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ABSTRACT

Methods of preparing metal nanoparticles, mixed-metal nanoparticles, metal oxide
nanoparticles and mixed-metal nanoparticles are provided. The nanoparticles are formed
by providing at least one metal salt and mixing it with at least one base comprising an
ammonium salt under conditions where the metal salt and base ions are not completely
solvated to form a precursor material. The precursor material 1s heated to produce
nanoparticles having an average particle size between about 1nm and about 100nm with a

size distribution within about 1% to about 30% of the average particle size.
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PREPARATION OF UNIFORM NANOPARTICLES OF ULTRA-HIGH PURITY
METAL OXIDES, MIXED METAL OXIDES, METALS, AND METAL ALLOYS

STATEMENT REGARDING FEDERALLY SPONSORED R&D
[0001] Embodiments were made with support from United States
Government, and the United States Government may have certain rights in this invention

pursuant to the United States Government’s Department of Energy contract number DE-

FGO02-0SERT15666.
BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The invention relates to metal and metal oxide nanoparticles, methods
of preparing metal and metal oxide nanoparticles, compounds that may be used in the
preparation of metal and metal oxide nanoparticles, and products made from these
nanoparticles.

Description of the Related Art

[0003] The synthesis, characterization, and exploitation of nanometer-sized
materials are active fields. The exploration of the properties and uses for metals and metal
oxides at the nanoscale is underway in a variety of disciplines, such as chemistry, physics,
material science, and engineering. There exists a need in the art for a more economical and
efficient method of producing a variety of nanoparticles of uniform size, novel composition,
and high-purity. Also needed are reliable metal, mixed-metal (alloy), metal oxide and mixed-
metal oxide nanoparticles with improved characteristics and properties for use in diverse
applicantions.

SUMMARY OF THE INVENTION

[0004) Various embodiments of this invention provide a method of forming
nanoparticles comprising: providing at least one metal salt; providing at least one base
comprising an ammonium salt; mixing the at least one metal salt and the at least one base to
form a precursor material, wherein the metal salt and base 1ons are not completely solvated;
and heating the precursor material, wherein the nanoparticles have an average particle size
between about 1 nm and about 100 nm, and a size distribution that is within about 1% to about
30% of the average particle size. The heating process may release gaseous bi-products. The
resulting nanoparticles may have a substantially pre-determined stoichiometry. The heating of
the precursor material may be to a pre-determined temperature at a pre-determined rate in a

pre-determined atmosphere and for a pre-determined length of time. The at least one metal
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salt and at least one base may be mixed in a solid state substantially free of solvent and solvent
molecules or may be mixed with a solvent such as water provided that the metal salt and base
ions are not completely solvated.

[0005]) In preferred embodiments, metal nanoparticles, mixed-metal (alloy)
nanoparticles, metal oxide nanoparticles and/or mixed-metal oxide nanoparticles are provided.
According to embodiments, the nanoparticles may, but are not required to, possess one or
more of the following properties: a pre-determined average particle size, an average particle
size of about 1 nm to about 100 nm, a narrow size distribution, a size distribution within about
1% to about 15% of the average particle size, a pre-determined size distribution, substantially
uniform oxidation state, high purities, a pre-determined oxidation state, a pre-determined
stoichiometry, and a relatively uniform chemical composition. In certain preferred
embodiments, methods of preparing metal nanoparticles, mixed-metal nanoparticles, metal
oxide nanoparticles and mixed-metal nanoparticles are provided. Other preferred embodiments
relate to a precursor material that may be used to form nanoparticles. In some embodiments,
the precursor material may comprise a complex mixture comprising a metal hydroxide and a
salt compound. The term, "complex mixture", refers to an interaction among components in a
mixture beyond the interactions present in a simple physical mixture. In addition, products
prepared from such nanoparticles are disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Figure 1 1s an X-Ray Diffraction (XRD) pattern of samples of the
precursor material formed from mixing ammonium bicarbonate with aluminum nitrate, iron
nitrate, and nickel nitrate, respectively.

[0007] Figure 2 depicts Thermogravimetric Analysis (TGA) curves taken
from samples of the precursor material formed from mixing ammonium bicarbonate with
aluminum nitrate, iron nitrate, and nickel nitrate, respectively.

[0008] Figure 3 depicts Differential Scanning Calorimetry (DSC) curves taken
from samples of the precursor material formed from mixing ammonium bicarbonate with
aluminum nitrate, iron nitrate, and nickel nitrate, respectively.

[0009] Figure 4 1s an XRD pattern taken of a sample of the yttrium oxide
(Y,03) nanoparticles formed 1in Example 26.

[0010] Figure 5 1s a Transmission Electron Microscopy (TEM) image taken of

a sample of the yttrium oxide nanoparticles formed in Example 26.
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[0011} Figure 6'1s an XRD pattern taken of a sample of the nickel oxide (N10)
nanoparticles formed after heating precursor material at 300°C for one hour in air according
to Example 2.

[0012] Figure 7 1s a TEM image taken of a sample of the nickel oxide
nanoparticles formed 1n Example 2.

[0013] Figure 8 is an XRD pattern taken of a-sample of the nickel iron oxide
(N1Fe;04) nanoparticles formed in Example 6. |

[0014] Figure 9 1s a TEM image taken of a sample of the nickel iron oxide
nanoparticles formed in Example 6.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

10015] The 1following description and examples illustrate the preferred
embodiments of the present invention in detaill. Those of skill in the art may recognize that
there are numerous vanations and modifications of this invention that are encompassed by its
scope. Accordingly, the description of the preferred embodiments should not be deemed to
limit the scope of the present invention.

[0016] Embodiments relate, in very general terms and without limitation, to a
novel, simple method of producing large quantities of nanometer metal and metal oxide
powders with ultra-high purities and with tight control of the particle size as well as tight
control of particle size distribution and metal oxidation state. This method can be adapted to
an extensive variety and combination of metals and provides a commercially viable approach
to the large-scale production of metal and metal oxide nanoparticles. The nanoparticles
tormed thereby can be effectively used in a variety of applications such as catalysts, abrasion
and radiation protective coatings, batteries, ceramics, electronic and electro-optical devices,
fuel cells, supermagnets, photographic suspension, and the like. Embodiments also relate to
a precursor material that may be used to produce metal and metal oxide nanoparticles of high
purity, tight control of particle size, tight control of particle size distribution, and tight control
of metal oxidation state. The precursor maternial may be stable and may be adapted to a
variety of production conditions.

