic material, or a magnetic
material. The non-stoichiometric material may be electroded;
and the electrode may comprise a non-stoichiometric mate-
rial. This invention also includes stoichiometric devices with
non-stoichiometric electrodes. The non-stoichiometric mate-
rials may further be a nanomatenals.

[0021] In another aspect, this invention includes a method
of producing a stoichiometric material from a non-stoichio-
metric powder. The powder 1s processed into the shape
desired for a stoichiometric material and further processed to
produce stoichiometric ratios among its components. This
invention also includes a method of producing a stoichiomet-
ric device via the same method.

[0022] In another aspect, this invention also includes an
improved method of producing sintered materials. A submi-
cron stoichiometric powder 1s formed into a green body. The
green body 1s sintered at a selected densification rate and a
selected temperature which are lower than those required to
sinter larger, stoichiometric powders. This method may fur-
ther comprise converting the sintered material to a stoichio-
metric form or stabilizing the non-stoichiometric sintered
material by the addition of a protective coating, secondary
phase, or stabilizer. In this method, the submicron non-sto-
ichiometric powder may also be nanopowders.

[0023] This invention also includes a method of producing
an 1mproved catalyst. A nanopowder comprising indium tin
oxide and alumina are pressed into pellets. The pellets are
reduced 1n a reducing atmosphere to form a catalyst which
can promote the formation of hydrogen from 12% methanol
vapor at 250° C. This invention also includes the improved
catalyst prepared by this method.

[0024] In another aspect, this invention includes a method
of producing an improved photonic material. A high-tem-
perature vapor of a precursor material 1s quenched from a gas
stream comprising hydrogen and argon to produce a non-
stoichiometric submicron powder such that the absorption of
selected wavelengths 1s more than doubled with respect to
that of a stoichiometric from of the precursor. In this method,
the precursor material may be stoichiometric ITO; the
selected wavelengths would be greater than 500 nm. In addi-
tion, this mvention includes an improved non-stoichiometric
photonic material produced by this process and exhibiting
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enhanced absorption of selected wavelengths of electromag-
netic radiation 1n comparison to a stoichiometric form of the
material.

[0025] In another aspect, this invention includes a method
of producing an improved electric device. Titanium oxide
nanopowders are heated 1n an ammonia atmosphere to pro-
duce a non-stoichiometric oxynitride of titanium. The result-
ing device may also be part of an electrical conductor. This
invention also includes the improved electrical device pro-
duced by this method.

[0026] This invention also includes a variety of methods of
making improved magnetic materials and devices. According,
to one method, a nickel zinc ferrite material is sintered to near
theoretical density and heated 1n a reducing atmosphere at an
clevated temperature such that the resulting material exhibits
higher magnetic loss than the stoichiometric starting mate-
rial. The atmosphere may comprise 5% H-95% Ar and the
temperature may be 800° C.

[0027] According to another method, a mixture of two sto-
ichiometric nanopowders 1s produced from manganese ferrite
and nickel zinc ferrite powders. These two powders are
pressed together, sintered, and wound. The method may fur-
ther comprise pressing the two nanopowders with a binder,
preferably 5% Duramax. This mvention also includes the
magnetic devices and materials produced by these methods.

[0028] In another aspect, this invention mncludes methods
of making a non-stoichiometric resistor. In one method, the
resistor 1s produced from a stoichiometric submicron material
and transformed to a non-stoichiometric form. In another
method, the resistor 1s produced from non-stoichiometric
S1C, nanopowders. The nanopowders are sonicated 1n poly-
vinyl alcohol and screened printed on a alumina substrate.
The resulting resistor element 1s to produce a resistor having
a resistance less than 1 megaochm. Platinum or silver dopants
may be added to the sonicated mixture. This invention also
includes the improved resistors produced via these methods
and arrays of resistors produced via these methods.

[0029] In another aspect, this mvention also includes a
method of producing an improved sensor device. A non-
stoichiometric nanopowder 1s sonicated in a solvent to form a
slurry. The slurry 1s brushed onto screen-printed electrodes
and allowed to dry at to remove the solvent. A dissolved
polymer may also be included in the slurry. The screen-
printed electrodes may be gold electrodes on an alumina
substrate. The screen may be made from stainless steel mesh
at least 8x 10 1nches 1n size, with a mesh count of 400, a wire
diameter of 0.0007 inches, a bias of 45°, and a polymeric
emulsion of 0.0002 1nches.

[0030] In another aspect, this 1nvention includes an
improved sensor device prepared from a screen printable
paste. A nanopowder and polymer are mechanically mixed; a
screen-printing vehicle 1s added to the mixture and further
mechanically mixed. The mixture 1s milled and screen-
printed onto prepared electrodes. The paste 1s allowed to level
and dry. This invention also includes the improved sensor
devices produced by the above processes.

[0031] This mvention, in a further aspect, includes a
method of making an improved biomedical orthopedic
device. A feed powder comprising a non-stoichiometric
T1—Ta—Nb—Z7r alloy 1s milled under non-oxidizing condi-
tions. The milled powder 1s mixed with a binder dissolved in
a solvent and allowed to dry. The mixture 1s then pressed and
incorporated into a biomedical device. This mvention also
includes a biomedical material comprising a non-stoichio-
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metric submicron powder. In addition, this invention includes
a biomedical material produced by this process wherein the
powder 1s a nanopowder.

[0032] This invention, 1n another aspect, includes a method
of preparing an improved electronic component. A non-sto-
ichiometric nanoscale material 1s mixed with a screen print-
ing material and the resulting paste screen-painted on an
alumina substrate. The paste 1s wrapped up and dried on a
heated plate and turther screen-printed with silver-palladium
to form a conducting electrode. The silver-palladium 1s dried
rapidly on a heated plate and the two films co-fired.

[0033] In another aspect, this wvention includes an
improved electrochemical material comprising a submicron
non-stoichiometric material. The material has excess Gibbs
free energy in comparison to larger grained maternals. In
addition, the material exhibits increased solute diffusion,
lower phase transformation temperatures, and high compres-
s1ve toughness.

[0034] In another aspect, this invention includes a method
of making an improved energy and 10n conducting device. A
stoichiometric nanoscale starting powder 1s reduced at a tem-
perature between S00° C. and 1200° C. 1n a forming gas to
yield non-stoichiometric nanopowders. The powders are
pressed 1nto discs, sintered, and coated with a cermet paste
comprising equal parts silver and a stoichiometric nanoscale
form of the starting powder. Platinum leads are then attached
to the cermet paste. Preferably, the cermet paste comprises
silver and a non-stoichiometric version of the starting powder.
The starting powder may be yttria-stabilized cubic zirconia,
other metal oxides, a perovskite material, or another group IV
oxide. This invention also includes the improved energy and
ion conducting device produced by this method. In addition,
it includes an 10n and energy conducting device wherein the
ion conductor 1s produced from nanostructured beta alumina,
NASICON, lithium nitride, LISICON, silver 1odide,
Rb,Cu, (I,Cl, ;, a polymer, or a perovskite.

[0035] In another aspect, this nvention includes an
improved dopant for semiconductor materials where the
dopant comprises a non-stoichiometric nanocrystalline pow-
der. The grain size of the non-stoichiometric nanocrystalline
powder may be less than 80 nm, preferably 40 nm, and more
preferably 10 nm. The non-stoichiometric nanocrystalline
powder may include one or more materials selected from the
group comprising 1a, 30 g, Nb5 /504 74, N1Og o5, M1, 5,0y o,
B1,,300 45, Cu, 50, 110, |, 510, 55, and V5,50 o75.

[0036] Brietly stated, the present invention 1s directed to
inks based on novel nanofillers that enhance a wide range of
properties. In another aspect, the present invention 1s directed
to methods for preparing nanocomposites that enable nano-
technology applications offering superior functional perfor-
mance. In an example method, nanofillers and a substance
having a polymer are mixed. Both low-loaded and highly-
loaded nanocomposites are contemplated. Nanoscale coated
and un-coated fillers may be used. Nanocomposite films may
be coated on substrates.

[0037] In one aspect, the invention comprises a nanostruc-
tured filler, intimately mixed with a matrix to form a nano-
structured composite. At least one of the nanostructured filler
and the nanostructured composite has a desired material
property which differs by at least 20% from the same material
property for a micron-scale filler or a micron-scale compos-
ite, respectively. The desired material property 1s selected
from the group consisting of refractive index, transparency to
light, reflection characteristics, resistivity, permittivity, per-
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meability, coercivity, B-H product, magnetic hysteresis,
breakdown voltage, skin depth, curie temperature, dissipation
factor, work function, band gap, electromagnetic shielding
clfectiveness, radiation hardness, chemical reactivity, ther-
mal conductivity, temperature coelficient of an electrical
property, voltage coellicient of an electrical property, thermal
shock resistance, biocompatibility and wear rate.

[0038] Thenanostructured filler may comprise one or more
clements selected from the s, p, d, and f groups of the periodic
table, or 1t may comprise a compound of one or more such
elements with one or more suitable anions, such as aluminum,
antimony, boron, bromine, carbon, chlorine, fluorine, germa-
nium, hydrogen, indium, 10dine, nickel, nitrogen, oxygen,
phosphorus, selenium, silicon, sultur, or tellurium. The
matrix may be a polymer (e.g., poly(imethyl methacrylate),
poly(vinyl alcohol), polycarbonate, polyalkene, or polyaryl),
a ceramic (e.g., zinc oxide, indium-tin oxide, hatnium car-
bide, or ferrite), or a metal (e.g., copper, tin, zinc, or iron).
Loadings of the nanofiller may be as high as 95%, although
loadings of 80% or less are preferred. The invention also
comprises devices which incorporate the nanofiller (e.g.,
clectrical, magnetic, optical, biomedical, and electrochemi-
cal devices).

[0039] Another aspect of the invention comprises a method
of producing a composite, comprising blending a nanoscale
filler with a matrix to form a nanostructured composite. Either
the nanostructured filler or the composite itsell differs sub-
stantially 1n a desired material property from a micron-scale
filler or composite, respectively. The desired material prop-
erty 1s selected from the group consisting of refractive index,
transparency to light, reflection characteristics, resistivity,
permittivity, permeability, coercivity, B-H product, magnetic
hysteresis, breakdown voltage, skin depth, curie temperature,
dissipation factor, work function, band gap, electromagnetic
shielding effectiveness, radiation hardness, chemical reactiv-
ity, thermal conductivity, temperature coetlicient of an elec-
trical property, voltage coellicient of an electrical property,
thermal shock resistance, biocompatibility, and wear rate.
The loading of the filler does not exceed 95 volume percent,
and loadings of 80 volume percent or less are preferred.

[0040] The composite may be formed by mixing a precur-
sor of the matrix material with the nanofiller, and then pro-
cessing the precursor to form a desired matrix material. For
example, the nanofiller may be mixed with a monomer, which
1s then polymerized to form a polymer matrix composite. In
another embodiment, the nanofiller may be mixed with a
matrix powder composition and compacted to form a solid
composite. In yet another embodiment, the matrix composi-
tion may be dissolved 1n a solvent and mixed with the nano-
filler, and then the solvent may be removed to form a solid
composite. In still another embodiment, the matrix may be a
liquad or have liquid like properties.

[0041] Yet another aspect of the mnvention 1s to prepare
nanofillers for inks and dopants including pastes and slurries
thereol. These pastes and slurries are then utilized to print
nanoscale layers and structures.

[0042] Many nanofiller compositions are encompassed
within the scope of the invention, including nanofillers com-
prising one or more elements selected from the group con-
sisting of actinium, aluminum, arsenic, barium, beryllium,
bismuth, cadmium, calcium, cerium, cestum, cobalt, copper,
dysprosium, erbium, europium, gadolinium, gallium, gold,
hatnium, hydrogen, indium, iridium, 1ron, lanthanum,
lithium, magnesium, manganese, mendelevium, mercury,
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molybdenum, neodymium, neptunium, nickel, niobium,
osmium, palladium, platinum, potassium, prasecodymium,
promethium, protactimmum, rhenium, rubidium, scandium,
silver, sodium, strontium, tantalum, terbium, thallium, tho-
rium, tin, titanium, tungsten, vanadium, ytterbium, yttrium,
zinc, and zirconium.

[0043] “Domain si1ze™ 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 ol whiskers and fibers, the domain size 1s the diameter. In
the case of plates and films, the domain size 1s the thickness.
[0044] As used herein, a “nanostructured powder™ 1s one
having a domain size of less than 100 nm, or alternatively,
having a domain size sufficiently small that a selected mate-
rial property 1s substantially different from that of a micron-
scale powder, due to size confinement effects (e.g., the prop-
erty may differ by 20% or more from the analogous property
of the micron-scale material). Nanostructured powders often
advantageously have sizes as small as 50 nm, 30 nm, or even
smaller. Nanostructured powders may also be referred to as
“nanopowders” or “nanofillers.” A nanostructured composite
1s a composite comprising a nanostructured phase dispersed
1n a matrix.

[0045] As 1t 1s used herein, the term “agglomerated”
describes a powder 1n which at least some individual particles
of the powder adhere to neighboring particles, primarily by
clectrostatic forces, and “aggregated” describes a powder 1n
which at least some individual particles are chemically
bonded to neighboring particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] The invention 1s described with reference to the
several figures of the drawing, 1n which,

[0047] FIG. 11s adiagram of a nanostructured filler coated
with a polymer;
[0048] FIG. 2 portrays an X-ray diffraction (XRD) spec-

trum for the stoichiometric mdium tin oxide powder of
Example 1;

[0049] FIG. 3 i1s a scanning electron microscope (SEM)
micrograph of the stoichiometric indium tin oxide powder of
Example 1; and

[0050] FIG. 4 1s a diagram of the nanostructured varistor of
Example 5.

(L]
=]

ERRED

DETAILED DESCRIPTION OF THE PR
EMBODIMENTS

[0051] Non-stoichiometric substances 1n this invention are
envisioned as substances that bridge between the artificial
classification of substances—i.e. metals, alloys, oxides, car-
bides, nitrides, borides, sulfides, chalcogenides, silicides, etc.
For example, while tin (Sn) 1s a metal, tin oxide (SnO, ) 1s an
oxide ceramic. Non-stoichiometric tin oxide 1s then a form of
a substance that transitions the properties of metallic tin to
ceramic tin oxide. For example, non-stoichiometric tin oxides
can be prepared with composition such as SnQOy 44, SnO, ;..
SnO, 5.4, SN0, 54, SN0, 4.4, SNO, <4, SN0, ., SNO, -4, SNO,
84, and SnO, ,,. The physical, thermal, chemical, and other
properties of tin and tin oxide are very different, and the
properties of non-stoichiometric tin oxide are anticipated to
be very diflerent and unique when compared with both metal-
lic tin and ceramic tin oxide. The presence of vacancies 1n
SnO, 1s anticipated to lead to higher conductivities, novel
catalytic properties, novel structural properties, novel mag-
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netic properties, faster sintering, and other desirable commer-
cial performance. A preferred embodiment 1s to use a submi-
cron non-stoichiometric form. A more preferred embodiment
1s o use a nanoscale non-stoichiometric form. It 1s important
to note that the non-stoichiometric form can be converted to a
stoichiometric form 1f and when desired. Thus, the beneficial
properties of non-stoichiometric forms can be utilized in
some applications during processing, while leaving the tlex-
ibility for use of either a stoichiometric or a non-stoichiomet-
ric form 1n the final product.

[0052] Another illustration, without limiting the scope of
this invention, 1s the non-metal boron and the ceramic boron
nitride. In stoichiometric form, boron 1s B, and the ceramic
boron nitride 1s BN. These two materials have very different
molecular orbitals and different physical, thermal, chemaical,
optical, catalytic, structural, and other properties. Addition-
ally, 1t 1s easier to process boron than boron nitride. Illustra-

tive but not limiting forms of non-stoichiometric boron
nitride include BN, -, BN 55, BNj 555, BNj 155, BN -,

BNg <<, BNj «-5, BNj -5, BN, 4,5, BNj o-<. It 1s anticipated
that nanoscale forms of these non-stoichiometric BN waill
yield novel electrical and electronic properties, novel cata-
lytic properties, novel structural properties, novel magnetic
properties, faster sintering, and other desirable commercial
performance. Once again, a preferred embodiment 1s to use a
submicron non-stoichiometric form. A more preferred
embodiment 1s to use a nanoscale non-stoichiometric form.
Once again, 1t 1s important to note that the non-stoichiometric
form can be converted to a stoichiometric form if and when
desired. Thus, the beneficial properties of non-stoichiometric
forms can be utilized in some applications during processing,
while leaving the flexibility for use of either a stoichiometric
or a non-stoichiometric form in the final product.

[0053] Yet another 1llustration, without limiting the scope
of this invention, 1s metallic titanium and the ceramic titanium
carbide. In stoichiometric form, metallic titanium 1s Ti, and
ceramic titanium carbide 1s TiC. These two materials have
very different molecular orbitals and different physical, ther-
mal, chemical, optical, catalytic, structural, and other prop-
erties. It 1s easier to process metals than ceramics, and the
ductilities of metals are very different than those of ceramics.
[llustrative but not limiting forms of non-stoichiometric tita-
nium carbide include TiC, .-, T1C, , 5, T1C, , <, T1C, 15, T1IC,
as, T1C, <5, T1C, <, T1IC, -5, T1C, 45, T1C, o5. It 1s anticipated
that nanoscale forms of nonstoichiometric TiC_ will yield
novel electrical and electronic properties, novel catalytic
properties, novel structural properties, novel magnetic prop-
erties, faster sintering, and other desirable commercial per-
formance. Once again, a preferred embodiment 1s to use a
submicron non-stoichiometric form. A more preferred
embodiment 1s to use a nanoscale non-stoichiometric form.
Once again, 1t 1s important to note that the non-stoichiometric
form can be converted to a stoichiometric form 1f and when
desired. Thus, the beneficial properties of non-stoichiometric
forms can be utilized in some applications during processing,
while leaving the flexibility for use of either a stoichiometric
or a non-stoichiometric form in the final product.

[0054] A further illustration, without limiting the scope of
this invention, 1s the nickel 1ron alloy and the ceramic nickel
territe. In stoichiometric form, nickel iron alloy 1s NiFe, and
ceramic nickel ferrite 1s NiFe,O,. These two materials have
very different molecular orbitals and different physical, ther-
mal, chemical, optical, catalytic, structural, and other prop-
erties. It 1s easier to process alloys than ceramics, and the
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ductilities of alloys are very different than those of ceramics.
[lustrative but not limiting forms of non-stoichiometric
nickel ferrite include NiFe,O,,,, NiFe,O; -,, NiFe,O; <,
NiFe,O, ,,, NiFe,O, ,,, NiFe,O, ,,, NiFe,O, ,,, NiFe,O,
s1, NiFe,O, 5,, NiFe,O,,,, NiFe,O,,,, NiFe,O, -,
NiFe,O, 5;, NiFe,O 51 airenOg 115 N1Fe, 04 o1, NiFe, Oy 5,
NiFe,O, <, NiFe,O, 5,, NiFe,O, ,,, NiFe, ;O,, NiFe, O,
Ni, Fe,0; o, N1, oFe,O,, and N1, ,Fe,O,. It 1s anticipated
that nanoscale forms of non-stoichiometric nickel ferrite waill
yield novel electrical and electronic properties, novel cata-
lytic properties, novel structural properties, novel magnetic
properties, faster sintering, and other desirable commercial
performance. Once again, a preferred embodiment 1s to use a
submicron non-stoichiometric form. A more preferred
embodiment 1s to use a nanoscale non-stoichiometric form.
Once again, 1t 1s important to note that the non-stoichiometric
form can be converted to a stoichiometric form 1f and when
desired. Thus, the beneficial properties of non-stoichiometric
forms can be utilized 1n some applications during processing,
while leaving the flexibility for use of either a stoichiometric
or a non-stoichiometric form in the final product.

[0055] Nanostructured materials have small grain sizes and
high interfacial areas. Nanostructured materials can be pre-
pared by methods such as those taught by us 1n commonly
assigned U.S. Pat. No. 5,788,738 and others such as U.S. Pat.
Nos. 5,486,675, 5,447,708, 5,407,458, 5,219,804, 5,194,128,
5,064,464, all of which are incorporated herein by reference.
Relatively high surface area and small grain size makes nan-
opowders commercially suitable for processing into non-sto-
ichiometric forms.

[0056] The material compositions to be used in the pres-
ently claimed invention are nanostructured non-stoichiomet-
ric substances, 1.e. materials whose domain size have been
engineered to sub-micron levels, preterably to nanoscale lev-
els (<100 nm) where domain confinement etfects become
observable, moditying the properties of the materials. The
scope of this mvention excludes non-stoichiometry that
results from thermodynamically favored defect structure.

[0057] Nanostructured materials (nanomaterials) are a
novel class of materials whose distinguishing feature 1s that
their average grain size or other domain size 1s within a size
range where a variety of confinement effects dramatically
change the properties of the material. A property will be
altered when the enftity or mechanism responsible for that
property 1s confined within a space smaller than the critical
length associated with that entity or mechanism. Some 1llus-
trations ol such properties include but are not limited to
clectrical conductivity, dielectric constant, dielectric
strength, dielectric loss, polarization, permittivity, critical
current, superconductivity, piezoelectricity, mean iree path,
curie temperature, critical magnetic field, permeability, coer-
cive force, magnetostriction, magnetoresistance, hall coetli-
cient, BHmax, critical temperature, melting point, boiling
point, sublimation point, phase transformation conditions,
vapor pressure, anisotropy, adhesion, density, hardness, duc-
tility, elasticity, porosity, strength, toughness, surface rough-
ness, coellicient of thermal expansion, thermal conductivity,
specific heat, latent heat, refractive index, absorptivity, emis-
stvity, dispersivity, scattering, polarization, acidity, basicity,
catalysis, reactivity, energy density, activation energy, free
energy, entropy, frequency factor, environmental benigness,
bioactivity, biocompatibility, and thermal and pressure coet-
ficients of properties. The importance of nanostructured
materials to this imnvention can be 1llustrated by considering,
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the example of the mean free path of electrons, which 1s akey
determinant of a material’s resistivity. The mean free path 1n
conventional materials and resistivity are related by:

p=mve/ng°h
where,
[0058] p: resistivity
[0059] m: mass of electron
[0060] v.: Fermi energy
[0061] n:number of free electrons per unit volume in mate-
rial
[0062] q: charge of electron
[0063] A: mean free path of electron
[0064] This equation assumes that the resistivity in the

material 1s determined 1n part by the mean free path of elec-
trons and that the electrons have a free path in the bulk. In
nanostructured materials, the domain size 1s confined to
dimensions less than the mean free path and the electron
meets the mterface of the domain before 1t transverses a path
equal to the mean free path. Thus, 11 the material’s domain
s1ze 1s confined to a size less than the mean free path, this
equation 1s no longer valid. In a stmplistic model, one could
replace A with the domain size, but that replacement 1gnores
the fact that confinement can also affect “n” and other funda-
mental properties. This insight suggests that unusual proper-
ties may be expected from devices prepared from materials
with a domain size less than the mean free path of electrons.
[0065] While the above argument 1s discussed 1n light of
mean free path, 1t 1s important to note that the domain con-
finement effect can be observed even when the domain size 1s
somewhat larger than the mean free path because: (a) “mean”
free path 1s a statistical number reflecting a mean of path
lengths statistically observed 1n a given material, and (b) 1n
very finely divided matenials, the interface volume 1s signifi-
cant and all the free electrons do not see the same space;
clectrons closer to the interface interact differently than those
localized 1n the center of the domain.

[0066] The significance of using nanostructured matenals
can be further appreciated 11 the conductivity of semiconduct-
ing oxides 1s considered as shown 1n the equation for conduc-
tivity from hopping mechanism: o=P P,2e*/ckTv[exp(q/

k1)]

where,

[0067] o©: conductivity

[0068] P_,P,:probabilities that neighboring sites are occu-

pied by desirable cations

[0069] e: electronic charge

[0070] n: frequency factor

[0071] k: Boltzmann’s constant

[0072] 1: temperature

[0073] q: activation energy

[0074] c¢: unit cell dimension

[0075] v: hopping velocity

[0076] The frequency factor and activation energy are a

strong function of the microstructure confinement and non-
stoichiometry; therefore, the conductivity of the same mate-
rial can be very different in nanostructured non-stoichiomet-
ric form when compared with naturally occurring bulk crystal
form of the substance.

[0077] As the phrase 1s used herein, “nanostructured mate-
rials” are considered to be materials with a domain size less
than 5 times the mean free path of electrons 1 the given
material, preferably less than the mean free path of electrons.
Alternatively, the domain size may be less than 500 nanom-
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cters, and preferably less than 100 nanometers. Nanostruc-
tured materials also include substances with a mean domain
s1ze less than or equal to the domain size below which the
substance exhibits 10% or more change in at least one prop-
erty of the said substance when the domain size 1s changed by
a factor of 2, everything else remaining the same. Further-
more, the term nanostructured materials icorporates zero
dimensional, one dimensional, two dimensional, and three
dimensional materials.

[0078] Nanopowders in this invention are nanostructured
materials wherein the domain size 1s the powder’s grain size.
For the scope of the invention, the term nanopowders includes
powders with an aspect ratio different than one, and more
specifically powders that satisfy the relation: 10°<aspect
ratio<10°.

[0079] Submicron materials in this disclosure are materials
with mean grain size less than 1 micrometer.

[0080] Non-stoichiometric materials are metastable mate-
rials, which have a composition that 1s different than that
required for stoichiometric bonding between two or more
clements. For example, stoichiometric titania can be repre-
sented as 110, while non-stoichiometric titania can be repre-
sented as T10,_, (110, 4 and TiO, ; would be two specific
examples of non-stoichiometric ftitania). Stoichiometric
bonding between two or more elements indicates that charge
balance 1s achieved among the said elements. In general, a
stoichiometric material 1s given by:

M,Z,

where, 7Z can be any element from the p, d, and { groups of the
periodic table (illustrations include: C, O, N, B, S, H, Se, Te,
In, Sb, Al, N1, F, P, Cl, Br, 1, S1, and Ge). M can be any element
that can lower its free energy by chemically bonding with Z
(1llustrations include: Ti, Mn, Fe, N1, Zn, Cu, Sr, Y, Zr, Ta, W,
Sc, V, Co, In, L1, Hf, Nb, Mo, Sn, Sb, Al, Ce, Pr, Be, Np, Pa,
Gd, Dy, Os, Pt, Pd, Ag, Eu, Er, Yb, Ba, Ga, Cs,Na, K, Mg, Pm,
Pr, N1, Bi1, T1, Ir, Rb, Ca, La, Ac, Re, Hg, Cd, As, Th, Nd, Tbh,
Md, and Au), where n and p, integers for stoichiometric
bonding between M and Z, are greater than or equal to 1.

[0081] A non-stoichiometric form of the same material
may then be given by:

MHXZF_}?
[0082] where O<x<n and O<y<p.
[0083] An alternative representation of a non-stoichiomet-
ric material s M, 7, ., where O<x<1. In this invention, the

r/p™1-x°

preferred range includes 0.01<x<0.99, preferably 0.02<x<0.
98, and more preferably 0.05<x<0.95.

[0084] Empirical methods may also be used to determine
whether a material 1s non-stoichiometric. Some embodiments
of such methods are as follows:

[0085] 1. Heat astoichiometric form of the material and the
material being evaluated for non-stoichiometry separately in
a reactive atmosphere (e.g., oxygen, if oxygen non-stoichi-
ometry 1s being ascertained) to 0.5 times the melting point of
the material; monitor the weight change per umt sample
weilght. The material being evaluated 1s non-stoichiometric it
its weight change per unit sample weight 1s greater than either
1% of the weight of the sample or 25% of the weight change
in the sample of stoichiometric form.

[0086] 2. Alternatively, perform a quantitative elemental
analysis on the materal; 11 the relative ratio of the elements
yields an “x” that 1s not an integer (and the relative ratio
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deviates by more than 1%, preferably more than 2% and more
preferably by more than 5%), the material 1s non-stoichio-
metric.

[0087] 3. Alternatively, measure the properties of the mate-
rial in the 1deal stoichiometric form and compare this with the
substance being evaluated for non-stoichiometry; if any prop-
erty of the matenial, or the temperature coellicient of any
property varies by more than 10% between the two sub-

stances, everything else remaining the same, the substance
being evaluated 1s non-stoichiometric.

[0088] These empirical methods will not work universally
and may give misleading results because some materials
decompose with heating, and analytical techniques are prone
to statistical errors. These empirical methods should not be
considered limiting and other methods of establishing “x™ fall
within the scope of the invention.

[0089] In the M, 7 . representation discussed above,
non-stoichiometric materials may have more than one “M,”
more thanone “Z,” or both. In this case, the representation can
be I1; (M;,,; .2 ;.;) Where 11, represents a multiplicity in 1
and . A material 1s then non-stoichiometric 1f the relative ratio
of any M or any 7Z or any combination 1s different by more
than 2.5% than what 1s needed for theoretical bonding
between the said elements. Some 1llustrations of this, without
limiting the scope of the mvention, would be non-stoichio-
metric compositions such as BaTiO,_,, Ba,_ T10,, NiFe,O;_
x, N1,_Fe,0;, NiFe,O;N, _, PbZrT10,_, TiICN,__, and TiC, _
xN. It 1s also important to note that, for the scope of this
invention, non-stoichiometric substances include substances
produced when one or more of Z and/or M in 11, (M, ;.7
p7a7) 18 replaced partially or completely with additional ele-
ments, 1.e., Z_or M_. An example of this would be stoichio-
metric MnFe,O,, which, after processing, becomes
MnFe,O, N, ; or MnFe,O, B, ;. Another example of this is
stoichiometric TiB, which after processing becomes TiB,
sN, ; or T1B, ,C, ,.

[0090] Itisimportant to note that all naturally produced and
artificially produced materials have defects because defects
are thermodynamically favored. Such thermodynamically
favored defects can lead to small amounts of inherent non-
stoichiometry 1n substances. The presently claimed non-sto-
ichiometric materials differ from such naturally produced and
artificially produced substances 1in the following:

[0091] This mmvention excludes from 1ts scope the non-
storchiometry that naturally results from the randomly occur-
ring thermodynamic defects 1n a bulk crystal of the theoretical
stoichiometry which are typically on the order of a few hun-
dred parts per million. Preferred levels of non-stoichiometry
according to the invention are those which significantly
exceed equilibrium levels. Alternatively, the preferred ranges

include 0.01<x<0.99, preferably 0.02<x<0.98, and more
preferably 0.05<x<0.95.

[0092] This invention teaches the methods for engineering
unusual non-stoichiometric compositions, and provides
motivation to harness their unusual properties. The invention
stabilizes and makes non-stoichiometry commercially attrac-
tive by engineering nanostructure in the non-stoichiometric
material. It should be noted that nanostructured non-stoichio-
metric substances are anticipated to have interfacial stresses
that play an important role 1n determining the unique proper-
ties and unusual thermodynamic nature of these substances,
thereby yielding materials with unprecedented compositions
of matter and performance.
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[0093] Inthe presently claimed invention, the scope of the
invention includes nanostructured materials with a domain
s1ze less than 5 times the mean free path of electrons 1n the
given material, preferably less than the mean free path of
clectrons. In the event that 1t 1s difficult to theoretically com-
pute the mean free path of the non-stoichiometric material
under consideration, 1t 1s recommended that the domain size
be less than 500 nanometers, preferably less than 100 nanom-
eters. 11t 1s ditficult to measure the grain size or the grain size
changes during the production or use of the device, the scope
ol the invention includes non-stoichiometric materials with a
domain size that exhibit 10% or more change 1n at least one
property of the said substance when the domain size 1s
changed by a factor of 2, everything else remaining same.

[0094] A very wide range of matenal properties and prod-
uct performance can be engineered by the practice of the
invention. For example, unusual or improved electrical, elec-
tronic, magnetic, optical, electrochemical, chemical, cata-
lytic, thermal, structural, biomedical, surface properties, and
combinations thereof can be obtained or varied over a wider
range using nanostructured non-stoichiometric substances
than 1s possible using prior art stoichiometric substances.
Such benefits can motivate use of these materials in pellet or
film type or multilayer type devices and products.

[0095] Nanostructured non-stoichiometric substances can
be used as fillers to lower or raise the effective resistivity,
clifective permittivity, and effective permeability of a polymer
or ceramic matrix. While these eflects are present at lower
loadings, they are expected to be most pronounced for filler
loadings at or above the percolation limit of the filler 1n the
matrix (1.e. at loadings suificiently high that electrical conti-
nuity exists between the filler particles). Other electrical
properties which could potentially be engineered include
breakdown voltage, skin depth, curie temperature, tempera-
ture coellicient of electrical property, voltage coetficient of
clectrical property, dissipation factor, work function, band
gap, electromagnetic shielding effectiveness and degree of
radiation hardness. Nanostructured non-stoichiometric fillers
can also be used to engineer magnetic properties such as the
coercivity, BH product, hysteresis, and shape of the BH curve
ol a matrnix. Even when non-stoichiometric substances are
used 1n monolithic form, these unique electrical, magnetic,
and electronic properties hold significant commercial inter-
est

[0096] Other important characteristics of an optical mate-
rial are its refractive index and transmission and reflection
characteristics. Nanostructured non-stoichiometric sub-
stances can be used to produce composites with refractive
indices engineered for a particular application. Gradient
lenses produced from nanostructured non-stoichiometric
composites are anticipated to reduce or eliminate the need for
polishing lenses. The use of nanostructured non-stoichiomet-
ric substances are anticipated to also help filter specific wave-
lengths. Furthermore, an expected advantage of nanostruc-
tured non-stoichiometric substances 1n optical applications 1s
their enhanced transparency because the domain size of nano-
structured fillers ranges from about the same as to more than
an order of magnitude less than visible wavelengths of light.
Photonic applications where specific wavelengths of light are
processed are anticipated to utilize the unique optical prop-
erties ol non-stoichiometric substances.

[0097] The high surface area and small grain size of non-
stoichiometric substances and their composites make them
excellent candidates for chemical and electrochemical appli-
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cations. When used to form electrodes for electrochemical
devices, these matenals are expected to significantly improve
performance, for example, by increasing power density in
batteries and reducing minimum operating temperatures for
sensors. Nanostructured non-stoichiometric substances are
also expected to modity the chemical properties of compos-
ites. These unique non-stoichiometric substances are antici-
pated to be catalytically more active and to provide more
interface area for interacting with diffusive species. They are
anticipated to provide the materials needed 1n our commonly
assigned patent application Ser. No. 09/165,439 on a method
and process for transforming chemical species which utilizes
clectromagnetic fields, and which 1s incorporated by refer-
ence herein. Such substances are anticipated to also modily
chemical stability and mobility of diffusing gases. Further-
more, nanostructured non-stoichiometric substances are
anticipated to enhance the chemical properties of propellants
and fuels or safety during storage and transportation or both.

[0098] Many nanostructured non-stoichiometric sub-
stances have a domain size comparable to the typical mean
free path of phonons at moderate temperatures. These non-
stoichiometric substances are anticipated to have dramatic
clfects on the thermal conductivity and thermal shock resis-
tance of matrices and products into which they are incorpo-

rated. Potential applications include fluids used for heat trans-
fer

[0099] Nanostructured non-stoichiometric substances—
which may be utilized in coated and uncoated form—and
composites derived thereot are also expected to have signifi-
cant value 1n biomedical applications for both humans and
amimals. For example, the small size of nanostructured non-
stoichiometric substances will make them readily transport-
able through pores and capillaries. This suggests that the
non-stoichiometric substances will be of use in developing
novel time-release drugs and methods of administration and
delivery of drugs, markers, and medical materials. A polymer
coating can be utilized either to make water-insoluble fillers
into a form that 1s water soluble, or to make water-soluble
fillers into a form that 1s water 1nsoluble. A polymer coating
on the filler may also be utilized as a means to time drug-
release from a nanoparticle. A polymer coating may further
be used to enable selective filtering, transfer, capture, and
removal of species and molecules from blood into the nano-
particle.

[0100] Theinventioncanbeusedto prepare propellants and
tuels that are safer to store, transport, process, and use. The
non-stoichiometry can also provide increased energy density
or oxidant or both.