0017} As used ﬁerein, the term “nanoparticle™ i1s a broad term and is used in its
ordinary sense, including, without limitation, a particle of matter reasonably measurable on

the nanometer scale, including, but not limited to, a particle measuring between about 1 nm
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to about 100 nm in diameter. Nanoparticle may refer to a particle of matter in any particular
solid or semi-solid form, including, but not limited to, crystalline and amorphous sohd forms.

|0018] As used herein, the term “metal” 1s a broad term and 1s used 1n its ordinary
sense, mclading, without limitation, metals, metalloids, transition metals, lanthanides and
actinides. Specitically, as used herein, metal means any element of the Peniodic Table except
for Carbon, Nitrogen, Phosphorus, Oxygen, Sulfur, Fluorine, Chlorine, Bromine, lodine,
Hydrogen, Hehhum, Neon, Argon, Krypton, Xenon ahd Radon. As used herein, metals may
include metals and metalloids in any oxidation state and of any purnty.

|0019] Certain preferred embodiments relate to metal nanoparticles that may be
used in varnious industnal applications. The metal nanoparticles may be single metal
nanoparticles. Examples include, but are not limited to, beryllium, magnesium, aluminum,
scandium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc,
galllum, germanium, yttrium, zirconium, niobium, molybdenum, technetium, ruthenium,
rhodiam, palladium, silver, cadmium, indium, tin, anttimony, Ilanthanum, cerium,
praseodymum, neodymium, promethmum, samarium, europium, gadohmum, terbium,
dysprosium, holmium, erbium, thubium, ytterbium, lutetium, hafnium, tellurium, tantalum,
tungsten, rhenium, osmium, indium, platinum, gold, thallium, lead, bismuth, polonium,
thonum, protactinium, uranium, neptumium, and plutonium nanoparticles.

[0020] In addition, certain embodiments relate to metal and metal oxide
nanoparticles in various oxidation states. Different oxidation states of the metals may be O,
+1, +2, +3, +4, +5, +6, +7, and +8. The nanopartic!es may also comprise an oxide such as
beryllium oxide, magnesium oxide, aluminum oxide, scandium oxide, titanium oxide,
vanadium oxide, chromium oxide, manganese oxide, iron oxide, cobalt oxide, nickel oxide,
copper oxide, zinc oxide, gallilum oxide, germanium oxide, yttrium oxide, zirconium oxide,
niobium oxide, molybdenum oxide, technetium oxide, ruthenmium oxide, rhodium oxide,
palladium oxide, silver oxide, cadmium oxide, mdium oxide, tin oxide, tellurium oxide,
antimony oxide, lanthanum oxide, certum oxide, praseodymium oxide, neodymium oxide,
promethium oxide, samarium oxide, europium oxide, gadohnium oxide, terbium oxide,
dysprosium oxide, holmium oxide, erbium oxide, thulium oxide, ytterbium oxide, lutetium
oxide, hafnium oxide, tantalum oxide, tungsten oxide, rhenium oxide, osmium oxide, iridium

oxide, platinum oxide, gold oxide, thalllum oxide, lead oxide, bismuth oxide, polonium
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oxide, thorium oxide, protactinium oxide, uranium oxide, neptuntum oxide, and plutomum
oxide.

[0021] Some embodiments of the metal nanoparticles comprise alloys or mixed-
metal nanoparticles comprising a combination of any of the foregoing metals or metal oxides.
In still other embodiments, the nanoparticles comprise mixed-metal oxide nanoparticles
comprising a mixture of any of the foregoing metal compounds. Examples of mixed-metal
and mixed-metal oxide nanoparticles include, but are not limited to, nickel iron oxide, zinc
cobalt iron oxide, lithyum zinc nickel iron oxide, lithium cobalt oxide, zinc cadmium oxide,
aluminum zinc oxide, copper indium selenium, copper selenium, vanadium tin oxide, tin
uranium vanadium nickel oxide, vanadium antimony oxide, antimony tin oxide, vanadium
antimony tungsten oxide, bismuth strontium calcium copper oxide, uranium barium copper
oxide, bismuth strontium calcium copper, led bismuth, cadmium tellurtum, cadmium
selenium tellurium oxide, copper bismuth oxide, strontium titanium oxide, calcium titamum
oxide, lanthanum aluminum oxide, and mixtures thereof.

10022] In certain embodiments, the nanoparticles may measure about 1, 2, 5, 10,
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 nm 1n diameter. In
addition, the nanoparticles may range in size from about any of the foregoing amounts to
about any of the other foregoing amounts, including, but not himited to, about 1-100 nm,
about 5-80 nm, 5-30 nm, and 10-40 nm. In certain preferred embodiments, the nanoparticles
measure about 1-100 nm.

[0023] The purity of the nanoparticles is not particularly limited. The
nanoparticles may comprise purely the metal, metal oxide, mixed-metal, or mixed-metal
oxide nanoparticles or may comprise additional materials. The metal, mixed-metal, metal
oxide, or mixed-metal oxide nanoparticles may comprise about 1%, 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 85%, 920%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%,
99.9%, 99.99%, 99.999%, 99.9999%, 99.99999%, 99.999999% or 100% of a sample
comprising the nanoparticles. In certain preferred embodiments, the nanoparticles comprse
about 90% to about 100% of the sample. In other embodiments, the nanoparticles comprise
about 92% to about 99.999999% of the sample. In still other embodiments, the nanoparticles
comprise about 95% to about 99.999% of the sample.
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[0024] Further, the normal size distribution of the metal nanoparticles of a sample
of nanoparticles may comprise about 0.1%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,
11%, 12%, 13%, 14%, 15%, 18%, 20%, 23%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 75%., 85% or 95% of the average particle size of a sample. In addition, the normal size
distribution of the nanoparticles may comprise an amount in the range of about any of the
foregoing percentages to about any of the other foregoing percentages, including, but not
hmited to, about 0.1-15%, 1-8%, 2-12%, and 5-10% of the average particle size. In other
embodiments, one standard deviation of the size distribution would be a number less than
about 15 nm. In pther embodiments, one standard deviation of the size distribution would be
a number 1n the range from about 3 nm to about 10 nm.

[0025] In addition, the metal, mixe&-metal, metal oxide, and mixed-metal oxide
nanoparticles in .a sample may comprise various oxidation states or xﬁay substantially
comprise the same oxidation state.

[0026] The nanoparticies may be present in a crystalline form or an amorphous
form according to embodiments:

[0027] Certain preterred embodiments relate to a method of producing metal,
metal oxide, mixed-metal, and mixed-metal oxide nanoparticles. The method may comprise
the steps of providing starting matenials, mixing the starting materials to form a precursor
material and heating the precursor matenal sufficient to form nanoparticles. The starting
materials may be provided 1in any order. The starting matenals may be provided at the same
time or may be provided sequentially. Please note that this description is not intended to
limit the sequence of the steps in the method. For example, the starting materials may be
provided, mixed and then heated. Alternatively, the starting materials may be heated and
then mixed. In addition, the steps may be repeated in any combination as well. For example,
the starting materials may be heated, mixed, and then heated again. Altematively, the
starting materiais may be mixed, heated, and then mixed again. In addition, the starting
materials may be mixed, heated, mixed again, and then heated another time. The sequence is
not limted thereby.

10028] In certain embodiments, the starting matenals comprise a metal salt, or

mixtures thereof, and a base, or mixtures thereof.
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- |0029] The anion of the metal salt may comprise organic anions, 1norganic
anions, and mixtures thereof. Examples of organic anions include, but are not limmted to,
acetate, oxalate and citrate. Examples of inorganic anions include, but are not limited to,
nitrate, chloride, sulfate and phosphate.

10030} The metal of the metal salt may be any metal and may compnse an
oxidation state of +1, +2, +3, +4, +5, +6, +7, or +8. The metal salt may be in an anhydrous
form or it may be in a hydrated form. In addition, the metal salt may be in a crystalline form
or it may be in an amorphous form. In addition, in some embodiments, the starting matenals
can comprise a mixture of metal salts.

{0031] Examples of metals salts include, but are not limited to, cobalt mtrate,
cobalt oxalate, cobalt acetate, cobalt citrate; cobalt chloride, nickel nitrate, nickel sulfate,
nickel oxalate, nickel acetate, copper nitrate, copper sulfate, copper oxalate, copper acetate,
copper citrate, copper chlonde, zinc nitrate, zinc phosphate, zinc oxalate, zinc acetate, zinc
chlonde, aluminum nitrate, aluminum acetate, alominum citrate, aluminum chlonde,
aluminum oxalate, iron mtrate, iron oxalate, iron acetate, iron chlonde, iron nitrate, iren
oxalate, 1ron acetate, iron chloride, yttrium nitrate, yttrium acetate, yttrium chlonde, yttrium
citrate, neodymium nitrate, neodymium acetate, neodymium chlonde, neodymium citrate,
silver nitrate, silver acetate, silver phosphate, silver oxalate, silver chlonde, tin nitrate, tin
citrate, tin oxalate, tin chlonde, lithium nitrate, lithium acetate, hithium chlonde, hthium
citrate, zirconium chlonde, zirconium nitrate, zirconium citrate, zircontum oxalate,
manganese nitrate, manganese chloride, manganese oxalate manganese phosphate, mndium
nitrate, indium chlonde, indium acetate, iﬁdium citrate, indium oxalate, antimony nitrate,
“antimony phosphate, antimony acetate, cernnum chlonde, cermum citrate, gold nitrate, gold
acetate, gold sulfate, gold chlonde, indium nitrate, indium acetate, irtdium oxalate, 1indium
chloride, magnesium nitrate, magnesium chlonde, magnesium citrate, magnesium acetate,
and mixtures thereof.

[0032] The base may comprise a compound that, when mixed with the metal salt,
leads to the partial or complete hydrolysis of the metal salt and provides counter-cations for
the anion of the metal salt. The base may be in a solid form or it may be in a liquid form.
Examples of the base include, but are not hmited to, ammonium carbonate, ammonium

bicarbonate, ammonmum sesquicarbonate, ammonium chlornde, ammonium oxalate,
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ammonium sulfate, ammonium hydroxide, ammonium nitrate, lithiom hydroxide, sodium
hydroxide, potassium hydroxide, magnesium hydroxide, calcium hydroxide, and mixtures
thereof. ~

10033] The metal salt and the base may be provided n various amounts and molar
ratios. In addition, where the starting matertals comprise a mixture of two or more metal
salts, the metal salts may be provided in various amounts and molar ratios. According to
certain embodiments, the molar ratio of the metal salt to base is not particularly limited. For
example, the molar ratio of the metal salt to base may be about 0.01, 0.1, 0.5, 1, 1.5, 2, 2.5, 3,
3.5,4,45,5, 6,7, 8 9 or 10. In addition, the molar ratio of the metal salt to base can
comprise a number in the range of about any of the foregoing numbers to about any of the
other foregoing numbers, including, but not limited to, 0.01-5, 1-4, 2-6, and 1-3.

[0034] In certain embodiments, the starting materials are mixed sufficiently to
form a precursor material. As used herein, the term “precursor material™ 1s a broad term used
to describe, without limitation, the material formed when energy, including mechanical
energy, or force is added to the starting matenals durning mixing sutficient to cause intunate
contact of the starting matenials to induce a reaction 1n the starting matenals. The term
“precursor material” can be used to describe, without himitation, the material formed after
mixing the starting matenals for any amount of time, at any temperature, in any type of
atmosphere (oxidative, reductive, or inert), and with any amount of force or energy sufficient
to induce a reaction in at least a portion of the starting matenals. The precursor material may
comprise starting matenials that have been completely or partially converted, altered,
decomposed, or reacted. Evidence that a reaction occurs after adding energy to the starting
materials can be seen in XRD and TGA analysis oi‘ the starting matenals before and after
adding energy to the mxture.

10035] Although not mtending to be bound by theory, the inventors posit that, as
the mixing of the starting materials to form the precursor material proceeds, the metal of the
metal salt is hydrolyzed and the anion of the metal salt 1s partially or completely displaced by
hydroxyl groups to form crystalline or amorphous metal hydroxides. The oxidation state of
the metal may remain the same value during the hydrolysis and the mixing. In addition, the
oxidation state of the metal may increase or decrease depending on the conditions of the

mixing. During mixing, the base partially or completely decomposes or disassociates, and
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the anion of the metal salt i1s replaced by a hydroxide group. The amon of the metal salt and
the cation of the base may bond to form crystalline or amorphous salts.