[0101] The invention can be used to produce superior or
more atfordable catalysts for the synthesis of currently used
and novel organic compounds, mnorganic compounds, orga-
nometallic compounds, pharmaceuticals, polymers, petro-
chemicals, reagents, metallurgical products, and combina-
tions thereol. The mvention can also be used to produce
superior or more aiffordable catalysts for environmental and
other applications that currently or 1n the future can benefit
from catalysis. Similarly, the invention can be used to produce
superior or more ailfordable phosphors for monochromatic
and color display applications.

[0102] A nanoparticulate non-stoichiometric filler for bio-
medical operations might be a carrier or support for a drug of
interest, participate 1n the drug’s functioning, or might even
be the drug 1tself Possible administration routes include oral,
topical, and mjection routes. Nanoparticulates and nanocom-
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posites are anticipated to also have utility as markers or as
carriers for markers. Their unique properties, including high
mobility and unusual physical properties, make them particu-
larly well-adapted for such tasks.

[0103] In some examples of biomedical functions, mag-
netic non-stoichiometric nanoparticles such as ferrites may
be utilized to carry drugs to a region of interest, where the
particles may then be concentrated using a magnetic field.
Photocatalytic non-stoichiometric nanoparticles can be uti-
lized to carry drugs to a region of interest and then photoac-
tivated. Thermally sensitive non-stoichiometric nanopar-
ticles can similarly be utilized to transport drugs or markers or
species of mterest and then thermally activated 1n the region
of interest. Radioactive non-stoichiometric nanoparticulate
fillers are anticipated to have utility for chemotherapy. Nano-
particles suitably doped with genetic, cultured, or other bio-
logically active materials may be utilized 1n a similar manner
to deliver therapy 1n target areas. Nanocomposite particles
may be used to assist 1n concentrating the particle and then
providing therapeutic action. To 1llustrate, magnetic and pho-
tocatalytic nanoparticles may be formed 1nto a composite,
administered to a patient, concentrated 1n area of interest
using a magnetic field, and finally activated using photons
directed to the concentrated particles. As markers, coated or
uncoated non-stoichiometric nanoparticulate fillers may be
used for diagnosis of medical conditions. For example, fillers
may be concentrated in a region of the body where they may
be viewed by magnetic resonance imaging or other tech-
niques. In all of these applications, the possibility exists that
nanoparticulates can be released mto the body 1n a controlled
fashion over a long time period, by implanting a nanocom-
posite material having a bioabsorbable matrix, which slowly
dissolves 1n the body and releases 1ts embedded filler.

[0104] Other benefits disclosed 1n co-owned U.S. Pat. No.
6,228,904 on nanostructured fillers, and which 1s 1icorpo-
rated by reference herein and recited below, are applicable to
the non-stoichiometric materials of the present invention.

[0105] Prior art filler materials for polymeric composites
are usually powders with an average dimension in the range of
10-100 um. Thus, each filler particle typically has on the order
of 10"°-10"® atoms. In contrast the typical polymer chain has
on the order of 10°-10” atoms. While the art of precision
manufacturing of polymers at molecular levels 1s well-devel-
oped, the knowledge of precision manufacturing of filler
materials at molecular levels has remained largely unex-
plored.

[0106] The number of atoms in the filler particles of the
invention (hereinafter called “nanostructured filler” or “nano-
filler”) 1s on the order of or significantly less than the number
of atoms 1n the polymer molecules, e.g., 102-1010. Thus, the
filler particles are comparable 1n size or smaller than the
polymer molecules, and therefore can be dispersed with
orders of magnitude higher number density. Further, the fill-
ers may have a dimension less than or equal to the critical
domain sizes that determine the characteristic properties of
the bulk composition; thus, the fillers may have significantly
different physical properties from larger particles of the same
composition. This 1in turn may yield markedly different prop-
erties 1n composites using nanofillers as compared to the
typical properties ol conventional polymer composites.

[0107] These nanostructured filler materials may also have
utility 1n the manufacture of other types of composites, such
as ceramic- or metal-matrix composites. Again, the changes
in the physical properties of the filler particles due to their
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increased surface area and constrained domain sizes can yield
changes 1n the achuevable properties of composites.

[0108] The nanofillers of the invention can be 1norganic,
organic, or metallic, and may be i the form of powders,
whiskers, fibers, plates or films. The fillers represent an addi-
tive to the overall composite composition, and may be used at
loadings of up to 953% by volume. The fillers may have con-
nectivity 1n 0, 1, 2, or 3 dimensions. Fillers may be produced
by a variety of methods, such as those described in U.S. Pat.
Nos. 5,486,675, 5,447,708, 5,407,458, 5,219,804, 5,194,128;
and 5,064,464. Particularly preferred methods of making
nanostructured fillers are described 1n U.S. patent application
Ser. No. 09/046,465, by Bickmore, et al., filed Mar. 23, 1998,
now U.S. Pat. No. 5,984,997 and Ser. No. 08/706,819, by
Pirzada, et al., filed Sep. 3, 1996, now U.S. Pat. No. 5,851,507

both of which are incorporated herein by reference.

[0109] A method of making nanostructured fillers 1s
described in commonly owned U.S. patent application Ser.

No. 09/046,465, by Bickmore, et al., filed Mar. 23, 1998, now
U.S. Pat. No. 5,984,997 which 1s herewith recited. For

example, 11 a doped complex of composition:

d,~M,M,X

1s desired, then according to the invention, one should prepare
solutions or suspensions of dopant d,, metals M, and M, and
anmion X, where M, and M,, are selected from the s, p, 1, and d
groups of the periodic table, and X 1s selected from the p
group of the periodic table. Solutions or suspensions may be
prepared, for example, by mixing solutions containing each
of the constituent elements of the desired powder. Elements
dopant d,, metals M, and M, are selected from the group
consisting of the s group, p group, d group, or I group of the
periodic table, and X 1s selected from the group consisting of
carbon, nitrogen, oxygen, boron, phosphorus, sulfur, chalco-
gens, and halogens.

[0110] It will be understood by those skilled 1n the art that
powders comprising larger numbers of dopants, metals, and
anions can also be produced by the same methods. In particu-
lar, polymetallic materials comprising at least three metals
and at least one anion can be produced. These materials are
usetul in the manufacture of capacitors, inductors, varistors,
resistors, piezo-devices, thermistors, thermoelectric devices,
filters, connectors, magnets, 1on-conducting devices, sensors,
tuel cells, catalysts, optics, photonic devices, lasers, tooling
bits, armor, superconductors, inks, and pigments, for
example. Prior art polymetallic powders are limited to sizes in
excess 01 300 nm, and mostly to sizes 1n excess of 1 microme-
ter. By the methods of the invention, solid or porous polyme-
tallic nanopowders can be made, with sizes less than 250 nm,
and preferably less than 100 nm. Furthermore, by the meth-
ods of the invention, nano-whiskers and nano-rods can be
produced with aspect ratios of 25 or less, having a minimum
dimension of less than 250 nm, and preferably less than 100
nm. At this scale, size confinement effects can come 1nto play
for many polymetallic powders.

[0111] Whle this mnvention does not limit itself to a specific
cation or anion, 1t 1s desirable to use anions and cations that
are e1ther part of the final product or completely volatile. The
final products are not limited to 1onic matenals, and 1include
covalent and mixed 1onic-covalent materials such as carbides,
borides, nitrides, sulfides, oxycarbides, oxynitrides, oxy-
borides and oxysulfides. Illustrative formulations, but not
exhaustive, then are nitrate, nitrites, nitriles, nitrides, carbon-
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ates, bicarbonates, hydroxides, cyanos, organometallics, car-
boxylates, amines, and amides.

[0112] Inoneaspectofcommonly ownedU.S. patent appli-

cation Ser. No. 09/046,4635, by Bickmore, et al., filed Mar. 23,
1998, now U.S. Pat. No. 5,984,997 which 1s herewi1th recited.,
the mvention comprises a method of continuously producing
fine powders of complex inorganic compositions, including,
but not limited to, carbides, nitrides, oxides, chalcogenides,
halides, phosphides, borides, and combinations thereof by
combustion of emulsions. By varying the characteristics of
the 1mitial emulsion, the size, shape, surface area, morphol-
ogy, surface characteristics, surface composition, distribu-
tion, and degree of agglomeration of the final powder may be
controlled. And, 1n conjunction with varying combustion con-
ditions, the product chemistry may be varied to obtain non-
stoichiometric, reduced oxide, or mixed anion materials.
Examples of this embodiment include the use of non-sto-
ichiometric flames or reducing gases such as hydrogen, form-
ing gas, or ammonia. It 1s an advantage of these aspects of the
invention that the method can use low cost, safe, readily
available and environmentally benign precursors to produce
fine powders. In a preferred embodiment, the method ensures
high vield and high selectivity, including harvesting 95% or
more of the fine powder produced. In another embodiment,
the method prevents the damage of the fine powders during
and after their synthesis.

[0113] In another aspect, the mvention includes multim-
ctallic powders having a median particle size of less than 5
micron and a standard deviation of particle size of less than
100 nm. In preferred embodiments, the median particle size 1s
less than 100 nm and the standard deviation of particle size 1s
less than 25 nm, and in further preferred embodiments, the
median particle size 1s less than 30 nm and the standard
deviation of particle size 1s less than 10 nm. The multimetallic
powders include at least two elements selected from the s
group, p group, d group, and 1 group of the periodic table (e.g.,
aluminum, antimony, bartum, bismuth, boron, bromine, cad-
mium, calcium, carbon, cerium, cesium, chlorine, chromium,
cobalt, copper, dysprosium, erbium, europium, gadolinium,
gallium, germanium, gold, hatnium, holmium, indium,
10dine, 1ridium, iron, lanthanum, lead, lithium, lutetium,
magnesium, manganese, molybdenum, neodymium, nickel,
niobium, nitrogen, osmium, oxygen, palladium, phosphorus,
platinum, praseodymium, potassium, rhenium, rhodium,
rubidium, samarium, scandium, silicon, silver, sodium, stron-
tium, sulfur, tantalum, terbium, thulium, tin, titanium, tung-
sten, vanadium, ytterbium, yttrium, zinc, and zirconium ), and
may 1nclude three or more such elements. The powders may
be unagglomerated and/or unaggregated. The multimetallic
powders may also comprise nanowhiskers and/or nanorods,
with aspect ratios 1n a range of 1-25.

[0114] The term “nanopowder” describes a powder whose
mean diameter 1s so small that 1ts physical properties are
substantially affected by size related confinement effects.
Nanopowders usually have amean diameter less than or equal
to 250 nm, and preferably have a mean diameter less than or
equal to 100 nm. More preferably, nanopowders may have a
mean diameter less than 50 nm.

[0115] The term “agglomerated” describes a powder 1n
which at least some individual particles of the powder adhere
to neighboring particles, primarily by electrostatic forces, and
“aggregated” describes a powder 1n which at least some 1ndi-
vidual particles are chemically bonded to neighboring par-
ticles.
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[0116] The term “aspect ratio” refers to the ratio of the
maximum to the minimum dimension of a particle. The term
“whisker” refers to any elongated particle (e.g., a particle
having an aspectratio greater than one, and preferably at least
two). Whiskers may be round or faceted, and may have vary-
ing diameters. “Rods” are substantially cylindrical whiskers.
“Nanowhiskers” and “nanorods” refer to rods and whiskers
whose smallest dimension is so small that their physical prop-
erties are substantially affected by size related confinement
elfects. Nanowhiskers and nanorods usually have a minimum
dimension less than or equal to 250 nm, and preferably have
a minimum dimension less than or equal to 100 nm. More
preferably, these particles may have a minimum dimension
less than 50 mm.

[0117] A distinctive feature of the invention described 1n

commonly owned U.S. patent application Ser. No. 09/046,
4635, by Bickmore, et al., filed Mar. 23, 1998, now U.S. Pat.

No. 5,984,997 which 1s herewith recited, 1s the use of emul-
sion as the vehicle for carrying fuels and metals. Once an
emulsion formulation has been established, dopants and other
metals can be readily added to the said emulsion to prepare
and vary complex compositions. The emulsion 1s combusted
using designs such as, but not limited to, those taught by
Khavkin (Combustion System Design, PennWell Books,

Tulsa Okla., 1996) and Fischer (Combustion Engineer’s
Handbook, G. Newnes Publisher, London, 1961), which are
incorporated herein by reference. The combustion can be
accomplished using a laminar or turbulent flame, a premixed
or diffusion flame, a co-axial or impinging flame, a low-
pressure or high-pressure flame, a sub-sonic or sonic or super-
sonic flame, a pulsating or continuous flame, an externally
applied electromagnetic field free or externally applied elec-
tromagnetic field mfluenced flame, a reducing or oxidizing
flame, a lean or rich flame, a secondary gas doped or undoped
flame, a secondary liquid doped or undoped flame, a second-
ary particulate doped or undoped flame, an adiabatic or non-
adiabatic flame, a one-dimensional or two-dimensional or
three-dimensional flame, an obstruction-free or obstructed
flame, a closed or open tlame, an externally heated or exter-
nally cooled flame, a pre-cooled or pre-heated flame, a one
burner or multiple burner flame, or a combination of one or
more of the above. Usually, combustion temperatures will be
in excess of 600° C., a temperature at which diffusion kinetics
will be sufficiently fast that a compositionally uniform pow-
der will be produced. The emulsion can also be a feed to other
processes ol producing nanoscale powders. Examples
include the powder-formation processes described 1n copend-
ing and commonly assigned U.S. patent application Ser. No.
08/707,341, “Boundary Layer Joule—Thompson Nozzle for
Thermal Quenching of High Temperature Vapors,” now U.S.
Pat. No. 5,788,738 and Ser. No. 08/706,819, “Integrated
Thermal Process and Apparatus for the Continuous Synthesis
of Nanoscale Powders,” now U.S. Pat. No. 5,851,507, both of
which are imncorporated herein.

[0118] A wide varniety of nanofiller compositions are pos-
sible. Some exemplary compositions include metals (e.g., Cu,
Ag, Ni, Fe, Al, Pd, and T1), oxide ceramics (e.g., T10,, T10,__,
Bake,O,, dielectric compositions, ferrites, and manganites),
carbide ceramics (e.g., S1C, BC, TiC, WC, WC(Csub.1-x),
nitride ceramics (e.g., Si; N, TiN, VN, AIN, and Mo, N),
hydroxides (e.g., aluminum hydroxide, calcium hydroxide,
and barium hydroxide), borides (e.g., AlIB, and TiB, ), phos-
phides (e.g., N1P and VP), sulfides (e.g., molybdenum sulfide,
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titanium sulfide, and tungsten sulfide), silicides (e.g., MoS1,),
chalcogenides (e.g., B1, Te,, Bi, Se;), and combinations of
these.

[0119] The fillers are immediately mixed with a matrix
maternial, which 1s preferably polymeric, but may also be
ceramic, metallic, or a combination of the above. The matrix
may be chosen for properties such as ease of processability,
low cost, environmental benignity, commercial availability,
and compatibility with the desired filler. The fillers are pret-
erably mixed homogeneously 1nto the matrix, but may also be
mixed heterogenecously 11 desired, for example to obtain a
composite having a gradient of some property. Mixing tech-
niques for incorporating powders nto fluids and for mixing
different powders are well known i1n the art, and include
mechanical, thermal, electrical, magnetic, and chemical
momentum transier techniques, as well as combinations of
the above.

[0120] The viscosity, surface tension, and density of a l1g-
uid matrix material can be varied for mixing purposes, the
preferred values being those that favor ease of mixing and that
reduce energy needed to mix without introducing any unde-
sirable contamination. One method of mixing 1s to dissolve
the matrix 1 a solvent which does not adversely atfect the
properties of the matrix or the filler and which can be easily
removed and recovered. Another method 1s to melt the matrix,
incorporate the filler, and cool the mixture to yield a solid
composite with the desired properties. Yet another method 1s
to synthesize the matrix in-situ with the filler present. For
example, the nanofiller can be mixed with a liguid monomer,
which can then be polymerized to form the composite. In this
method, the filler may be used as a catalyst or co-catalyst for
polymerization. The mixing may also be accomplished 1n the
solid state, for example by mixing a powdered matrix com-
position with the filler, and then compacting the mixture to
form a solid composite.

[0121] Mixingcan be assisted using various secondary spe-
cies such as dispersants, binders, modifiers, detergents, and
additives. Secondary species may also be added to enhance
one to more of the properties of the filler-matrix composite.

[0122] Mixingcanalso be assisted by pre-coating the nano-
filler with a thin layer of the matrix composition or with a
phase that 1s compatible with the matrix composition. Such a
coated nanoparticle 1s illustrated 1n FIG. 1, which shows a
spherical nanoparticle 6 and a coating 8. In one embodiment,
when embedding nanofillers 1n a polymer matrix, 1t may be
desirable to coat the filler particles with a related monomer.
When mixing nanofillers imnto a ceramic matrix, pre-coating
can be done by forming a ceramic layer around the nanoscale
filler particle during or after the synthesis of the nanoscale
filler, by methods such as partial oxidation, nitridation, car-
borization, or boronation. In these methods, the nanostruc-
tured filler 1s exposed to a small concentration of a precursor
that reacts with the surface of the filler to form a ceramic
coating. For example, a particle may be exposed to oxygen 1n
order to create an oxide coating, to ammonia 1n order to create
a nitride coating, to borane to create a boride coating, or to
methane to create a carbide coating. It 1s important that the
amount ol precursor be small, to prevent thermal runaway and
consequent conversion of the nanostructured filler into a
ceramic particle.

[0123] In case of polymer matrix, the filler can be coated
with a polymer or a monomer by numerous methods, for
example, surface coating in-situ, spray drying a dispersion of
filler and polymer solution, co-polymerization on the filler
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surface, and melt spinning followed by milling. A preferred
method 1s surface coating 1n-situ. In thus process, the filler 1s
first suspended 1n demineralized water (or another solvent)
and the suspension’s pH 1s measured. The pH 1s then adjusted
and stabilized with small addition of acid (e.g., acetic acid or
dilute nitric acid) or base (e.g., ammonium hydroxide or
dilute sodium hydroxide). The pH adjustment produces a
charged state on the surface of the filler. Once a desired pH
has been achieved, a coating material (for example, a polymer
or other appropriate precursor) with opposite charge 1s 1ntro-
duced into the solvent. This step results 1n coupling of the
coating material around the nanoscale filler and formation of
a coating layer around the nanoscale filler. Once the layer has
formed, the filler 1s removed from the solvent by drying,
filtration, centrifugation, or any other method appropnate for
solid-liquid separation. This technique of coating a filler with
another material using surface charge can be used for a variety
of organic and inorganic compositions.