[0036} Although not intending to be bound by theory, the inventors posit that as
the mixing proceeds, the metal hydroxide compounds form a complex mixture with the salts -
that have formed comprising the anions of the metal salt and the cation of the base. For
example, in embodiments where aluminum nitrate and ammonium bicarbonate are used as
starting materials, amorphous aluminum hydroxide formed dunng mixing forms a complex
mixture with ammonium mtrate salt compounds in the precursor matenal. Also, in another
non-limiting example, embodiments where iron nitrate and ammonium bicarbonate are used
as starting materials, amorphous iron hydroxide formed during mixing forms a complex
mixture with ammonium nitrate salt compounds in the precursor material. Finally, in another
non-limiting example, embodiments where nickel nitrate hydrate and ammonium bicarbonate
are used as starting materials, amorphous nickel hydroxide formed during mixing complexes
with ammonium nitrate salt compounds in the precursor matenial. Fig. 1 depicts XRD
diffraction patterns taken from samples of the precursor material formed from mixing
ammonium bicarbonate with alummum nitrate, iron nitrate, and nickel nitrate, respectively.
The diffraction patterns are each consistent witﬁ the presence of crystalline ammonium
nitrate. The XRD data confirms that crystalline ammonium nitrate 1s formed during mxing.
The absence of peaks corresponding to the diffraction pattern of aluminum, iron and nickel
hydroxides indicates that amorphous metal hydroxides are formed. Finally, Figs. 2 and 3
depict TGA and DSC curves of samples of the precursor matenial formed from mixing
ammonium bicarbonate with aluminum nitrate, won nitrate, and nickel nitrate, respectively.
The difference in the final endothermic decomposition temperature of the ammonium nitrate
among the three samples indicates a complex mixture has formed between the amorphous
hydroxide and ammomum nitrate. The salt interacts with each of the individual metal
hydroxides in a unique manner.

j0037] In some embodiments, the metal salt and the base are mixed 1n the sohd
state, substantially free of solvent and solvent molecules. In some embodiments, the metal
salt 1ons and the base ions are not solvated, but interact directly and replace each other
directly. In some embodiments, solvent molecules may be present duning mixing but not in

sufficient concentrations to completely solvate the metal salt and base ions. In still other
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embodiments, solvent molecules may be present sufficient to solvate the ions and form a
solution comprising the metal salt and the base dunng mixing.

[0038] As the mixing proceeds, the precursor material may become gelatinous or
semi-solid. In particular, in embodiments compnsing hydrated metal salts, the waters of
hydration may be liberated and thc precursor material may soften. Water may be added
during mixing to increase the effectiveness of the mixing and to assist in ensuring reaction
completion. For example, if the starting materials comprnise 5g of metal salt and 5g of base,
about 1,2, 5,10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 175 or 200 ml of water
may be added prior to or during mixing. In addition, an amount of water 1n the range from
about any of the foregoing numbers to about any of the other foregoing numbers may be
added to the mixture prior to or during mixing, including, but not limited to, 1-10 ml, 5-15 ml
and 3-10 ml of water.

|0039] In some embodiments, the color of the precursor matenial may change as
mixing proceeds. For example, the color of the precursor matenal comprising cobalt mtrate
and ammonium bicarbonate as starting materials may change from red to black as the mixing
proceeds. In embodiments comprising ammonium bicarbonate as the base, carbon dioxide
gas may evolve as the mixing proceeds.

[0040] The temperature of the precursor material as the mixing proceeds 1s not
particularly limited and may vary dunng the process of mixing. In certain preferred
embodiments, the maxing 1s conducted at room temperature (e.g., 20°C to 30°C). However,
In some embodiments, the mixing takes place at a temperature slightly or substantially below
room temperature. Also, in some embodiments, the mixing 1s conducted at temperatures
slightly or substantially higher than room temperature.

[0041] The duration of the mixing 1is not particularly limited. In some
embodiments, the mixing may proceed until substantially all of the metal salt has been
converted to metal hydroxide. This amount of time will vary depending on, among other
things, the metal salt used, the base used, the amount of water added prior to or duning
mixing, and the amount of force or energy introduced into the mixture system during mixing.
The conversion from metal salt to metal hydroxide may be monitored via TGA and/or-XRD.
In addition, the rate at which the metal salt 1s converted to the metal hydroxide will depend

upon, among other factors, the metal salt used, the base used, the amount of water added

_10-
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prior to or during mixing, and the amount of force or energy introduced into the mixture
system during mixing.

0042} During mixing, the particle size of the starting matenals and the precursor
matenials may be reduced due to various factors. The factors that may influence the particle
si1ze of the materials during mixing include, but are not limited to, the force or energy applied
to the mixing system during mixing, the length of time of mixing, and the temperature of the
mixture during mixing.

10043} Optionally, the precursor maternial may be mixed two or more times. The
various mixing procedures may be conducted under similar or different conditions.

[0044] The method of mixing 1s not particularly Iimited. Examples include, but
are not limited to, mortar and pestle grinding, ball milling, roller milling, or counter rotator
MIixing.

[0045] Similarly, the amount of energy or force introduced into the mixing
system 1s not particularly limited and can vary during the mixing process. In some
embodiments such as mixing and gnnding using a mortar and pestle, the amount of energy
varies aﬁd cannot be specifically quantiied. In other embodiments, the amount of energy
introduced during mixing can be tightly controlled to control the formation of the precursor
and control the formation of nanoparticles after mixing. For example, through the use of a
ball mill, a roller mill, or a counter rotator, the amount of energy or force introduced into the
mixing system and applied to the starting matenals can be more controlled.

[0046] In certain embodiments, the precursor material comprising the metal
hydroxide(s) may be dned to remove any excess water. The drying may be conducted at
about 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115 or 120°C. ‘In
addition, the drying may be conducted at a temperature in a range from about any of the
foregoing values to about any of the other foregoing values, including, but not limited to, 70-
100, 80-95, and 85-100°C. In embodiments where the precursor material is dried, the drying
may be conducted for various lengths of time including, but not Iimited to, about 1, 5, 12, 24,
48, 72, 96, 120, 144, 168, 192, 216, 240, 500, 750, 1000, 1500, 2000, or 2500 hours. In
addition, the drying may be conducted for an amount of time in a range from about any of the
foregoing amounts to about any of the other foregoing amounts, including, but not limited to,

1-24, 2-20, and 5-8 hours. Afier drying, the precursor material may be agglomerated. The
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agglomerated precursor material may be ground, sonicated or subjected to some other
treatment in order to separate and disperse the particles of the precursor material.