[0124] When a solvent 1s used to apply a coating as 1n the
in-situ surface coating method described above, the matrix
may also be dissolved 1n the solvent before or during coating,
and the final composite formed by removing the solvent.

[0125] A very wide range of matenial properties can be
engineered by the practice of the mmvention. For example,
clectrical, magnetic, optical, electrochemical, chemical, ther-
mal, biomedical, and tribological properties can be varied
over a wider range than 1s possible using prior art micron-
scale composites.

[0126] Nanostructured fillers can be used to lower or raise
the effective resistivity, effective permittivity, and effective
permeability of a polymer or ceramic matrix. While these
clfects are present at lower loadings, they are expected to be
most pronounced for filler loadings at or above the percola-
tion limit of the filler 1n the matrix (1.e., at loadings sudifi-
ciently high that electrical continuity exists between the filler
particles). Other electrical properties which may be engi-
neered include breakdown voltage, skin depth, curie tempera-
ture, temperature coelficient of electrical property, voltage
coellicient of electrical property, dissipation factor, work
function, band gap, electromagnetic shielding effectiveness
and degree of radiation hardness. Nanostructured fillers can
also be used to engineer magnetic properties such as the
coercivity, B-H product, hysteresis, and shape of the B-H
curve ol a matrix.

[0127] An important characteristic of optical matenal 1s 1ts
refractive index and 1ts transmission and reflective character-
1stics. Nanostructured fillers may be used to produce compos-
ites with refractive index engineered for a particular applica-
tion. Gradient lenses may be produced using nanostructured
maternials. Gradient lenses produced from nanostructured
composites may reduce or eliminate the need for polishing
lenses. The use of nanostructured fillers may also help filter
specific wavelengths. Furthermore, a key advantage of nano-
structured fillers 1n optical applications 1s expected to be their
enhanced transparency because the domain size ol nanostruc-
tured fillers ranges from about the same as to more than an
order ol magnitude less than visible wavelengths of light.

[0128] The high surface area and small grain size of nano-
filled composites make them excellent candidates for chemi-
cal and electrochemical applications. When used to form
electrodes for electrochemical devices, these materials are
expected to significantly improve performance, for example
by increasing power density in batteries and reducing mini-
mum operating temperatures for sensors. (An example of the
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latter effect can be found in copending and commonly
assigned U.S. application Ser. No. 08/739,257, “Nanostruc-
tured Ion Conducting Solid Electrolytes,” by Yadav, et al. now
U.S. Pat. No. 5,905,000). Nanostructured fillers are also
expected to modity the chemical properties of composites.
These fillers are catalytically more active, and provide more
interface area for interacting with diffusive species. Such
fillers may, for example, modity chemical stability and mobil-
ity of diffusing gases. Furthermore, nanostructured fillers
may enhance the chemical properties of propellants and fuels.

[0129] Many nanostructured fillers have a domain size
comparable to the typical mean free path of phonons at mod-
crate temperatures. It 1s thus anticipated that these fillers may
have dramatic effects on the thermal conductivity and thermal
shock resistance of matrices into which they are incorporated.

[0130] Nanostructured fillers—in coated and uncoated
form—and nanofilled composites are also expected to have
significant value in biomedical applications for both humans
and animals. For example, the small size of nanostructured
fillers may make them readily transportable through pores
and capillaries. This suggests that the fillers may be of use 1n
developing novel time-release drugs and methods of admin-
istration and delivery of drugs, markers, and medical materi-
als. A polymer coating can be utilized either to make water-
insoluble fillers into a form that 1s water soluble, or to make
water-soluble fillers into a form that 1s water insoluble. A
polymer coating on the filler may also be utilized as a means
to time drug-release from a nanoparticle. A polymer coating
may further be used to enable selective filtering, transfer,
capture, and removal of species and molecules from blood
into the nanoparticle.

[0131] A nanoparticulate filler for biomedical operations
might be a carrier or support for a drug of interest, participate
in the drug’s functioning, or might even be the drug itself.
Possible administration routes include oral, topical, and
injection routes. Nanoparticulates and nanocomposites may
also have utility as markers or as carriers for markers. Their
unique properties, including high mobility and unusual
physical properties, make them particularly well-adapted for
such tasks.

[0132] In some examples of biomedical functions, mag-
netic nanoparticles such as ferrites may be utilized to carry
drugs to a region of interest, where the particles may then be
concentrated using a magnetic field. Photocatalytic nanopar-
ticles can be utilized to carry drugs to region of interest and
then photoactivated. Thermally sensitive nanoparticles can
similarly be utilized to transport drugs or markers or species
of interest and then thermally activated in the region of inter-
est. Radioactive nanoparticulate fillers may have utility for
chemotherapy. Nanoparticles suitably doped with genetic
and culture material may be utilized in similar way to deliver
therapy in target areas. Nanocomposites may be used to assist
in concentrating the particle and then providing the therapeus-
tic action. To illustrate, magnetic and photocatalytic nanopar-
ticles may be formed into a composite, administered to a
patient, concentrated in area of mterest using magnetic field,
and finally activated using photons in the concentrated area.
As markers, nanoparticulate fillers—coated or uncoated—
may be used for diagnosis of medical conditions. For
example, fillers may be concentrated 1n a region of the body
where they may be viewed by magnetic resonance imaging or
other techniques. In all of these applications, the possibility
ex1sts that nanoparticulates can be released into the body 1n a
controlled fashion over a long time period, by implanting a
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nanocomposite material having a bioabsorbable matrix,
which slowly dissolves in the body and releases 1ts embedded

filler.

[0133] As implants, nanostructured fillers and composites
are expected to lower wear rate and thereby enhance patient
acceptance of surgical procedures. Nanostructured fillers
may also be more desirable than micron-scale fillers, because
the possibility exists that their domain s1ze may be reduced to
low enough levels that they can easily be removed by normal
kidney action without the development of stones or other
adverse side effects. While nanoparticulates may be removed
naturally through kidney and other organs, they may also be
filtered or removed externally through membranes or other-
wise removed directly from blood or tissue. Carrier nanopar-
ticulates may be reactivated externally through membranes
and reused; for example, nutrient carriers may be removed
from the bloodstream, reloaded with more nutrients, and
returned to carry the nutrients to tissue. The reverse process
may also be feasible, wherein carriers accumulate waste
products in the body, which are removed externally, returning,
the carriers to the bloodstream to accumulate more waste
products.

[0134] Without limiting the scope of this mvention, some
exemplary methods which can be used to produce non-sto-
ichiometric materials, are

[0135] Method 1: Start with submicron powders, prefer-
ably nanopowders. Transform the powders into a non-sto-
ichiometric form by one or more of the following tech-
niques—heating 1n inert atmosphere, heating 1 oxidizing,
atmosphere, heating 1n reducing atmosphere, solvent extrac-
tion, chemical reaction, electrochemical transformation,
clectromagnetic field treatment, 10n beam treatment, electron
beam treatment, photonic treatment, rapid quench, plasma
treatment, nuclear radiation, supercritical phase treatment,
biological treatment, or a combination of one or more tech-
niques. Utilize the non-stoichiometric material so obtained. It
may be desirable to sinter the non-stoichiometric powders
into a solid. It may further be desirable to reconvert the
non-stoichiometric material to a stoichiometric form.

[0136] Method 2: Produce non-stoichiometric powders,
preferably nanopowders directly with techniques such as
those taught 1n commonly assigned U.S. Pat. No. 5,788,738.
Utilize the non-stoichiometric powders so obtained. For
example, sinter and process them as appropnate. Finally, 1f
desired, convert them to stoichiometric form.

[0137] Method 3: Mix nanoscale powders of a material and
at least one of 1ts components 1n a desired ratio and heat the
combination 1n an inert or other appropriate atmosphere to a
temperature that completes the solid state reaction. The mate-
rial may comprise metallic, semimetallic, or non-metallic
components, or any combination thereof. It may be possible
to heat the materials 1n a reactive atmosphere to further con-

trol the ratio desired among the components 1n the final prod-
uct. Utilize the non-stoichiometric substance so obtained.

[0138] Method 4: Add a dopant element with a valency
different than one of the electropositive constituents in the
substance 1 which non-stoichiometry i1s to be engineered.
Heat the mix to a temperature greater than the solid state
reaction temperature for a time that enables intermingling of
the dopant element and the primary electropositive constitu-
ent. The objective 1n this procedure 1s to induce non-stoichi-
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ometry 1n a given substance because the distribution of sec-
ondary element introduces equivalent vacancies 1n the lattice
of the substance.

Optimizing a Non-Stoichiometric Material

[0139] This invention enormously multiplies the number of
novel substance alternatives available for producing devices
and products. A preferred embodiment of this invention 1s to
optimize the composition of the non-stoichiometric sub-
stances for best performance. Such optimization may be
accomplished by methods known in the art and by parallel
search approaches such as the combinatorial search method
taught by us in U.S. patent application Ser. No. 09/153,418
and by U.S. Pat. No. 5,776,359, both of which are incorpo-
rated by reference herein. One embodiment 1s to prepare
samples ol non-stoichiometric materials having different
compositions and to evaluate the properties of the prepared
samples. The material with the best performance 1s selected
as having the preferred composition. Another embodiment 1s
to prepare samples ol non-stoichiometric materials having
different compositions, process these samples into products,
and evaluate each product’s performance. Finally, the nano-
structured non-stoichiometric material composition that
gives the best performing product 1s selected as the preferred
composition. In yet another embodiment, a product 1s pre-
pared Ifrom a non-stoichiometric substance and the non-sto-
ichiometry varied in-situ until the performance of the product
1s optimized with respect to the desired specifications. Other
methods may be utilized to select the best composition. In all
cases, 1t 1s important to consider all possible performance,
environmental, and economic requirements of the product
betfore a selection decision 1s made.

[0140] While the above approaches teach how to create and
produce non-stoichiometric substances, useful products can
be produced from nanostructured non-stoichiometric sub-
stances by techniques and methods already known 1n the art.
For example, if a porous body 1s desired, mix the non-sto-
ichiometric powders produced as above with an inert material
and reprocess the mixture. As appropriate, add a processing
step which would remove the inert material using techniques
such as dissolution, sublimation, evaporation, leaching,
chemical reaction, or biological action. This can lead to a
porous body ol nanostructured form.

[0141] If a given non-stoichiometric material 1s expensive
to prepare, one can mix the non-stoichiometric powders pro-
duced as above with a stoichiometric material and reprocess
the mixture. This may help reduce the processing costs
required 1in conversion from and to stoichiometric form.
[0142] One embodiment of this mvention 1s to use non-
stoichiometric forms of materials as precursors for combina-
torial discovery of materials and related technologies such as
those disclosed 1n our commonly assigned U.S. patent appli-
cation Ser. No. 09/153,418.

[0143] Another embodiment of this invention 1s to prepare
devices from non-stoichiometric substances. Devices can be
prepared using one of the manufacturing methods used cur-
rently in the art or a combination thereof. Examples of pro-
cesses which can be used at some stage include but are not
limited to pressing, extrusion, molding, screen printing, tape
casting, spraying, doctor blading, sputtering, vapor deposi-
tion, epitaxy, electrochemical or electrophoretic deposition,
thermophoretic deposition, centrifugal forming, magnetic
deposition, and stamping. The non-stoichiometric material in
the device can be porous or dense, thin or thick, tlat or curved,
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covered with a barrier or exposed. As already mentioned, with
the motivation of improved performance, stable performance,
reduced costs, or a combination of these, non-stoichiometric

materials may be converted partially or completely into a
stoichiometric form or mixed with stoichiometric matenals
or both after being processed into a device.

[0144] Another embodiment of this invention 1s to prepare
a device from stoichiometric materials and then convert the
stoichiometric materials into a non-stoichiometric form. For
example, a ferrite device can be prepared from stoichiometric
magnetic materials which can then be transformed, partially
or completely, into a non-stoichiometric form by heat treating
the device in borane, ammonia, hydrogen, methane, or silane
to form a non-stoichiometric boride, mitride, oxide, hydnde,
carbide, silicide, or a combination thereof. In another
example, a sensor or battery device can be prepared from
stoichiometric electrochemical materials which can then be
transformed, partially or completely, into a non-stoichiomet-
ric form by heat treating the device in borane, ammonia,
hydrogen, methane, or silane to form a non-stoichiometric
boride, nitride, oxide, hydride, carbide, silicide, or a combi-
nation thereof. In a third example, a display device can be
prepared from stoichiometric photonic materials which can
then be transformed, partially or completely, into a non-sto-
ichiometric form by heat treating the device 1n borane, ammo-
nia, hydrogen, methane, or silane to form a non-stoichiomet-
ric boride, nitride, oxide, hydride, carbide, silicide, or a
combination thereot. In above examples in particular, and this
embodiment 1n general, the heat treatment can be replaced by
chemical methods, pressure, electrical methods, 10n 1mplan-
tation, or any other method or combination of methods. In
addition, a substrate may be incorporated into the device. The
substrate on which electrodes are formed can be flat or
curved, flexible or rigid, inorganic or organic, thin or thick,
porous or dense. The preferred substrates are those that pro-
vide the mechanical properties needed for device life greater
than the anticipated device usage life.

[0145] In some embodiments of the presently claimed
invention, 1t may be desirable that the device be electroded.
The electrode can be a wire or plate or coil, straight or curved,
smooth or rough or wavy, thin or thick, solid or hollow, and
flexible or non-flexible. For some device designs, for
example, bead/pellet type device designs, 1t 1s preferred that
the device 1s formed directly on the electrode wire or plate or
coil mstead of on a substrate. It 1s important 1n all cases that
the electrode be conductive and stable at the usage tempera-
tures. It 1s preferred that the electrode composition does not
react with the non-stoichiometric substance or the environ-
ment during the manufacture or use of the device. The use of
nanostructured forms of non-stoichiometric materials offers
the benefit of sintering temperatures for devices which are
lower than the sintering temperatures achievable with coarser
grained form. This may enable the use of lower cost electrode
matenals (e.g., copper or nickel instead of gold or platinum).
It 1s preferred that the non-stoichiometric form 1s non-ag-
glomerated and of a form that favors sintering. It 1s also
preferred that the melting point of the electrode 1s higher than
the highest temperature to be used during the manufacture or
use of the device. One of ordinary skill in the art will realize
that other device architectures can also be used 1n the pres-
ently claimed invention. Furthermore, non-stoichiometric
form of electrodes can be utilized to 1improve one or more
performance parameters of the electrode in the device. Some

examples of non-stoichiometric electrode substances are
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Ni1O,_., NiO,_N, NiON,_, Cu,O,_., and PdAgO, . The
method described 1n this specification for preparing non-
stoichiometric ceramics may be utilized for preparing non-
stoichiometric electrode as well.

[0146] The device can be produced from various non-sto-
ichiometric compositions, including ceramics, metals and
alloys, polymers, and composites. The non-stoichiometric
ceramics include but are not limited to binary, ternary, qua-
ternary, or polyatomic forms of oxides, carbides, nitrides,
borides, chalcogenides, halides, silicides, and phosphides.
The invention also includes non-stoichiometric forms of
ceramics, undoped and doped ceramics, and ditferent phases
of the same composition.

[0147] Metals and alloys such as those formed from a com-
bination of two or more of group, p group, d group and I group
clements may be utilized. The mmvention includes non-sto-
ichiometric forms of alloys, undoped and doped metals and
alloys, and different phases of the same composition. Poly-
mers of non-stoichiometric formulations include but are not
limited to those with functional groups that enhance conduc-
tivity. Specific examples include but are not limited to non-
stoichiometric composites with stoichiometric polymers,
defect conducting polymers, and 1on-beam treated polymers.
One of ordinary skill in the art will realize that other poly-
mers, such as metal-filled polymers or conducting ceramic-
filled polymers, can also be used.

[0148] Device minmiaturization 1s also a significant break-
through that the presently claimed 1mvention offers through
the use of nanostructured non-stoichiometric materials.
Existing precursors that are used to prepare devices are based
on micron-sized powders. The mass of the device depends 1n
part on the powder size because the device thickness cannot
be less than a few multiples of the precursor powder size. In a
multilayer device, each layer cannot be less than a few mul-
tiples of the precursor powder size. With nanostructured pow-
ders, the active element size and therefore i1ts mass can be
reduced significantly. For example, everything else remain-
ing the same, the mass of a device can be reduced by a factor
of 1000 1if 10 nanometer powders are used instead of 10
micron powders. This method of reducing mass and size 1s
relevant to devices 1n the electronics, electrical, magnetic,
telecommunication, biomedical, photonic, sensors, electro-
chemical, instruments, structural, entertainment, education,
display, marker, packaging, thermal, acoustic, and other
industries. The presently claimed invention teaches that nano-
structured non-stoichiometric powders are preferred to
reduce the mass and size of a device.

EXAMPLES

Example 1
Indium Tin Oxide Fillers in PMMA

[0149] A stoichiometric (90 wt % In203 1n SnO,) indium

tin oxide (I'TO) nanopowder was produced using the methods
of copending patent application Ser. No. 09/046,465. 50 g of
indium shot was placed 1n 300 ml of glacial acetic acid and 10
ml of nitric acid. The combination, 1n a 1000 ml Erlenmeyer
flask, was heated to reflux while stirring for 24 hours. At this
point, 50 ml of HNO, was added, and the mixture was heated
and stirred overnight. The solution so produced was clear,
with all of the indium metal dissolved into the solution, and
had a total final volume of 318 ml. An equal volume (318 mL)
of 1-octanol was added to the solution along with 600 mL
cthyl alcohol 1n a 1000 mLL. HDPE bottle, and the resulting
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mixture was vigorously shaken. 11.25 ml of tetrabutyltin was
then stirred 1nto the solution to produce a clear indium/tin
emulsion. When the resulting emulsion was burned in air, 1t
produced a brilliant violet flame. A yellow nanopowder resi-
due was collected from the flamed emulsion. The nanopow-
der surface area was 13.5 m*/gm, and x-ray diffractometer
mean grain size was 60 nm.

[0150] FIG. 2 shows the measured X-ray diffraction (XRD)
spectrum for the powder, and FIG. 3 shows a scanning elec-
tron microscope (SEM 1mage of the powder. These data show
that the powder was of nanometer scale.

[0151] The nanostructured powder was then mixed with
poly(methyl methacrylate) (PMMA) 1n a ratio of 20 vol %
powder to 80 vol % PMMA. The powder and the polymer
were mixed using a mortar and pestle, and then separated into
three parts, each of which was pressed mto a pellet. The
pellets were pressed by using a Carver hydraulic press, press-
ing the mixture ito a ¥4 inch diameter die using a 1500 pound
load for one minute.

[0152] Adfter removal from the die, the physical dimensions
of the pellets were measured, and the pellets were electroded
with silver screen printing paste (Electro Sciences Laboratory
9912-F).

[0153] Pellet resistances were measured at 1 volt using a
Megohmmeter/IR  tester 1865 from Quadlech with a
(QuadTech component test fixture. The volume resistivity was
calculated for each pellet using the standard relation,

p:R[i] (1)

[0154] where p represents volume resistivity in ohm-cm, R
represents the measured resistance 1n ohms, A represents the
area of the electroded surface of the pellet in cm”, and t
represents the thickness of the pellet in cm. The average

volume resistivity of the stoichiometric ITO composite pel-
lets was found to be 1.75x10%* ohm-cm.

[0155] Another quantity of I'TO nanopowder was produced
as described above, and was reduced by passing 2 SCFM of
forming gas (5% hydrogen in nitrogen ) over the powder while
ramping temperature from 25° C. to 250° C. at 5° C./min. The
powder was held at 250° C. for 3 hours, and then cooled back
to room temperature. The XRD spectrum of the resulting
powder indicated that the stoichiometry of the reduced pow-
der was In,,SnQO,,_,, with x greater than 0 and less than 29.

[0156] The reduced I'TO nanopowder was combined with
PMMA 1n a 20:80 volume ratio and formed into pellets as
described above. The pellets were electroded as described,
and their resistivity was measured. The average resistivity for

the reduced ITO composite pellets was found to be 1.09x10*
ohm-cm.

[0157] For comparison, micron scale ITO was purchased
from Alfa Aesar (catalog number 36348), and was formed
into pellets with PMMA and electroded as described above.
Again, the volume fraction of ITO was 20%. The average
measured resistivity of the micron scale I'TO composite pel-
lets was found to be 8.26x10® ohm-cm, representing a differ-
ence of more than four orders of magnitude from the nanos-
cale composite pellets. It was thus established that
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composites incorporating nanoscale fillers can have unique
properties not achievable by prior art techniques.

Example 2
Hatnium Carbide Fillers in PMMA

[0158] Composite pellets were produced as described 1n
Example 1, by mixing filler and polymer with a mortar and
pestle and pressing 1n a hydraulic press. Pellets were pro-
duced containing either nanoscale or micron scale powder at
three loadings: 20 vol % powder, 50 vol % powder, and 80 vol
% powder. The pellets were electroded as described above,
and their resistivities were measured. (Because of the high
resistances at the 20% loading, these pellets’ resistivities were
measured at 100V. The other pellets were measured at IV, as
described in Example 1).

[0159] Results of these resistivity measurements are sums-
marized in Table 1. As can be seen, the resistivity of the pellets
differed substantially between the nanoscale and micron
scale powders. The composites incorporating nanoscale pow-
der had a somewhat decreased resistivity compared to the
micron scale powder at 20% loading, but had a dramatically
increased resistivity compared to the micron scale powder at

50% and 80% loading.

TABLE 1
Volume % Resistivity of nanoscale Resistivity of micron scale
filler powder composite (ohm-cm)  powder composite (ohm-cm)
20 5.54 x 1012 7.33 x 1017
50 7.54 x 10° 2.13 x 10*
80 3.44 x 10° 1.14 x 10
Example 3
Copper Fillers in PMA and PVA
[0160] Nanoscale copper powders were produced as

described in U.S. patent application Ser. Nos. 08/706,819 and
08/707,341. The nanopower surface area was 28.1 m2/gm,
and mean grain size was 22 nm. Micron scale copper powder
was purchased from Aldrich (catalog number 32645-3) for
comparison.

[0161] The nanoscale and micron scale copper powders
were each mixed at a loading of 20 vol % copper to 80 vol %
PMMA and formed 1nto pellets as described above. In addi-
tion, pellets having a loading o1 15 vol % copper in poly(vinyl
alcohol) (PVA) were produced by the same method. The
pellets were electroded and resistivities measured at 1 volt as
described 1n Example 1. Results are shown 1n Table 2.

TABLE 2
Volume Resistivity
Additive Polymer Volume % filler (ohm-cm)
nanoscale copper PMMA 20 5.68 x 1019
nanoscale copper PVA 15 459 x 10°
micron scale copper PMMA 20 4.19 x 1012

[0162] It can be seen from Table 2 that the resistivity of the
nanoscale copper powder/PMMA composite was substan-
tially reduced compared to the micron scale copper powder/
PMMA composite at the same loading, and that the resistivity
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of the nanoscale copper powder/PVA composite was lower
still by five orders of magnitude.

Example 4
Preparation of Polymer-Coated Nanostructured Filler

[0163] The stoichiometric (90 wt % In,O, 1n SnO, ) indium
tin oxide (ITO) nanopowder of Example 1 was coated with a
polymer as follows.

[0164] 200 milligrams of ITO nanopowders with specific
surface area of 53 m”/gm were added to 200 ml of deminer-
alized water. The pH of the suspension was adjusted to 8.45
using ammomum hydroxide. In another container, 200 milli-
grams ol poly(methyl methacrylate) (PMMA) was dissolved
in 200 ml of ethanol. The PMMA solution was warmed to
100° C. while being stirred. The I'TO suspension was added to
the PMMA solution and the stirring and temperature of 100°
C. was maintained till the solution reduced to a volume of 200
ml. The solution was then cooled to room temperature to a
very homogenous solution with very light clear-milky color.
The optical clanity confirmed that the powders are still nano-
structured. The powder was dried in oven at 120° C. and 1ts
welght was measured to be 400 milligrams. The increase in
weight, uniformity of morphology and the optical clarity
confirmed that the nanopowders were coated with PMMA
polymer.

[0165] The electrochemical properties of polymer coated
nanopowders were different than the as-produced nanopow-
ders. The as-produced nanopowder when suspended in dem-
ineralized water yielded a pH o1 3.4, while the polymer coated
nanopowders had a pH of 7.31.

Example 5

Preparation of Electrical Device Using Nanostruc-
tured Fillers

[0166] A complex oxide nanoscale filler having the follow-
ing composition was prepared: B1,O; (48.8 wt %), N10 (24.4
wt %), CoO (12.2 wt %), Cr,0; (2.4 wt %), MnO (12.2 wt %),
and Al,O; (<0.02 wt %). The complex oxide filler was pre-
pared from the corresponding nitrates of the same cation. The
nitrates of each constituent were added to 200 mL of deion-
1zed water while constantly stirring. Hydroxides were pre-
cipitated with the addition of 50 drops of 28-30% NH_OH.
The solution was filtered in a large buchner funnel and
washed with deionized water and then with ethyl alcohol. The
powder was dried 1n an oven at 80° C. for 30 minutes. The
dried powder was ground using a mortar and pestle. A heat
treatment schedule consisting ofa 15° C./min ramp to 350° C.
with a 30 minute dwell was used to calcine the ground pow-
der.

[0167] The nanofiller was then incorporated at a loading of
4% 1nto a zinc oxide ceramic matrix. The composite was
prepared by mechanically mixing the doped oxide nanofiller
powder with zinc oxide powder, incorporating the mixture
into a slurry, and screen printing the slurry (further described
below). For comparison, devices were made using both a
nanoscale matrix powder produced by the methods of
copending and commonly assigned U.S. application Ser. No.
08/706,819, and using a micron scale matrix powder pur-
chased from Chemcorp. The fillers and the matrix powders
were mixed mechanically using a mortar and pestle.

[0168] Using the filler-added micron scale powder, a paste
was prepared by mixing 4.0 g of powder with 2.1 g of a
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commercial screen printing vehicle purchased from Electro
Science Laboratories (ESL vehicle 400). The doped nanos-
cale powder paste was made using 3.5 g powder and 3.0 g
ESL vehicle 400. Each paste was mixed using a glass stir rod.
Silver-palladium was used as a conducting electrode mate-
rial. A screen with a rectangular array pattern was used to
print each paste on an alumina substrate. First a layer of
silver-palladium powder (the lower electrode) was screen
printed on the substrate and dried on a hot plate. Then the
ceramic filled powder was deposited, also by screen printing.
Four print-dry cycles were used to minimize the possibility of
pinhole defects in the varistor. Finally, the upper electrode
was deposited.

[0169] The eclectrode/composite/electrode varistor was
formed as three diagonally offset overlapping squares, as
illustrated 1n FIG. 4. The effective nanostructured-filler based
composite area in the device due to the ofiset of the electrodes
was 0.036 in* (0.2315 ¢cm?). The green thick films were co-
fired at 900° C. for 60 minutes. The screen printed specimen
1s shown in FIG. 4, where light squares 10 represent the
silver-palladium electrodes, and dark square 12 represents the
composite layer.

[0170] Silver leads were attached to the electrodes using
silver epoxy. The epoxy was cured by heating ata 50° C./min
ramp rate to 600° C. and then cooling to room temperature at
a rate ol 50° C./min. The TestPoint computer software, 1n
conjunction with a Keithley® current source, was used to
obtain a current-voltage curve for each of the varistors.
Testpoint and Keithley are trademarks or registered trade-
mark of Keithley Scientific Instruments, Inc.

[0171] The electrode/micron scale matrix composite/elec-
trode based varistor device had a total thickness of 29-33
microns and a composite layer thickness of 19 microns. The
clectrode/nanoscale matrix composite/electrode based varis-
tor device had a total thickness of 28-29 microns and a com-
posite layer thickness of 16 microns. Examination of current-
voltage response curves for both varistors showed that the
nanostructured matrix varistor had an inflection voltage of
about 2 volts, while the inflection voltage of the micron scale
matrix varistor had an inflection voltage of about 36 volts.
Fitting the current-voltage response curves to the standard
varistor power-law equation

[=nV* (2)

[0172] vielded values of voltage parameter a of 2.4 for the
micron-scale matrix device, and 37.7 for the nanoscale matrix
device. Thus, the nonlinearity of the device was shown to
increase dramatically when the nanoscale matrix powder was
employed.

Example 6

Thermal Battery Electrode using a Nanostructured
Filler

[0173] Thermal batteries are primary batteries ideally
suited for military ordinance, projectiles, mines, decoys, tor-
pedoes, and space exploration systems, where they are used
as highly reliable energy sources with high power density and
extremely long shelf life. Thermal batteries have previously
been manufactured using techniques that place inherent lim-
its on the minimum thickness obtainable while ensuring
adequate mechanical strength. This 1n turn has slowed min-
1aturization efforts and has limited achievable power densi-
ties, activation characteristics, safety, and other important
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performance characteristics. Nanocomposites help overcome
this problem, as shown 1n the following example.

[0174] Three grams of raw FeS, powder was mixed and
milled with a group of hard steel balls 1n a high energy ball
mill for 30 hours. The grain size of produced powder was 25
nm. BET analysis showed the surface area of the nanopowder
to be 6.61 m*/gm. The TEM images confirmed that the ball
milled FeS, powder consists of the fine particles with the
round shape, similar thickness and homogenous size. The
cathode comprised FeS, nanopowders (68%), eutectic
L1Cl—KCl1 (30%) and S10, (2%) (from Aldrich Chemical
with 99% purity). The eutectic salts enhanced the diffusion of
L1 10ons and acted as a binder. Adding silicon oxide particles
was expected to immobilize the LiCl—KCl salt during melt-
ing. For comparison, the cathode pellets were prepared from
nanostructured and micron scale FeS, powders separately.
[0175] To wmprove electrochemical efficiencies and
increase the melting point of anode, we chose micron scale Li
44%-S1 56% alloy with 99.5% purity (acquired from Cyprus
Foote Mineral) as the anode material 1n this work. A eutectic
salt, L1Cl 45%-KCl1 35% (from Aldrich Chemical with 99%
purity), was selected as electrolyte. The salt was dried at 90°
C. and fused at 500° C. To strengthen the pellets and prevent
flowing out of electrolyte when it melted, 35% MgO (Aldrich
Chemical, 99% purity) powder was added and mixed homo-
geneously with the eutectic salt powder.

[0176] The pellets of anode electrodes were prepared by a
cold press process. A hard steel die with a 20 mm 1internal
diameter was used to make the thin disk pellets. 0.314 grams
of L1 44%-51 56% alloy powder (with 76-422 mesh particle
s1ze) was pressed under 6000 psi1 static pressure to form a
pellet. The thickness and density of the pellets so obtained
was determined to be 0.84 mm and 1.25 g/cm?, respectively.
Electrolyte pellets were produced using 0.55 grams of
blended electrolyte powder under 4000 ps1 static pressure.
The thickness and density of the pellets obtained were 0.84
mm and 2.08 g/cm respectively. The cathode pellet was pre-
pared using 0.91 grams of mixed micron scale FeS,—L1Cl—
KCl—S10, powder pressed under 4000 psi1 static pressure.
The thickness and density of the pellets obtained were 0.86
mm and 3.37 g/cm”, respectively.

[0177] A computerized SOLARTRON® 1287 electro-
chemical interface and a 1260 Gain/Phase Analyzer were
employed to provide constant current and to monitor varia-
tion 1n potential between anode and cathode of cells during
the discharging. “Solartron” 1s a registered trademark of the
Solartron Electronic Group, Ltd. The cutoil potential of dis-
charge was set at 0.8 volt. The thermal battery with the nano-
composite cathode provided 1A constant current for 246 sec-
onds, until the potential fell to 0.8 volt. It was observed that
the power density of the nanostructured single cell thermal
battery was 100% higher than that achievable with micron
s1zed materials. Thus, nanoscale fillers can help enhance the
clectrochemical performance of such a device.

Example 7

A Magnetic Device Using Nanostructured Ferrite
Fillers

[0178] Ferrite inductors were prepared using nanostruc-
tured and micron-scale powders as follows. One-tenth of a
mole (27.3 grams) of imron chlonde hexahydrate (FeCls,-
6H,0) was dissolved 1n 500 ml of distilled water along with
0.025 moles (3.24 grams) of nickel chloride (NiCl,) and
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0.025 moles (3.41 grams) of zinc chloride (ZnCl,). In another
large beaker, 25 grams of NaOH was dissolved i 500 ml of
distilled water. While stirring the NaOH solution rapidly, the
metal chloride solution was slowly added, forming a precipi-
tate instantaneously. After 1 minute of stirring, the precipitate
solution was vacuum filtered while frequently rinsing with
distilled water. After the precipitate had dried enough to cake
and crack, 1t was transferred to a glass dish and allowed to dry
for 1 hour 1n an 80° C. drying oven. At this point, the precipi-
tate was ground with a mortar and pestle and calcined 1n air at
400° C. for 1 hour to remove any remaining moisture and
Organics.

[0179] BET analysis of the produced powder vyielded a
surface area of 112 m*/g, confirming the presence of nanom-
eter-sized individual particles with an estimated BET particle
size of 11 nm. XRD analyses of all nanoscale powders
showed the formation of a single (N1, Zn)Fe,O,, ferrite phase
with peak shapes characteristic of nanoscale powders. XRD
peak broadening calculations reported an average crystallite
s1ze of 20 nm of the thermally quenched powders and 8 nm for
the chemically derived powders. SEM-EDX analyses of sin-
tered nanopowder pellets showed an average composition of
14.8% N10, 15.8% ZnO, and 69.4% Fe,O,, which corre-
sponded to the targeted stoichiometric composition of the
Ni, -Zn, - Fe,O..

[0180] Nanoscale ferrite filler powders were uniaxially
pressed at 5000 pounds 1n a quarter-inch diameter die set into
green pellets. The powders were mixed with 2 weight percent
Duramax® binder for improved sinterability. The amount of
powder used for pressing varied from 1.5 to 1.7 grams, typi-
cally resulting in cylinders having a post-sintered height of
approximately 1.5 cm. To avoid cracking and other thermal
stress elfects, a multi-level heating profile was employed. The
pellets were fired at a rate of 5° C./min to 300° C., 10° C./min
to 600° C., and 20° C./min to the final sintering temperature,
where 1t was held for four hours. Pellets were cooled from the
sintering temperature at a rate of 10° C./min to ensure the
sintering temperature ranged from 900° C. to 1300° C., but
was typically greater than 1200° C. to ensure an acceptable
density. Sintered pellets were then wound with 25 turns of 36
gauge enamel coated wire, the wire ends were stripped, and
the completed solenoids where used for electrical character-
1zation. An air coil was prepared for the purpose of calculat-
ing magnetic properties. This coil was created by winding 25
turns of the enamel coated wire around the die plunger used
previously. This coil was taped with masking tape, slid oif the
plunger slowly to maintain shape and characteristics, and was
characterized along with the ferrite solenoids.

[0181] Inductance characterization was performed with a
Hewlett-Packard 429A RF Impedance/Materials Analyzer.
Impedance, parallel inductance, q factor, and impedance
resistance were measured over a logarithmic frequency
sweep starting at 1 MHz and ending at 1.8 GHz. Values for
permeability (u) and loss factor (LF) were calculated from
inductance (L), air coil inductance (L _ ), and impedance resis-
tance (R) using the following equations:

L (3)
S
LR (4)
LF = E
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[0182] Resistivity measurements were made with a Kei-
thley® 2400 SourceMeter using a four-wire probe attachment
and TestPoint™ data acquisition software. Voltage was
ramped from 0.1 to 20 volts while simultaneously measuring,
current. The results were plotted as field (voltage divided by
pellet thickness) versus current density (current divided by
clectrode cross sectional area). The slope of this graph gives
material resistivity (p).