[0047] The precursor matenal 1s stable in certain preferred embodiments. As
mentioned above, the precursor material may be dried. The precursor material may be
ground to separate the particles or to reduce the size of the precursor material particles. The
precursor material may be stored for extended periods of time. The precursor material may
be stored in air or under an nert atmosphere.

[0048] In certain embodiments, the precursor material compnsing the metal
hydroxide(s) may be heated. As the heating proceeds, the metal hydroxide(s) of the
precursor material partially or completely dehydrate to form metal, metal oxide, mixed-
metal, or mixed-metal oxide nanoparticles and the other salts of the precursor material
decompose. In some embodiments, the salts may decompose to release gaseous products.
For example, oxalate, citrate and acetate may partially or completely decompose to produce
carbon dioxide and water; chlondes may partially or completely decompose to form chlorine
gas, ammonmum may partially or completely decompose to form ammonia gas; and nitrate
may partially or completely decompose to form nitrous oxide and water. In other
embodiments, the salts may partially decompose and partially remain in the sample
comprising the nanoparticles.

]0049] The heating may be conducted under various conditions including various
heating rates, dwell temperatures, dwell times, and cooling rates. In addition, the heating
may be conducted under a combination of two or more heating rates, dwell temperatures

and/or dwell times.

[0050] The heating rate is not particularly limited and may comprise a heating
rate of about 0.1, 0.5,1,2,3,4,5,6,7,8,9, 10, 12,15, 17, 20, 22, 25, 27, 30, 32, 35, or 40°C
per minute. In addition, the heating rate may comprise a rate in the range from about any of
the foregoing values to any of the other foregoing values, including, but not limited to, 5-30,
10-40, and 20-30°C per minute.

10051} The dwell temperature is not particularly limited and may comprise a
dwell temperature of about 150, 175, 200, 210, 220, 230, 240, 0250, 260, 270, 280, 290, 300,
310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 410, 420, 430, 440, 450, 460, 470, 480,
490, 500, 510, 520, 530, 540, 550, 560, 570, 580, 590, 600, 610, 620, 630, 640, 650, 660,
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670, 680, 690, 700, 710, 720, 730, 740, or 750°C. In addition, the dwell temperature may
comprise a temperature in the range of about any of the foregoing values to any of the other
foregoing values, including, but not limited to, 250-750, 300-650, 275-675, 300-400, 300-
550, 400-600, and 300-600°C.

[0052] The dwell time 1s not particularly limited and may comprise a dwell time
of about 1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 83, 90, 95, 100, 110,
120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280, 290,
300, 310, 320, 330, 340, 350, 360, 370, 380, 390, 400, 450, 500, 550, or 600 minutes. In
addition, the dwell time may compnse a length of time in the range from about any of the
foregoing values to about any ot the other foregoing values, including, but not limated to 100-
600, 180-300, 200-400, and 350-500 minutes.

10053] In certain preferred embodiments, the heating process may comprise an
initial heating rate, a dwell temperature and a dwell time. Further, in certain preferred
embodiments, the initial heating rate comprises about 5°C to about 20°C per minute, the final
dwell temperature compnses a temperature of about 300°C to about 600°C, and the dwell
time comprises about 30 to about 90 minutes. In certain industnial applications such as fuel
cells, it may be beneficial to select metal salts that may be used at a higher dwell
temperature. The selection of metal salt and base and the production of the nanoparticles can
be tailored to the application.

[0054] The size of the resulting nanoparticles may vary depending on, among
other factors, the starting materials used, the molar ratio of the metal salt to base, the duration
of mixing, the amount of metal hydroxide(s) formed duning mixing, the heating rate, the
dwell temperature and the dwell time. For example, in embodiments compnising the same
starting materials, nanoparticles formed after a longer mixing time or a more complete
reaction to form metal hydroxide(s) during mixing and heating may be smaller than
nanoparticles formed after a shorter mixing time and/or a less complete reaction to form
metal hydroxide(s) during mixing and heating. In addition, in another non-limiting example,
in embodiments comprising the same starting matenals, mixing conditions and heating
conditions, nanoparticles formed from starting matenals compnsing a larger base to metal
salt ratio may be smaller than nanoparticles formed from starting matenals comprising a

smaller base to metal salt ratio. In addition, in another non-lmiting example, 1in
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embodiments comprising the same starting materials, nanoparticles formed during a less
rapid heaiing rate or a lower dwell temperature may be smaller than nanoparticles formed
during a more rapid heating rate or a higher dwell temperature. Also, in embodiments
comprising the same starting materials, nanoparticles formed during a shorter dwell time may
be smaller than nanoparticles formed during a longer dwell time.

j0055] In addition, the shape of the resulting nanoparticles may vary depending
on, among other factors, the type of metal being used and the reaction conditions. In certain
embodiments, spherical nanoparticles-are formed. However, as exemplified by the yttrium
oxide particles formed in Example 26, the nanoparticles formed may be cylindrical or rod-
shaped. The formation of rod-shaped nanoparticles indicates that the above-described
method permits crystals to grow and form thermodynamically stable conformations.

10056} In certain embodiments, the heating may be conducted under an oxidative,
inert, or reductive atmosphere. An oxidative atmosphere may comprise an atmosphere
comprising oxidative reagents such as oxygen. A reductive atmosphere may comprise an
atmosphere comprising reductive reagents such as hydrogen gas. An inert atmosphere may
comprise an atmosphere substantially free from oxidative reagents and reductive agents. For
example, an inert atmosphere may comprise argon, helium, or nitrogen 2as.