[0183] Table 3 summarizes electrical properties of induc-
tors prepared from micron-sized powder or from nanopow-
der. In most cases there 1s an advantage to using nanoscale
precursor powder mstead of micron-sized powder. It 1s impor-
tant to keep 1n mind that all measurements were taken from
cylindrical devices, which have inherently ineilicient mag-
netic properties. Solenoids of this shape were used in this
study because of the ease of production and excellent repro-
ducibility. All measured properties would be expected to
improve with the use of higher magnetic efficiency shapes
such as cores or toroids, or by improving the aspect ratio
(length divided by diameter) of the cylindrical samples.

TABLE 3
Loss Factor (@ 1 MHz Critical Frequency
Micron Nano Micron Nano
Average 0.0032 0.0025 Average 68.9 MHz  78.3 MHz
Q Factor (@ 1 MHz Resistivity
Micron Nano Micron Nano
Average 37.2 52.2 Average 0.84 ME2 33.1 ME2

[0184] The inductors made from {ferrite nanopowders
exhibited significantly higher Q-factor, critical resonance fre-
quency, and resistivity. They also exhibited more than 20%
lower loss factor as 1s desired in commercial applications.

Example 8
Tungsten Oxide

[0185] Ammonium meta-tungstate (55 g) was placed 1n a
500 ml beaker with ethylene glycol (100 mL). This mixture
was stirred to form a clear solution. While stirring, 500 mL of
Igepal®. 520-CO and 500 mL of naphtha were added to the
solution, yielding a clear emulsion tungstate/glycol solution
(polar phase) 1n naptha (non-polar phase). The Igepal® 520-
CO served as an emulsilying agent. Igepal i1s a registered
trademark of Rhone-Poulenc Surfactants and Specialties,

L.P.

[0186] Combustion of the emulsion produced an incandes-
cent flame. A yellow powder, characteristic of tungsten oxide,
was visible depositing within the combustion chamber. TEM
and SEM observations indicated that the powder consisted of
particles with both equiaxed (<100 nm) and acicular mor-
phologies (e.g., 10x100 nm), and that the powder comprised
solely sub-micron particles. These particle sizes are corrobo-
rated by X-ray diffraction data, suggesting crystallite sizes
ranging from 14 to 33 nm for the primary peaks of the hex-
agonal WO, powder, a mean minimum domain size of about
25 nm and a standard deviation of about 7 nm. The specific
surface area as measured by Brunauer, Emmett, and Teller
analysis (described 1n more detail in Brunauer, et al., J. Am.

Chem. Soc., 60:309, 1938, and hereinafter referred to as
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BET) was 31.5 m*/g, giving a 30 nm equivalent spherical
diameter. The experiment also produced WO, nanowhiskers
and nanorods with aspect ratios ranging from 5 to 15.

Example 9
Tungsten-Doped Tin Oxide

[0187] Ammonium meta-tungstate (7.95 g) was placedn a
500 ml beaker with ethylene glycol (10 mL). This mixture
was stirred to form a clear solution. While stirring, 200 mL of
Igepal® 520-CO and 200 mL of naphtha were added to the
solution, yielding a clear emulsion tungstate/glycol solution
(polar phase) 1n naptha (non-polar phase). The Igepal® 520-
CO served as an emulsitying agent. Tetrabutyl tin (98.37 g)
was added to the solution and naphtha was added to make a
700 mL volume.

[0188] Flaming of the emulsion produced an incandescent
flame. A steel-blue powder was collected and characterized.
The powder consists of faceted and equiaxed particles rang-
ing from 10 to 75 nm showing solely sub-micron powder.
Both nanowhiskers and equiaxed particles are present. The
aspect ratios of the nanowhiskers were 1n the range of 3-20.
Crystallite s1zes as measured by X-ray diffraction range from
20 to 30 nm for the primary peaks of the SnO, powder, and
there are no apparent secondary phases attributable to tung-
sten. The mean minimum domain size as calculated from the
XRD data was about 27 nm and the standard deviation was
estimated to be about 10 nm. The presence of tungsten was
confirmed by X-Ray Electron Diflraction Spectroscopy
(XEDS) both 1n the SEM and the TEM. The BET specific
surface area was 35 m~/g, giving an equivalent spherical
diameter of about 20-30 nm.

Example 10
Copper Doped Nickel Zinc Ferrite

[0189] Commercially purchased metal-carboxylate emul-
sions (OMG Americas, Westlake, Ohi1o) were combined to
form a clear emulsified solution that would yield the appro-
priate metal ratios to synthesize 300 g of the oxide. Flaming
of the emulsion produced a brilliant incandescent flame. A
chocolate-brown powder was collected and characterized.
XRD data yielded crystallite sizes in the range of 20-40 nm,
and 1ndicated that the powder was a phase-pure spinel ferrite.
The presence of all constituent elements was confirmed by
XEDS 1n the SEM. The mean particle size of the powder was
about 29 nm and the standard deviation was about 8 nm.

Example 11
Z1nc

[0190] Commercially available zinc powder (=325 mesh)
was used as the precursor to produce nanosize zinc powder.
Feed zinc powder was fed into the thermal reactor suspended
1n an argon stream (argon was used as the plasma gas; the total
argon flow rate was 2.5 ft*/min). The reactor was inductively
heated with 16 kW of RF plasma to over 5,000K 1n the plasma
zone and about 3,000K 1n the extended reactor zone adjacent
the converging portion of the nozzle. The vaporized stream
was quenched through the converging-diverging nozzle. The
preferred pressure drop across the nozzle was 250 Torr, but
usetul results were obtained at different pressure drops, rang-
ing from 100 to 550 Torr. After undergoing a pressure drop of
100 to 550 Torr through the converging-diverging nozzle, the
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powder produced was separated from the gas by means of a
cooled copper-coil-based impact filter followed by a screen
filter. The nanosize powder produced by the invention were 1n
the 5-25 nanometer range. The size distribution was narrow,
with a mean size of approximately 15 nm and a standard
deviation of about 7.5 nm.

Example 12
Iron-Titanium Intermetallic

[0191] 2-5 micron powders of 1ron and 10-25 micron pow-
ders of titanium were mixed 1n 1:1 molar ratio and fed into the
thermal reactor suspended 1n an argon stream (total gas flow
rate, including plasma gas, was 2.75 ft°/min). The reactor was
inductively heated with 18 kW of RF plasma to over 5,000K
in the plasma zone and above 3,000K 1n the extended reactor
zone adjacent the converging portion of the nozzle. The
vaporized stream was quenched through the converging-di-
verging nozzle. The preferred pressure drop across the nozzle
was 250 Torr, but useful results were obtained at different
pressure drops, ranging from 100 to 5350 Torr. After undergo-
ing a pressure drop of 100to 530 Torr through the converging-
diverging nozzle, the powder produced was separated from
the gas by means of a cooled copper-coil-based impact filter
tollowed by a screen filter. The nanopowders produced by the
invention were in the 10-45 nanometer range. The size distri-
bution was narrow, with a mean size of approximately 32 nm
and a standard deviation of about 13.3 nm.

Example 13
Tungsten Oxide

[0192] Commercially available tungsten oxide powder
(=325 mesh size) was used as the precursor to produce nano-
s1ze WO,. The tungsten oxide powder was suspended 1n a
mixture of argon and oxygen as the feed stream (flow rates
were 2.25 ft°/min for argon and 0.25 ft.sup.3/min for oxy-
gen). The reactor was inductively heated with 18 kW of RF
plasma to over 5,000K 1n the plasma zone and about 3,000K
in the extended reactor zone adjacent the converging portion
of the nozzle. The vaporized stream was quenched through
the converging-diverging nozzle. The preferred pressure drop
across the nozzle was 250 Torr, but useful results were
obtained at different pressure drops, ranging from 100 to 550
Torr. After undergoing a pressure drop of 100 to 550 Torr
through the converging-diverging nozzle, the powder pro-
duced was separated from the gas by means of a cooled
copper-coil-based 1mpact filter followed by a screen filter.
The powder produced by the invention were in the 10-25
nanometer range. The size distribution was narrow, with a
mean size of about 16.1 nm and a standard deviation of about
6.3 nm.

Example 14
Cerium Oxide

[0193] Commercially available certum oxide powder (3-10
micron size) was used as the precursor to produce nanosize
CeQ,. The certum oxide powder was suspended 1n a mixture
of argon and oxygen as the feed stream (at total rates o1 2.25
ft*/min for argon and 0.25 ft*/min for oxygen). The reactor
was inductively heated with 18 kW of RF plasma to over
5,000K 1n the plasma zone and about 3,000K 1n the extended
reactor zone adjacent the converging portion of the nozzle.
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The vaporized stream was quenched through the converging-
diverging nozzle. The preferred pressure drop across the
nozzle was 250 Torr, but usetul results were obtained at
different pressure drops, ranging from 100 to 650 Torr. The
powder produced was separated from the gas by means of a
cooled copper-coil-based impact filter followed by a screen
filter. The powder produced by the invention was 1n the 5-25
nanometer range. The size distribution was narrow, with a
mean si1ze of about 18.6 nm and a standard deviation of about
>.8 nm.

Example 15
Silicon Carbide

[0194] Commercially available silicon carbide powder
(—325 mesh size) was used as the precursor to produce nano-
s1ze S1C. The powder was suspended 1n argon as the feed
stream (total argon flow rate of 2.5 ft*/min). The reactor was
inductively heated with 18 kW of RF plasma to over 5,000K
in the plasma zone and about 3,000K 1n the extended reactor
zone adjacent the converging portion of the nozzle. The
vaporized stream was quenched through the converging-di-
verging nozzle. The preferred pressure drop across the nozzle
was 250 Torr, but useful results were obtained at different
pressure drops, ranging from 100 to 3550 Torr. The powder
produced was separated from the gas by means of a cooled
copper-coil-based 1mpact filter followed by a screen filter.
The S1C powder produced by the invention were 1n the 10-40
nanometer range. The size distribution was narrow, with a
mean size of approximately 28 nm and a standard deviation of
about 8.4 nm.

Example 16
Molybdenum Nitride
[0195] Commercially available molybdenum oxide

(MoQO,) powder (-325 mesh size) was used as the precursor
to produce nanosize Mo,N. Argon was used as the plasma gas
at a feed rate of 2.5 ft’/min. A mixture of ammonia and
hydrogen was used as the reactant gases (NH, at 0.1 ft*/min;
H, at 0.1 ft*/min). The reactor was inductively heated with 18
kW of RF plasma to over 5,000K 1n the plasma zone and
about 3,000K 1n the extended reactor zone adjacent the con-
verging portion of the nozzle. The vaporized stream was
quenched through the converging-diverging nozzle. The pre-
ferred pressure drop across the nozzle was 250 Torr, but
uselul results were obtained at different pressure drops, rang-
ing from 100 to 550 Torr. The powder produced was separated
from the gas by means of a cooled copper-coil-based impact
filter followed by a screen filter. The Mo, N powder produced
by the mvention was 1n the 5-30 nanometer range. The size
distribution was narrow, with a mean size of about 14 nm and
a standard deviation of about 4.6 nm.

Example 17
Nickel Boride

[0196] 10-50 micron powder of nickel boride were fed into
the thermal reactor with argon (fed at a total rate, including
plasma gas, of 2.75 ft*/min). Once again, the reactor was
inductively heated with 18 kW of RF plasma to over 5,000K
in the plasma zone and about 3,000K 1n the extended reactor
zone adjacent the converging portion of the nozzle. The
vaporized stream was quenched through the converging-di-
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verging nozzle. The preferred pressure drop across the nozzle
was 250 Torr, but useful results were obtained at different
pressure drops, ranging from 100 to 3550 Torr. The powder
produced was separated from the gas by means of a cooled
copper-coil-based impact filter followed by a screen filter.
The N1,B powder produced by the invention was 1n the 10 to
30 nanometer range. The size distribution was narrow, with a
mean size of about 12.8 nm and a standard deviation of about
4.2 nm.

Example 18
Processing of Materials

[0197] Densification of powders, or sintering, 1s essentially
a process of removing the pores between the starting par-
ticles, combined with growth and strong bonding between
adjacent particles. The driving force for densification 1s the
free-energy change, or more specifically, the decrease 1n sur-
face area and lowering of the free energy.

[0198] Among the processing variables that may affect the
densification process, the particle size of the starting powder
1s one of the most important variables. In solid-state pro-
cesses, assuming that the matter transport 1s controlled by
lattice diffusion, the volume change of the material with
respect to time during sintering can be related to processing,
variables as follows:

_ o, _
_V _ 3[207“ D ]r—l.z 0.4
Vo

I
V2 kT

[0199] In this equation, V_ and _V are the initial volume
and volume change of the target during densification, respec-
tively; T 1s the sintering temperature; t the sintering time; k the
Boltzman constant, D” the seli-diflusivity, v the surface
energy of the particle, a® the atomic volume of the diffusing,
vacancy, and r the radius of the particle of the starting powder.

[0200] Aswe can seefrom the above equation, the sintering
time needed to achieve a specific degree of densification 1s
proportional to the cube of the particle size of the starting,
powder. Given the same sintering temperature and starting,
material, the densification rate can be increased drastically by
using 100 nm sized powders mstead of 10 nm si1zed powders.
Alternatively, to obtain the same densification or to prevent
the decomposition of a fragile material at high temperatures,
sintering can be conducted at lower temperature with nano-
structured powders. Thus, nano-sized materials can also sig-
nificantly decrease the sintering temperatures currently used
for micrometer-sized powders. From a commercial view-
point, the energy savings from lower processing temperatures
and the reduction of processing times can be substantial.

[0201] Another beneficial effect of using nano-sized pow-
ders 1s that, because of high surface area and surface ditiu-
s1vity, nano-sized composites may be sintered without impu-
rity inducing sintering aids, resulting in more reliable sintered
products which exhibit enhanced service temperatures and
high temperature strength. Other anticipated benefits
described below include commercially attractive processing
times and temperatures, lowered inventory costs, use of lower
cost precursors, and the ability to sinter devices at tempera-
tures that prevent undesirable secondary reactions or trans-
tformations during device fabrication. While this application
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prefers the use of nanopowders, the teachings herein can be
applied to submicron and larger non-stoichiometric powders.

[0202] For example, put the non-stoichiometric material 1n
a die and press the material to green densities of 40% or
higher. Alternatively, use mjection molding, CIP, HIP, elec-
trophoretic, magnetophoretic, coatings, gel casting, dip coat-
ing, precipitation, thick film forming, molding, screen print-
ing, extrusion, and any of techniques known 1n the art to form
a body from the non-stoichiometric nanopowder prepared.
Next, sinter the prepared body using a temperature, time,
atmosphere, and electromagnetic field suificient to reach
desired density. If desired, the sintering step may be followed
by machining or processing the densified form as appropriate.
Finally, transtorm the densified and processed non-stoichio-
metric structure to stoichiometric form.

[0203] The motivation of this approach 1s explained above
and further includes the following: The stoichiometric form
otM, 7,  maybegivenbyx=0(1.e.M, 7), the lowerbound
case of the mequality O<x<1. When x=1, we get the upper
inequality bound and this represents the pure element M. It 1s
known to those skilled 1n the art that the sintering character-
istics ot M and M, Z are very ditterent. Otten, M 1s easier to

consolidate and sinter than M, Z. Thus, the use of M, .7,
1s anticipated to offer performance intermediate to M and
M, Z. From a thermodynamic point of view, the unusual
interfacial free energies of non-stoichiometric forms can
allow the use of more commercially attractive sintering con-
ditions (1.e. temperature, time, field, and atmosphere) to pro-
duce the product of interest. Also, by utilizing the non-sto-
ichiometric form M, 7, ., the unusual properties of the non-
stoichiometric form can be beneficially applied to produce

usetul objects from powders or porous bodies.

[0204] Forexample, in the case of T1and T10.,, the sintering
temperatures for metal and metal oxide are very different.
Metals are easier to sinter and process metals than ceramics.
It 1s expected that the sintering characteristics of a material
form intermediate to the two extremes (x=0 and x=1) would
also be different, 1n a linear or non-linear manner, than the two
extremes. It 1s anticipated that non-stoichiometric forms of
titania will be more reactive, that vacancies will assist pore
volume reduction, and that these will reduce the time and
temperature needed to densify a structure.

[0205] Yet another example would be to use non-stoichio-
metric forms of doped or undoped superconductors, ferrites,
carbides, borides, nitrides, alloys, and oxides, such as N10O,
BaTiO;, ZrO,, and hatnia. The melting point of a metal 1s
often less than that of the corresponding ceramic form. The
use of non-stoichiometric compositions can assist 1n achiev-
ing dense forms at lower temperatures or reduce the time
needed to densify a matenial at a given temperature.

[0206] Insome applications, the unusual properties of non-
stoichiometric material may suggest that the device be used in
a non-stoichiometric form. However, such devices may
change their performance over time or have other disadvan-
tages. Such problems can be addressed through the use of
protective coatings, secondary phases, and stabilizers.

[0207] Dense sputtering targets of various compositions
can also be prepared using the above method. These targets
can then be used to prepare thin films for electronic, informa-
tion storage, optics, and various other products.

[0208] The motivation to use these teachings includes com-
mercially attractive processing times and temperatures, low-
ered 1mventory costs, use of lower cost precursors, and the
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ability to sinter devices at temperatures that prevent undesir-
able secondary reactions or transiformations during device
fabrication.

Example 19
Catalysis

[0209] Nanopowders comprising 75% by weight indium
tin oxide (ITO) (mean grain size: 12.9 nm, 60.9 m*/gm) and
25% by weight alumina (mean grain size: 4.6 nm, 56 m*/gm)
were mixed and pressed into pellets weighing approximately
200 mg. The pellet was reduced 1n a 100 ml/min 5% H-93%
Ar stream at 300° C. for 10 minutes. The yellow pellet became
a bluish green color. The pellet was exposed to 12% methanol
vapor 1n air (100 ml/min) at about 250° C. and the product
gases analyzed using Varian 3600 Gas Chromatograph. The
gas composition analysis indicated that the product gases
contained 3400 ppm of hydrogen, suggesting catalytic activ-
ity from the non-stoichiometric blue green pellet. This 1s 1n
contrast with the observation that the pellet showed no cata-
lytic activity, every thing else remaining same, when the color
was vellow. The blue green pellet was replaced with a plati-
num wire and the temperature raised to about 250° C. No
catalytic activity was detectable for the platinum wire at this
temperature. These observations suggest that the non-sto-
ichiometric indium tin oxide has unique and surprising cata-
lytic properties when contrasted with stoichiometric indium
tin oxide.

Example 20
Photonics and Optics

[0210] Stoichiometric ITO (yellow, 30 nm mean grain size)
was produced via the method of commonly assigned U.S. Pat.
No. 5,788,738 by feeding I'TO 1n air. Non-stoichiometric ITO
(bluish black, 30 nm mean grain si1ze) was produced using the
method of commonly assigned U.S. Pat. No. 5,788,738 by
feeding ITO 1n forming gas (3% hydrogen-93% argon). The
nanopowders were dispersed in water and the UV-Vis absorp-
tion spectra were obtained.

[0211] It was observed that non-stoichiometry more than
doubles the absorption of infrared wavelengths. This experi-
ment suggests that the change 1n stoichiometry can be used to
engineer and obtain unusual optical properties of a material.

Example 21
Electrical Devices

[0212] Titanium oxide nanopowders (white, 25 nm mean
grain size) were heated 1n ammonia for 12 hours at 600° C.
The nanopowders converted to a deep blue-black color cor-
responding to non-stoichiometric nanopowder form (28 nm
mean grain size). The electrical conductivity of the non-
stoichiometric nanopowders was found to be more than ten
orders of magnitude higher (resistivity of 1.5x107* chm-cm)
than the white titanium oxide nanopowders (greater than 108
ohm-cm, which 1s effectively insulating). Electron micros-
copy on the blue-black powders revealed that the nanopow-
ders were an oxynitride of titanium (T1ONX). It 1s also of
interest to note that commercially available micrometer-sized
TiN powders exhibit a resistivity of about 1.5 ochm-cm, about
two orders of magnitude higher than the non-stoichiometric
nanopowder. Thus non-stoichiometry offers unusual non-lin-
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car properties. This example suggests the utility of non-sto-
ichiometry and nanostructure to engineer dramatic changes in
clectrical properties.

Example 22
Magnetic Products

[0213] Nanoscale ferrite powders can be heated in ammo-
nia or hydrogen or borane or methane to form non-stoichio-
metric ferrite. The powders can then be transformed into a
form for incorporation mto a device by techniques such as
extrusion, tape casting, screen printing or any other methods
or combination thereof.

[0214] As an illustration, three toroids composed of a
nickel zinc ferrite material were sintered at 900° C. for 2 hours
to obtain near-theoretical densities. Upon cooling, the toroids
were wound with ten turns of 26 gauge enamel-coated copper
wire. Magnetic properties, including impedance, resistance,
and serial inductance, were tested from 10 Hz to 1 MHz with
a Quadtech 7600 LCR meter and from 1 MHz to 1.8 GHz with

a Hewlett-Packard Model 4291 A Analyzer. In each case,

measurement consisted of making a secure contact with the
stripped ends of the windings on the sample toroids and
performing a frequency sweep. Once tested, the three sample
toroids were unwound and heated in a reducing atmosphere.
Samples were ramped from room temperature to 800° C.,
held for one hour, then allowed to cool. During this cycle, a
stream of 5% H-95% Ar flowed continuously over the
samples. Upon recovery Ifrom the furnace, a noticeable
change 1 sample color was observed. Previously a dark gray,
the “reduced” ferrite toroids now had a lighter gray, mottled
appearance. The reduced ferrite toroids were rewound with
ten turns of the same wire and their magnetic properties were
re-evaluated. The observed results indicated a surprising
change 1n properties in the non-stoichiometric samples: for a

reference frequency of 1 MHz, the resistance increased by
732%, the inductance changed by 12.8%, and the impedance
reduced by 11.4%. That dramatic changes 1n resistance were
observed and that the overall impedance of the devices
remained largely unafiected by the non-stoichiometry
implies that non-stoichiometry leads to a corresponding dra-
matic decrease 1n inductive reactance. In other words, non-
stoichiometric ferrite cores exhibit higher magnetic loss. FIG.
2 shows an unusual change 1n resistance as a function of
frequency, suggesting that the non-stoichiometry 1s changing
the fundamental performance of the materials.

[0215] Yet another method of producing a magnetic device
1s as follows: 900 mg of manganese ferrite non-stoichiometric
nanopowder and 800 mg of nickel zinc ferrite nanopowder are
pressed at 90,000 psi1 1n a quarter inch die. For all powders, 5
wt % Duramax® binder 1s added prior to pressing for
improved sinterability. Pellets composed of nanopowders are
sintered at 820° C. for 4 hours 1n a kiln with a 5° C./min
ramping rate. Micrometer-sized reference pellets require sin-
tering temperatures of 1200° C. or more for 4 hours, every-
thing else remaining the same. After sintering, all pellet diam-
cters are 0.6 cm, and pellet heights are about 1 cm. Each pellet
1s wound with 20 turns of 36 gauge enamel coated electrical
wire. The final wound pellets are wrapped with Tetlon tape to
ensure that the windings stayed in place. These inductor
samples can be characterized with an Impedance/Gain-phase
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Analyzer. The performance can be optimized by varying vari-
ables such as the aspect ratio, number of turns, composition,
and grain size.

Example 23
Resistors and Resistor Arrays

[0216] Resistors are a mature technology and have served
various 1ndustries for almost a century. They are produced in
various forms and from various substances. Wire wound
resistors are one of the oldest technologies used 1n the resistor
market. The resistor 1s made by winding wire onto a ceramic
bobbin or former. The wire materials are often alloys, and the
diameter and length of the wire determine the resistivity.
Metal foi1l resistors are prepared from metal foil that some-
times 1s less than one micrometer thick. The foil 1s stuck on a
flat ceramic substrate and the resistance value engineered by
precision etching a meandering pattern. These resistors are
high value added and exhibit very low temperature coetii-
cients of resistance. Film resistors are prepared by vapor
deposition, anodization, or plating of metal or cermet or car-
bon film on a substrate, followed, 1T needed, by spiral cutting,
with a diamond wheel. Metal oxide resistors are prepared by
depositing oxide vapor. Carbon film resistors are obtained by
pyrolysis of hydrocarbon on ceramic substrates. Once again,
spiraling 1s commonly used to achieve the desired resistance
value. Some resistors are prepared from coating resistor ks
consisting of a glass, metal particle dispersion 1n a viscous
organic binder. The coating 1s stabilized by firing at tempera-
tures around 600° C. The final resistance value 1s obtained by
spiraling. These techmiques are used for preparing discrete
resistor chips, networks, or hybrid circuit systems. Desired
resistance can be fine tuned by air abrasion. Conducting plas-
tic resistors are similar to metal film oxide resistors. They
differ 1n the fact that organic binder 1s here replaced with a
plastic and that the dispersant 1s often carbon. Sintered struc-
ture resistors are prepared by sintering S1C or CrO with suit-
able dopants. These resistors are often used as thermaistors,
not as fixed linear resistors.

[0217] The presently claimed invention can be utilized 1n
various embodiments for these devices. The composition of
existing finished resistors can be transformed into non-sto-
ichiometric forms a variety of techniques, such as heat treat-
ing (400° to 2000° C.) the device 1n a reducing, oxidizing,
nitriding, boronizing, carburizing, or halogenating atmo-
sphere, or a combination of these, over a period of time
ranging from a few seconds to hours, shorter times being
preferred. Alternatively, existing processes to manufacture
these devices may be suitably modified at an intermediate
stage with one or more different processing steps to yield a
non-stoichiometric form. Another embodiment of this inven-
tion 1s to produce nanopowders of a non-stoichiometric sub-
stance and to then substitute the substance 1nto existing pro-
cesses and process 1t just as one would a stoichiometric
substance.

[0218] For example, 65 m*/gm SiC, , nanopowders were
produced and sonicated in polyvinyl alcohol. The resulting
dispersion was then screen printed on alumina substrate.
After printing, the elements were fired at approximately 300°
C. for a half hour. The resistance of the resulting device was
less than 1 megaohm. Addition of platinum and silver dopants
reduced the resistance further. Both p-type and n-type behav-
10r was observed depending on the dopant.
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[0219] Arrays are produced by printing multiple elements.
The motivation for printing arrays 1s to reduce the overall
product size and to reduce the cost of placing multiple ele-
ments.

Example 24
Sensor Devices

[0220] Sensors are components which sense the compo-
nent’s environment or changes in the component’s environ-
ment. The environment may include a state of mass, energy,
momentum, charge, radiation, field, electrochemistry, bio-
logical form, or a combination of one or more of these. This
example discusses how the teachings in the presently claimed
invention can be utilized to design and practice better per-
forming sensors, including chemical sensors. While the
teachings here describe a single layer thick film, they apply to
thing {ilm and multilayer architectures as well.

[0221] In a chemical sensor, each crystallite of the sensing
material has an electron-depleted surface layer (the so-called
space charge layer) having a thickness “L”” around 1t. This
length 1s determined by the Debye length and the chemi-
sorbed species, and can be approximated by the following
eXpression:

[0222] where,
[0223] L ,: intrinsic value of space charge thickness
[0224] eV _: height of Schottky barrier at grain bound-

aries (depends on the sort and amount of adsorbates)

[0225] k: Boltzmann’s constant

[0226] |: temperature
[0227] If the crystallite size “D” 1s greater than twice the
space charge layer thickness “L,” which 1s always true for
sensors based on existing micrometer-size grained stoichio-
metric materials, the electrical resistance of the sensor device
1s determined by the electron transport across each grain
boundary, not by the bulk resistance. The resistance in this
regime can be expressed as:

EVS)

R = Rﬂexp( T

[0228] where R_: bulk resistance.

[0229] The generally accepted definition of device sensi-
tivity of a device 1s given by (or 1s a simple variation of):

o eVsg
R ol IS
_Ra_Rex eVsay ka
o€XP P
[0230] where,
[0231] R : resistance of device 1n air
[0232] R, :resistance of device 1 air containing an analyte.

[0233] Because “e_V_” 1s independent of “D” until “D” 1s
greater than twice the space charge layer thickness “L,” it 1s
no surprise that the observed sensitivity of the sensor device



US 2009/0184281 Al

1s independent of crystallite size 1n this regime. The above
arguments lead to the natural question: what happens when
D<2L?7 In this nanoscale regime, the device resistance 1s no
longer just grain boundary controlled; instead, the bulk resis-
tance of each grain becomes important. Since, “e V7 1s
dependent on the adsorbate type and amount, this change 1n
phenomenological regime provides an unprecedented way to
engineer extremely sensitive sensors. In effect, one can engi-
neer the crystallite size and the non-stoichiometry such that
R, becomes bulk grain controlled (1.e., very high), while R,
remains grain boundary controlled (1.e., low). This changes
“e_V 7 significantly, and since the sensitivity “S” depends
exponentially on “e_V_” this can dramatically enhance the
sensitivity of the sensor device. Enhanced sensitivity has been
long sought 1n the sensor industry.

[0234] The benefits of nanostructured non-stoichiometric
fillers may be exploited 1n monolithic or composite form. A
composite, loosely defined, 1s a combination of two or more
dissimilar materials, or phases, combined 1n such a way that
cach material maintains 1ts individual character. The proper-
ties of the composite depend greatly on the arrangement of the
individual phases present. In completely homogeneous com-
posites, the properties tend to be a combination of the prop-
erties of the distinct phases present, a combination that 1s
often unobtainable with metals, ceramics, or polymers alone.
This makes composites unique and very appealing for appli-
cations which require a demanding and conflicting matrix of
design needs. Sensors are one such application where con-
ventional materials 1n monolithic form often excel 1n meeting
some design goals, but fail to meet others. Composites of
nanoscale non-stoichiometric substances can potentially pro-
vide the breakthrough where all the needs are simultaneously
met. "

This embodiment 1s particularly useful when the selec-
tivity of the sensor needs improvement.

[0235] Sensors (and sensor arrays) can prepared by numer-
ous methods and the benefits of nanoscale non-stoichiometric
substances can be practiced with any of these methods. In one
embodiment, sensing films were prepared by brushing on a
slurry containing nanoscale non-stoichiometric powders (and
polymer, 1f appropriate) onto a screen-printed electrode on a
substrate. The sensor electrodes were prepared using a Presco
Model 465 Semi-Automatic Screen Printer. This equipment
facilitated automatic printing, with the exception of loading
and unloading the substrate. The screen used was from Utz
Engineering, Inc. The screen was made from stainless steel
mesh and had a frame size of 810 inches, a mesh count of
400, a wire diameter of 0.0007 inches, a bias of 45 degrees,
and a polymeric emulsion of 0.0002 inches. The gold elec-
trodes were screen printed on a 96% alumina substrate and
then fired 1n air at 850° C. for a peak time of 12 minutes.
Dopant polymers were dissolved 1n an appropriate solvent.
Once the polymer was dissolved, non-stoichiometric nanopo-
wders were added to the solution and sonicated for 20 min-
utes. The slurry was then deposited onto an electrode using a
small paint brush. Once deposited, the elements were allowed
to dry 1n air at 100° C. for 30 minutes to remove the solvent.

[0236] Inanalternate embodiment, a screen printable paste
was first prepared. The paste was again prepared from nan-
opowder and polymer. The nanopowder, polymer, and cata-
lyst (when included) were weighed out and mixed together 1n
a mortar and pestle. Next, screen printing vehicle was
welghed out and transierred to the mortar and pestle where
the two phases were mixed together. Finally, this paste was
placed on a three roll mill and milled for five minutes. The
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three roll mill allowed for high shear mixing to thoroughly
mix the paste and to break up agglomerates in the starting
nanopowder. After the paste was prepared 1t 1s screen printed
on to the prepared electrodes, allowed to level, and then dried
at 100° C. This embodiment illustrates a method for preparing
single elements and arrays of sensors.

[0237] Next, the sensing elements were screened, tested,
and optimized for sensitivity, selectivity, and response time,
as described below.

[0238] The sensitivity 1s calculated from the change 1n
resistance of the sensor when exposed to a background and
when exposed a vapor analyte species 1 background and
determines the threshold exposure levels. A simple vanation
of the above equation describing sensitivity 1s:

R, — R,

Sensitivity =
&

where:
R_=sensor resistance in background
R =sensor resistance when exposed to analyte

[0239]
10240]

10241]
vapor.

[0242] The selectivity 1s a comparison of either the sensi-
tivity of an individual sensor to two different analytes or of
two sensors to the same analyte.

Senstiivity

Selectivity = —
SensSIrtviry,

[0243] The response time 1s the time it takes for the sensor
to detect a change 1n the surrounding environment, defined as
the time required for the sensor to reach 90% of 1ts peak
resistance (R ).

[0244] With non-stoichiometric nanoscale powders, low
temperature sensing elements with sensitivity S greater than
1.5, selectivity greater than 1.1, and response times less than
10 minutes can be obtained for wide range of gaseous and
liquid analytes. With optimization, selectivity greater than 2,
sensitivity greater than 1.5, and response time less than 1
minute can be obtained at ambient conditions.

[0245] Some specific examples of analytes that can be
sensed using the teachings herein, include, but are not limited
to: carbon oxides (CO, CO,), nitrogen oxides (NO, ), ammo-
nia, hydrogen sulfide, borane, hydrogen, hydrazine, acidic
vapors, alkaline vapors, ozone, oxygen, silane, silicon com-
pounds, halogenated compounds, hydrocarbons, organic
compounds, metallorganic compounds, metal vapors, and
volatile morganics.

Example 25
Biomedical Products

[0246] Mechanical alloying can be used to prepare nanoc-
rystalline non-stoichiometric alloys. The feed powder T1-4.
OTa-11Nb-15.27r 1s loaded 1n non-stoichiometric propor-
tions 1nto a cylindrical hardened steel vial with hardened steel
mill balls. The ball-to-powder ratio 1s preferably high (3:1).
The loading process 1s preferably done within an argon atmo-
sphere glove box. The environment inside 1s maintained at an
oxygen concentration of <100 PPM and moisture content of
<3.0 PPM. The mull itself 1s set up outside of the glove box
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and the vial and mill housing cooled using forced air convec-
tion. After milling, the vial 1s transferred back to the glove box
where the non-stoichiometric powder 1s collected and sub-
mitted for analysis or further processing. To prepare an ortho-
pedic implant, the synthesized powders are umaxially
pressed. Poly(ethylene glycol) (PEG) may be used as a binder
for compaction of the powders. PEG 1s added to the powders
by preparing a 1 weight percent solution in ethanol and wet
mixing the solution with the alloyed powders. The homoge-
neous mixture 1s air dried at room temperature. A press can be
used to compact the powders 1n a die. A uniaxial 11,250 1b.
force 1s applied (resulting 1n 225,000 psi1 of pressure) which 1s
appropriate for implant specimens.

[0247] One advantage of non-stoichiometric nanoscale
powders 1s the potential use ol non-toxic elements in ortho-
pedic and other biomedical implants. In general, biomedical
implants are engineered to control properties such as strength,
toughness, modulus, corrosion resistance, biocompatibility,
porosity, surface roughness, and wear resistance. The mate-
rials described 1n the previous paragraph can be optimized to
match the modulus of bone, a desirable characteristic of mate-
rials for some joint replacement applications. In other
embodiments, nanopowders can be utilized for drug delivery
and as markers for diagnosis. Nanopowders can also be uti-
lized for enhancing the solubility of drugs in organic and
inorganic solvents. In yet other embodiments, the teachings
can be applied to various products where inorganic and

organic powders are currently being utilized, as known to
those skilled 1n the art.

Example 26

Electronic Components

[0248] Electronic components, for example, disc and mul-
tilayer capacitors, inductors, resistors, filters, antennas, piezo
devices, LED, sensors, connectors, varistors, thermistors,
transformers, current converters, shields, or arrays of such
components 1 conventional mount or surface mount form,
can be prepared using the teachings herein. As an example, to
prepare varistors from nanoscale non-stoichiometric materi-
als, a paste of the powders was prepared by mixing the powder
and screen printing vehicle with a glass stir rod. Exemplary
compositions iclude ZnO, _, Bi1,,,0, and other oxides. Sil-
ver-palladium was used as the conducting electrode material.
A screen with a rectangular array pattern was used to print the
paste on an alumina substrate. The process consists of screen
printing the electrode and rapidly drying the film on a heated
plate. The process was attended and precautions taken to
prevent electrically shorting the device. The final electrode
was applied 1n the same manner as the first. The effective
non-stoichiometric nanostructured-filler based composite
area in the device due to the offset of the electrodes was small
(0.2315 cm”). However, this offset may be increased or fur-
ther decreased to suit the needs of the application. The thick
green films were co-fired at 900° C. for 60 minutes.