[0057)- In addition, the heating may be conducted under a combination of one or
more such atmospheres. For example, the heating may take place for a certain penod of time
under an inert atmosphere, and, for a certain period of time, under a reductive atmosphere.
Also, in some embodiments, the heating may take place for a certain period of time under an
oxidative atmosphere, and, for a certain period of time, under a reductive atmosphere. Please
note that these examples are meant for illustrative purposes only and are not exhaustive of
the possible combinations and/or variations. |

[00S8] The oxidation state of the resulting nanoparticles may be controlled
through the practice of heating under an oxidative, inert, or reductive atmosphere. For
example, heating the precursor material under an oxygen atmosphere may be used to yield
high oxidation state metal oxide nanoparticles. Similarly, heating the precursor matenal
under a hydrogen atmosphere may be used to yield metal nanoparticles in a zero oxidation

state. Finally, heating the precursor material under an inert atmosphere may be used to

maintain the oxidation state of the starting metal salts.
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[0059] The oxidation state of the resulting nanoparticles may be substantially
uniform. For example, if the heating of the precursor material is conducted under a reductive
atmosphere, all or substantially all of the nanoparticles formed may be in the zero oxidation
state. Similarly, if the heating of the precursor material is conducted under an inert
atmosphere, all or substantially all of the metals of the metal oxide nanoparticles may be 1n
the same oxidation state as the starting matenals. Please note that this description 1s merely
for illustrative and descriptive purposes and not intended the lhmit the scope of the mnvention
in any way. There may be several other factors such as starting materials and mixing
conditions that may affect the oxidation state of the resulting nanoparticles.

[0060] In addition, according to some embodiments, the resulting nanoparticles
can comprise a mixed oxidation state material.

[0061] The size distribution of the resulting nanoparticles may be substantially
uniform. For example, heating the precursor material may result in the formation of
nanoparticles wherein the normal size distribution of the nanoparticles comprises about
0.1%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%, 18%, 20%,
23%., 25%, 30%, 35%, 40%, 45% or 50% of the average particle size of the sample. The
extent of uniformity may depend on several factors including, but not limited to, the extent to
which the metal hydroxide(s) is (are) formed from the metal salts during mixing, the heating
rate and the dwell temperature. In some embodiments, one standard deviati.(’)n of the particle
size distribution is a number that is less than about 15 nm. In other embodiments, one
standard deviation of the particle size distribution is a number 1n the range of about 3 nm to
about 10 nm, or about 2 nm to about 6 nm.

| 0062} In certain preferred embodiments, the crystal phase of the resulting metal,
metal oxide, mixed-metal, and mixed-metal oxide nanoparticles may be substantially
uniform. For example, in some embodiments, the resulting particles are substantially of a
single phase. The phase purity of the resulting nanoparticles may depeﬁd on several factors,
including, but not limtted to, the atmosphere under which the heating is conducted (oxidative,
reductive, or inert), and the base used.

{0063] The purity of the nanoparticles 1s not particularly hmited. The collection
may comprise purely the nanoparticles or may comprise additional materials. The metal,

mixed-metal, metal oxide, or mxed-metal oxide nanoparticles may comprise about 1%, 5%,
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10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
7%, 98%, 99%, 99.9%, 99.99%, 99.999%, 99.9999%, 99.99999%,99.999999% or 100% of
the sample. In certain preferred embodiments, the nanoparticles comprise about 98-100, 98-
99, 98-99.999, 99-09.99999 and 98-100% of the sample. The purity of the resulting
nanoparticle sample may depend, among other factors, on the purity of the starting materials.

[0064] The morphology (shape) of the nanoparticles may be substantially
uniform.

[0065] In embodiments comprising the formation of alloys or mixed-metal
nanoparticles and mixed-metal oxide nanoparticles, the stoichiometry of the mixed-metal and
mixed-metal oxide nanoparticles may vary depending on, among other ;‘actors, the molar
ratio of the various metal salts in the starting materials. In general, the stoichiometry of the
resulting mixed-metal or mixed-metal oxide nanoparticles will follow the molar ratios of the
metal salts of the starting matenals in embodiments where other factors are constant. For
example, 1f the starting matenals comprise a molar ratio of a first metal salt to a second metal
salt of 1:1, the stoichhometry of alﬁl or substantially all of the resulting mixed-metal or mixed-
metal oxide nanoparticles forrmed after mixing and heating may be 1:1. Also, if the starting
matenals comprise a molar ratio of a first metal salt to a second metal salt to a third metal

~salt of 1:1:2, the stoichiometry of all or substantially all of the resulting mixed-metal or
mixed-metal oxide nanoparticles formed after mixing and heating may be 1:1:2. Thus, a very
precise metal stoichiometnc rat1o can be achieved. Please note that this description 1s merely
for illustrative and descniptive purposes and not intended the limit the scope of the invention

in any way. There may be several other factors that may affect the stoichiometry of the

resulting mixed-metal nanoparticles.

EXAMPLES

[0066] It should be understood that the examples and embodiments described
herein are for illustrative purposes only and that various modifications or changes in light thereof
will be suggested to persons skilled in the art and are to be included within the scope of this

application. The invention can take other specific forms without departing from the scope thereof.

[0067] Example 1: 20 grams of cobalt nitrate (Co(NO;3)-6H,0O) were

mixed with 6.2 grams ammonium bicarbonate. As the mixing process proceeded, a sohd
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state reaction occurred changing the appearance of the precursor material from red to black.
The mixture was mixed using a mortar and pestle for about 25 minutes, forming the
precursor material. Next, the precursor was dried at 80°C for about 6.5 hours and then
heated at 300°C for two hours under an argon atmosphere. The resulting product was 8 nm
cobalt oxide. The purity of the cobalt oxide product was measured by ICP and found to have
no detectable impurities down to the ppm level.

[0068]} Example 2: Example 1 was repeated except that 20 grams of nickel
nitrate (Ni(NO,),-6H,O) were used instead of the 20 grams of cobalt nitrate and 8.1 grams of
ammonium bicarbonate were used instead of 6.2 grams. The precursor material was divided
into two portions. One portion was heated at 300°C for one hour in air and the other portion
was heated at 400°C for one hour in air. The portions yielded 3 nm and 9 nm nickel oxide,
respectively. A TEM image and an XRD pattern of the 3 nm nickel oxide are shown in
Figures 6 and 7, respectively.

|0069] Example 3: Example 1 was repeated except that 20 grams copper
nitrate (Cu(NO3),-2.5H,0) and 7.7 grams of ammonium bicarbonate were used. The
precursor material was heated at 300°C for one hour in air yielding 8 nm copper oxide
(CuO).