[0249] Such a device offers a means to control surge volt-
ages. An accurate determination of device non-linearity, .,
can be obtained using the empirical varistor power law equa-
tion:

[=nV*

[0250]
10251]
(0252]

where:
I=current.

n=the varistor power coellicient.

[0253] V=voltage.
[0254] The value of o obtained for the nanostructured non-
stoichiometric device 1s anticipated to be 10 fold higher than
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that achievable with micrometer-sized stoichiometric fillers.
It 15 also expected that the resistance of the boundaries would
be lower, enabling clamping capability of lower voltages and
higher frequencies. Other components that can specifically
benellt from the high surface area of nanostructured non-
stoichiometric materials include but are not limited to posi-
tive temperature coellicient resistors and barrier layer capaci-
tors.

Example 27
Electrochemical Products

[0255] Electrochemical products, for example, batteries,
electrolytic cells, corrosion mhibitors, electrodes 1n metallur-
gical applications and other industries, pH sensors, and elec-
trochemical sensors, can benefit from the use of non-stoichio-
metric nanopowders. The most distinctive feature of these
non-stoichiometric nanopowder materials 1s theirr unique
thermodynamic state and the large number of atoms situated
in the mterfaces. A 10 nm nanocrystalline metal particle con-
tains typically 10*> atoms which are situated on or near the
interface per cubic meter of material; thus, 30% of total atoms
in the material are situated 1n the mterfaces or on the surface
and exhibit non-bulk properties. Such a unique ultra-fine
structure of nanopowders, when applied to electrochemical
products, can lead to a drastic improvement of their perfor-

mance. The ultra-fine (nanometer scale) microstructure of
nanostructured hydrogen storage materals, to 1llustrate, wall
not only enhance the thermodynamics and kinetics of hydrid-
ing and dehydriding processes, but also improve their struc-
ture stability, and thus reliability and life time.

[0256] Particularly, nanostructured materials offer the fol-
lowing motivation for their utilization:

(1) Drastic Increase of Species Solubility or Capacity

[0257] The ultra-fine grain size of nanostructured materials
gives an excess Gibbs free energy to the system compared to
the conventional large grained (micrometer size) hydrides.
This will significantly enhance the solubility of solute atoms,
including hydrogen, because:

Cd B kV o
Co RTd
where:
[0258] C,and C—=solubilities of a solute 1n the material

with average grain size d and infinite grain size, respec-

tively;
[0259] R=gas constant;
[0260] |=temperature;
[0261] V=the molar volume of the solute;
[0262] k=Boltzmann’s constant;
[0263] o=the surface energy of the grain.
[0264] Thus, theoretically, a 10 nm grained hydride 1is

expected to have a hydrogen solubility 1000 times higher than
a 10 um grained hydride with the same chemical composition.
The use of non-stoichiometric nanoscale powders offers to
further enhance the thermodynamic and/or kinetic potential
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of the system. Other advantages of non-stoichiometric for-
mulations, for example, faster and more economical process-
ing conditions, still apply.

(1) Significant Enhancement of Hydrogen Diffusivity

[0265] The large volume fraction of interface 1n nanostruc-
tured materials will result 1n grain boundary diflusion domi-
nating the overall diffusion in the materials. The overall or
elfective diffusivity of solute atoms in the material 1s given
by:

D Eﬁ:.mgb-l_(l -HDy,

where: D?=the effective or overall diffusion coefficient:

[0266] D_,=the diffusion coellicient in grain boundaries;

g
[0267] D, =the diffusion coeilicient within grains.
[0268]

{=the fraction of solute atoms on the grain bound-
aries.

[0269] Since D, normally 1s 10* times higher than D, or
D,,>>D,, and more than 30% of atoms are situated in the
grain boundaries, the above equation can be rewritten as

Deﬁ‘-‘-"mgb:o .3ng‘:<Dk

[0270] The solute diffusion coeflicient 1n nanostructured
materials, therefore, 1s expected to be 1000 to 10,000 times
higher than in conventional micro-grained materals.

(111) Reduction of temperature and pressure for hydride for-
mation and dissociation

[0271] The excess free Gibbs energy due to the ultra-fine
structure of nanomaterials will also lead to significant change
in phase transformation temperatures such as the hydride
formation temperature. The phase transformation tempera-
ture change _T due to the ultrafine structure 1s related to the
grain size d by:

il

. (U-l - G-Z)Tt: k
1= L d
where:
[0272] ©,,0,=specific surface energies of phase 1 and

phase 2, respectively;

[0273] L=the heat of transformation from phase 1 to phase
2;

[0274] T _=the phase transformation for the bulk material;
[0275] k=Boltzmann’s constant.

[0276] Thus, the phase transformation temperature 1s
expected to change as the grain size decreases. Because the
hydrogen dissociation pressure decreases as the dissociation
temperature decreases, the ultra-fine microstructure of nano-
structured materials in general, and non-stoichiometric nano-
materials in particular, 1s preferable design guideline to a
lower hydrogen dissociation pressure. This 1s very desirable
in hydrogen storage technologies. This basic guideline for
practice applies even to other electrochemical couples and
systems such as batteries and electrodes. The benefits of
lower phase transformation temperature have utility beyond
clectrochemical products and apply to thermal (e.g. heat
transter fluids) and other applications as well.

(1v) Higher Resistance to Pulverization During Hydriding/
Dehydriding Processes

[0277] High strength 1s essential to pulverization resistance
due to large lattice expansion and contraction during hydrid-
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ing/dehydriding processes. The ultrafine grain size of nano-
structured hydrides offers a drastic improvement 1n their
structure stability. This can be inferred from the yield strength
ol a material which 1s related to 1ts grain size d by the Hall-
Petch relationship:

Fracture toughness, K, -, 1s related to grain size by:

Kic= Gy\jjraf
where:
[0278] o ,=the yield strength;
[0279] o _=the frictional stress needed to move the disloca-
tion;
[0280] k =a constant;
[0281] a_=the critical crack length.
[0282] This indicates that as the grain size decreases from

10 um to 10 nm, both the strength and fracture toughness are
expected to increase by a factor of 30, which 1n turn leads to
a higher resistance to pulverization. Thus, electrochemical
products 1n particular, and other products in general, can
benefit from superior performance of nanostructured materi-
als.

[0283] Some specific examples for the use of non-stoichio-
metric nanomaterials in electrochemical products would be
rare-carth doped or undoped Mg, N1, Ni—7rNi, ., La, oNix,
and other existing compositions with non-stoichiometry as
explained previously.

Example 28

Energy and Ion Conducting Devices

[0284] Stoichiometric nanoscale 9 mole % yttria-stabilized
cubic zirconia powders (Y, 7r,,0,,,) are first reduced at
moderate temperatures (500° to 1200° C.) 1n a forming, or
reactive, gas to yield non-stoichiometric Y, Zr,,0, < nan-
opowders. These powders are pressed into 3 mm diameter
discs and then sintered to high densities. The disks should be
preferably sintered at low temperatures (preferably 800 to
1200° C.) for short times (preferably 6 to 24 hours) to mini-
mize grain growth. These nanopowders, as discussed before,
can be readily sintered to full theoretical densities (99% or
more). Careful control and optimization of the sintering pro-
file and time can reduce the sintering temperature and time
turther. The two ends of the cylindrical discs so produced are
then coated with a cermet paste consisting of a mix of silver
and nanoscale stoichiometric yttria stabilized zirconia pow-
der (a 50-50 wt % mix). Non-stoichiometric nanoscale pow-
ders can be utilized 1n the electrode as well. Platinum leads are
then attached to the cermet layer. This device can serve as an
oxygen-conducting electrolyte with significantly higher oxy-
gen 10n conductivity at lower temperatures than conventional
clectrolytes. Exemplary devices include but are not limited to
oxXygen sensors, oxygen pumps, or fuel cells. In this example,
the degree of non-stoichiometry 1s arbitrarily chosen, and
further optimization can be beneficial to the economics and
performance.

[0285] The benefits of this mvention can be utilized even
when the yttria in the zirconia formulation 1s replaced with
other stabilizers such as scandium oxide, calcium oxide, and
other oxides. Similarly, other Group IV oxides (e.g. ceria) and
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perovskites can be used instead of zirconia. Other 10n con-
ductors, for example, beta alumina and NASICONs {for
sodium 10n, lithium nitride and LISICONs for lithium 1ons,
silver 10dide for silver 10ons, Rb,Cu, (I,Cl, ; for copper 10ns,
polymers such as nafion and perovskites for hydrogen pro-
tons, can all benefit from the use of non-stoichiometry in the
ion conducting electrolytes and/or electrodes.

Example 29
Dopants 1n Formulations and Inks

[0286] Often, 1t 1s necessary to add secondary phase par-
ticles to a primary powder element to achieve a desired prop-
erty, such as temperature coelficient of the dielectric constant.
For example, commercial capacitor formulations of the Elec-
tronic Industry of America (FIA) X7R designation contain
additions of dopants (e.g. tantalum oxide, niobium oxide,
nickel oxide, bismuth oxide, silicates, titanates, and manga-
nese oxide) which are added to the base bartum titanate pow-
der to tailor the temperature-capacitance or other character-
istics of the material. The secondary phase particle additions
are also often used to facilitate low temperature sintering.
These materials include, but are not limited to, bismuth oxide,
copper oxide, titanium oxide, silicon oxide, and vanadium
oxide.

[0287] In these powder mixtures, it 1s usually desirable to
achieve a uniform mixture of the primary phase particles and
the secondary phase particles. This can be difficult 1f the
volume fraction of the secondary particles 1s small and 11 the
s1ze ol the secondary particles 1s large in relation to that of the
primary particles. The problem 1s that the number fraction of
the secondary particle phase 1s small in relation to that of the
primary particle phase; thus, the relative distances between
the secondary phase particles can be rather large. This can
translate to a non-uniform distribution of the secondary phase
particle species throughout the powder element and also in
the microstructure of the final product.

[0288] Nanocrystalline powders 1n general and non-sto-
ichiometric powders 1n particular produced by any technique
can reduce the size of the secondary particles relative to
primary particles and 1n turn, increase the number fraction of
the secondary particles 1n the powder element. This will trans-
late to a uniform mixedness in the powder element and 1n the
product’s microstructure.

[0289] To illustrate, 80 nm (preferably 40 nm, more pret-
erably 10nm) Ta, 30, o, Nb/5sO¢q 74, N1Og o5, M1, 5,0y o, Bi,,
30, 45, CU,y 50O, T10, ;, S10, <<, and V,,. 0, o~ are examples
of non-stoichiometric nanopowders that can be used as
dopants in device formulations and inks.

[0290] 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.

1-15. (canceled)

16. A method of forming a non-stoichiometric nanoscale
powder having one or more modified properties comprising;:
selecting a powder form of a stoichiometric metal com-
pound comprising at least one metal and at least one
clement selected from the group consisting of: C, O, N,

B, S, H, Se, Te, In, Sb, Al, N1, E, P, Cl, Br, I, S1, and Ge;
adding at least one dopant element to the metal compound

to form a mixture, wherein the at least one dopant ele-
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ment has a valency different than a valency of an elec-
tropositive element in the metal compound;

processing the mixture at a temperature greater than the

solid state reaction temperature of the mixture to pro-
duce a non-stoichiometric nanoscale powder form of a
substance comprising the at least one dopant element
and the metal compound, wherein the at least one dopant
clement 1s combined 1n the lattice of the metal com-
pound and wherein the resulting compound comprises
three or more elements;

wherein combining the at least one dopant element 1nto the

lattice of the metal compound modifies at least one prop-
erty of the metal compound; and

the nanoscale powder form of the substance 1s substantially

compositionally uniform.

17. The method of claim 16 wherein the at least one metal
in the metal compound 1s selected from the group consisting
of'T1, Mn, Fe, N1, Zn, Cu, Sr.Y, Zr, Ta, W, Se, V, Co, In, L1, Hf,
Nb, Mo, Sn, Sb, Al, Ce, Pr, Be, Np, Pa, Gd, Dy, Os, Pt, Pd, Ag,
Eu, Er, Yb, Ba, Ga, Cs, Na, K, Mg, Pm, Pr, N1, B1, T1, Ir, Rb,
Ca, La, Ac, Re, Hg, Cd, As, Th, Nd, Th, Md, and Au.

18. The method of claim 16 wherein the at least one dopant
clement 1s combined into the lattice 1n a concentration greater
than 1% over the stoichiometric values.

19. The method of claam 16 wherein the property 1s
selected from the group consisting of: electrical conductivity,
dielectric constant, dielectric strength, dielectric loss, polar-
ization, permittivity, critical current, superconductivity,
piezoelectricity, mean Iree path, curie temperature, critical
magnetic field, permeability, coercive force, magnetostric-
tion, magnetoresistance, hall coefficient, BHmax, critical
temperature, melting point, boiling point, sublimation point,
phase transformation condition, vapor pressure, anisotropy,
adhesion, density, hardness, ductility, elasticity, porosity,
strength, toughness, surface roughness, coellicient of thermal
expansion, thermal conductivity, specific heat, latent heat,
refractive index, absorptivity, emissivity, dispersivity, scatter-
ing, polarization, acidity, basicity, reactivity, energy density,
activation energy, iree energy, entropy, frequency factor, bio-
activity, biocompatibility, thermal coetlicient of any property
and pressure coelficient of any property.

20. The method of claim 16 wherein the processing com-
prises one or more of steps selected from the group consisting,
of: heating 1n 1nert atmosphere, heating 1n oxidizing atmo-
sphere and heating in reducing atmosphere.

21. The method of claim 16 wherein the processing modi-
fies one or more of the following characteristics of the nanos-
cale powders: shape, surface area, morphology, surface char-
acteristics, surface composition, size distribution and degree
ol agglomeration.

22. The method of claim 16 wherein the processing com-
prises plasma processing.

23. The method of claim 16 wherein the processing com-
prises a quench step after the mixture reaches the solid state
reaction temperature.

24. The method of claim 16 wherein the at least one dopant
clement has a valency different than at least two metals in the
metal compound.

25. The method of claim 16 wherein the nanoscale powder
has an aspect ratio greater than 1.

26. A method of forming a non-stoichiometric nanoscale
powder comprising;:

selecting a powder form of a stoichiometric metal com-

pound comprising at least one metal and at least one
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clement selected from the group consisting of C, O, N,
B, S, H, Se, Te, In, Sb, Al, N1, F, P, Cl, Br, I, S1, and Ge;

adding at least one dopant element to the metal compound
to form a mixture, wherein the at least one dopant ele-
ment has a valency different than a valency of an elec-
tropositive element 1n the metal compound;

processing the mixture at a temperature greater than the

solid state reaction temperature of the mixture to pro-
duce a non-stoichiometric nanoscale powder form of a
substance comprising the at least one dopant element
and the metal compound, wherein the at least one dopant
clement 1s combined 1n the lattice of the metal com-
pound and wherein the resulting compound comprises
three or more elements;

wherein combining the at least one dopant element 1nto the

lattice of the metal compound modifies at least one prop-
erty of the metal compound; and

the nanoscale powder form of the substance exhibits a

gradient composition.

277. The method of claim 26 wherein the at least one metal
in the metal compound 1s selected from the group consisting
ofT1, Mn, Fe, N1, Zn, Cu, Sr., Y, Zr, Ta, W, Sc, V, Co, In, L1, Hf,
Nb, Mo, Sn, Sb, Al, Ce, Pr, Be, Np, Pa, Gd, Dy, Os, Pt, Pd, Ag,
Eu, Er, Yb, Ba, Ga, Cs, Na, K, Mg, Pm, Pr, N1, Bi1, T1, Ir, Rb,
Ca, La, Ac, Re, Hg, Cd, As, Th, Nd, Th, Md, and Au.

28. The method of claim 26 wherein the at least one dopant
clement 1s combined 1nto the lattice 1n a concentration greater
than 1% over the stoichiometric values.

29. The method of claim 26 wherein the property 1s
selected from the group consisting of: electrical conductivity,
dielectric constant, dielectric strength, dielectric loss, polar-
ization, permittivity, critical current, superconductivity,
piezoelectricity, mean Iree path, curie temperature, critical
magnetic field, permeability, coercive force, magnetostric-
tion, magnetoresistance, hall coetficient, BHmax, critical
temperature, melting point, boiling point, sublimation point,

26
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phase transformation condition, vapor pressure, anisotropy,
adhesion, density, hardness, ductility, elasticity, porosity,
strength, toughness, surface roughness, coellicient of thermal
expansion, thermal conductivity, specific heat, latent heat,
refractive index, absorptivity, emissivity, dispersivity, scatter-
ing, polarization, acidity, basicity, reactivity, energy density,
activation energy, iree energy, entropy, frequency factor, bio-
activity, biocompatibility, thermal coelficient of any property
and pressure coefficient of any property.

30. The method of claim 26 wherein the processing com-
prises one or more of steps selected from the group consisting,
ol heating 1n 1nert atmosphere, heating 1n oxidizing atmo-
sphere and heating 1n reducing atmosphere.

31. The method of claim 26 wherein the processing com-
prises a combustion step.

32. The method of claim 26 wherein the processing com-
prises plasma processing.

33. The method of claim 26 wherein the processing com-
prises a quench step after the mixture reaches the solid state
reaction temperature.

34. The method of claim 26 wherein the at least one dopant
clement has a valency different than at least two metals 1n the
metal compound.

35. The method of claim 26 wherein the nanoscale powder
has an aspect ratio greater than 1.

36-39. (canceled)

40. The method of claim 26 wherein the processing modi-
fies one or more of the following characteristics of the nanos-
cale powders: shape, surface area, morphology, surface char-
acteristics, surface composition, size distribution and degree
ol agglomeration.

41-52. (canceled)

53. The method of claim 16 wherein the processing com-
prises a combustion step.
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