10070} Example 4: Example 1 was repeated except that 20 grams zinc nitrate
(Zn(NO3),:6H,0) were used instead of the 20 gram cobalt nitrate and 7.9 grams of
ammonium bicarbonate were used. The precursor material was divided into two portions.
One portion was heated at 300°C for 90 minutes in air and the other portion was heated at
400°C for 90 minutes 1n air yielding 8 nm and 16 nm zinc oxide (ZnQ), respectively.

{0071] Example 5: Example 1 was repeated except that 20 grams
aluminum nitrate (AI(NO;);-9H,0) were used instead of the 20 gram of cobalt nitrate and 13
grams ammonium bicarbonate were used. The precursor material was divided into two
portions. One portion was heated at 300°C for one hour in air and the other portton was
heated at 450°C for one hour in air yielding 2 nm and 8 nm aluminum oxide (AlO;),

respectively.

[0072] Example 6: Example 1 was repeated except that the starting
matenals were 30 grams iron nitrate (Fe(NO3)2:9H,0), 10.8 grams nickel nitrate

(N1(NO3),-6H,0), and 14.1 grams ammonium bicarbonate were used. The precursor material
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was divided into two portions. One portion was heated at 300°C for 20 minutes in air and the
other portion was heated at 500°C in air yielding nickel 1ron oxide (NiFe,O,) crystals
measuring less than 1 nm and 7 nm, respectively. An XRD pattern and a TEM 1mage of the
7 nm nickel iron oxide nanoparticles 1s shown 1n Figures 8 and 9, respectively.

[0073] Example 7: Example 1 was repeated except that the starting
materials were 30 grams iron nitrate (Fe(NO3);-9H,0), 4.6 grams (Zn(NOs3),-6H20), 6.72
grams cobalt nitrate (Co(NOs3),-6H20), and 25 grams ammonium bicarbonate. The precursor
material was heated at 400°C for one hour 1n air yielding about 8§ nm crystalline zinc cobalt
iron oxide (Zng.4Cog4Fe204).

0074} Example 8  Example - 1 was repeated except that the starting
matenials were 30 grams 1ron nitrate (Fe(NQO3)2-9H,0), 3.80 grams (Zn(NO3),-6H,0), 4.02
nickel nitrate (Ni(NO;3)2-6H,0), 0.36 grams hthmum mtrate (LiNQO;), and 22 grams
ammonmum bicarbonate were used. The precursor material was dried and heated at 450°C for
onc hour in air yielding 8 nm crystalline hthium zinc nickel 1ron oxide
(Lio.15Zn0.3N190.4F€2.1504).

[0075] Example 9: Example 1 was repeated except that 20 grams yttrium
nitrate (Y(NO3);-:6H,0) and 14 grams of ammonium bicarbonate were used as starting
materials. The precursor material was dried and dived into two portions. One portion was
heated at 400°C for one hour in air and the other portion was heated at 500°C for one hour in
air yielding 1 nm and 13 nm yttrium oxide (Y>0O3), respectively.

[00706] Example 10: Example 1 was repeated except that 20 grams
neodymium mtrate (Nd(NO;);-6H,0) and 15 grams ammonium bicarbonate were used as
starting materials. The precursor material was dried and then heated at 500°C for one hour in
air yielding 9 nm neodymium oxide (Nd;O3).

10077} Example 11: Example 1 was repeated except that 5 grams silver
nitrate (AgNO;) and 6 grams ammonium bicarbonate were used as starting materials. The
precursor material was dned and then heated at 250°C for one hour 1n air yielding 67 nm
silver oxide (Ag,0O).

[0078] Example 12: Example 2 was repeated except that the dned precursor
material was heated at 450°C for two hours 1n a hydrogen atmosphere yielding 40 nm nickel

metal nanoparticles.
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[0079] Example 13: Example 1 was repeated except that the dried precursor
material was heated at 300°C for two hours and four hours, respectively, under an argon
atmosphere. The product was 8 nm and 10 nm cobalt oxide, respectively.

|0080] Example 14: 5 grams of tin oxalate (Sn(C;H30O3);) were combined with
3.4 grams of ammonium bicarbonate in an alumina mortar and mixed for approximately 15
minutes, forming the precursor material. As the mixing proceeded, the mixture became wet
and formed a gel. After mixing, the precursor material was placed in an oven at 85°C for 24
hours and dried. 2.72 grams of the dried precursor material were yielded. The dried
precursor material was spread in an alumina combustion boat and heated at 300°C for one
hour with a ramp rate of 20°C per minute. 2.5 grams of tin oxide (Sn0O;) product were
obtained and analyzed. The average diameter of the resulting nanoparticles was 4 nm. The
purity of the nanoparticles was determined using Inductively Coupled Plasma (1CP) analysis.
The tin oxide sample was determined to contain less than 0.5% carbon, less than 0.5%
hydrogen, and less than 0.5% nitrogen. No detectable levels of chorne, lead, iron, sulfate
were observed. Thus, the tin oxide samples was greater than 98.5% pure. The impunties
appear to be due to water and carbon dioxide adsorbed to the surface of the nanoparticles
rather than an integral part of the nanoparticles.

0081} Example 15: 0.59 grams hthium nitrate (LiNOg,) and 2.11 grams of cobalt
oxalate (Co(C;H30,),-4H,0) were combined with 2.0 grams of ammonium bicarbonate. The
mixture was mixed in an alumina mortar and pestle forming the precursor material. The
precursor material became wet and formed a pasty mass or a thick sharry. The slurry was
mixed for more than 20 minutes until no more gas evolved. The precursor matenal was then
dried in an oven at 85°C for 24 hours. The dnied precursor matenal was then baked at 400°C

for two hours. Lithium cobalt oxide (LiCo0O;) was produced; the average diameter of the

resulting nanoparticles was 15 nm.

[0082] Example 16: 3.6619 grams nickel oxalate hydrate (NiC,04-2H,O) and
3.1653 grams ammonium bicarbonate (ammonium:oxalate ratio of 2:1) were combined in a

mortar and 5.0 ml of water was added to the muxture. The mixture was mixed with a pestle
for 10 minutes forming the precursor material. The resulting precursor matenal was placed
in an oven preheated to 90°C and dried for 24 hours. The dried precursor material was

ground into a fine powder. The dried precursor material was then placed in a box furnace
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that was programmed to heat from 25-300°C in 30 minutes and to hold at this temperature
for one hour. The final product was a black powder consisting of nickel oxide with an
average particle size of 6.5 nm.

[0083] Example 17: The experiment of Example 16 was repeated, except the
molar ratio of ammonium:oxalate was changed to 5:2 (3.9559 grams ammonium bicarbonate
and 3.6650 grams nickel oxalate hydrate). The final size of the product particle was reduced
to 5.3 nm. |

|0084] Example 18: 6.9928 grams of zirconium chlonde (ZrCly), 0.9994 grams
yttrium nitrate hydrate (Y(NO3);-6H,0), and 12.6360 grams ammonium bicarbonate were
mixed in a mortar with a pestle forming the precursor material. 10 ml ethanol was added
during the mixing. The mixing was continued with occasional water addition until bubbhing
ceased. The total water addition was 12 mil. The precursor material was dned at 90°C for 24
hours. The dried precursor material was heated at 550°C for one hour. 7 nm yttnum-
stabilized zirconia particles were formed.

j0085] Example 19: 3.6970 grams aluminum nitrate were mixed with 1.8 ml
ammonium hydroxide (18M). The mixture was mixe;d for ten minutes forming the precursor

material. The precursor material was dried at 80°C for eight days. The dried precursor
material was then heated at 300°C for two hours in air, yielding 15 nm aluminum oxide
(AL, Os).

[0086] Example 20: 4.6549 grams copper nitrate hydrate (Cu(NO3),-2.5H20)
were mixed in a mortar foxi five minutes. 3.9566 grams ammonium bicarbonate was then
added. The mixtu{'e was then mixed for five minutes tfollowed by the addition of 5 m] H,O
and then another seven minutes of mixing. The precursor material was then dried at 90°C for
24 hours. The precursor material was placed 1in a tube furmmace. The furnace was tlushed
with pure H; for one hour at a flow rate higher than 200 ml/min. The precursor matenal was
then heated from 30°C to 450°C at 10°C per minute and cooked at this temperature for two
hours with a constant H, flow of 90 ml/min. The sample was removed from the furnace and
cooled to 30°C. Copper particles of 47 nm were formed.

[0087] Example 21: 5.9763 grams 1ron*citrate (CgHsFeO7:3H,0), 6.3248 grams

ammonium bicarbonate, 5 ml H,O were mixed in a mortar until bubbling ceased. The

-20-



CA 02637618 2008-08-06
WO 2007/098111 PCT/US2007/004279

precursor material was then dnied at 90°C for 24 hours. The dried precursor matenal was
heated at 500°C for one hour. Iron oxide (Fe,O3) with a particle size of 36 nm was formed.

|0088] Example 22: 3.9234 grams manganese chloride were mixed with 3.2199
grams ammonium bicarbonate. 0.5 ml distilled water were added duning mixing. Mixing
proceeded for ten minutes forming the precursor material. The precursor matenial was then
dried at 80°C for 48 hours. The dried precursor material was then heated at 350°C for two
hours in air, yielding pale pink, 59 nm manganese oxide. XRD analysis shows that the most
prominent oxidation state 1s MnsOg, but there are peaks characteristic of other oxidation
states present as well.

[0089] Example 23: Varnious amounts of mickel nitrate hydrate (Ni(NO3)2-6H20),
cobalt nitrate hydrate (Co(INO3),-6H,0), and ammonium bicarbonate were mixed in a mortar.
In one sample, 5.815 gram nickel nitrate hydrate was mixed with 3.9543 gram ammonium
bicarbonate. 1In a second sample, 4.6547 gram nickel mitrate hydrate, 1.1639 gram cobalt
nitrate hydrate, and 3.9529 gram ammonium bicarbonate were mixed in a mortar. In a third
sample, 2.9076 gram nickel nitrate hydrate, 2.9100 cobalt mitrate hydrate, and 3.9543 gram
ammonium bicarbonate were mixed in a mortar. In a fourth sample, 1.1635 gram nickel
mitrate hydrate, 4.6556 gram cobalt nitrate hydrate, and 3.9545 gram ammonium bicarbonate
were mixed in a mortar. In a fifth sample, 5.9220 gram cobalt Qitrate hydrate and 3.9524
gram ammonium bicarbonate were mixed in a mortar. 5 ml of water were added during the
mixing of each sample. Each of the resulting precursor materials was dried at 90°C for 24
hours. The dried samples were then placed in a tube furnace. The furnace was flushed with

pure H, for one hour at a tflow rate higher than 200 ml/min. The precursor matenals were
then heated from 30°C to 450°C at 10°C/min and cooked -at this temperature for two hours
with a constant H, flow of 90 ml/min. Each of the samples was taken out after the furmnace
was cooled down to 30°C. Sample 1 resulted in pure nickel metal nanoparticles measuring
16 nm. Sample 2 resulted in nickel cobalt mixed metal nanoparticles compnsing 80% nickel
and 20% cobalt and measuring 40 nm. Sample 3 resulted 1in mickel cobalt mixed metal
nanoparticles comprising 50% nickel and 50% cobalt, and measuring 70 nm. Sample 4
resulted 1n nickel cobalt mixed metal nanoparticles comprising 20% nickel and 80% cobalt,

and measuring 64 nm. Finally, Sample 5 resulted in pure cobalt metal nanoparticles

measunng S0 nm.
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[0090] Example 24:. 5.5460 grams nickel citrate hydrate (Nig(C6H507)2'H20),
6.3248 grams ammonium bicarbonate, 5 ml H,O were mixed in a mortar until bubbling
ceased forming the precursor material. The precursor material was dned at 90°C for 24
hours. The dried precursor matenal was heated at 500°C for one hour. Nickel oxide (Ni1O)

nanoparticles measuring 8 nm was formed.

[0091] Example 25: 5.818 grams nickel nitrate were mixed with 2 m] ammonium
hydroxide (18 M). The mixture was mixed for ten minutes forming the precursor matenal.
The precursor material was then dned at 110°C for 24 days. The dned precursor matenal
was then heated at 300°C for two hours i1n air, yielding 22 nm nickel oxide (N10).

[0092] Example 26: 6.265 grams yttrium nitrate were mixed with 4.05 grams
ammonium bicarbonate. The mixture was mixed for one hour using a mortar and pestle. The
precursor material was then dried at 80°C for four weeks. The dried precursor material was
then heated at 450°C for 2 hours in air, yielding 11 nm yttrium oxide (Y203). An XRD
pattern and a TEM mmage of a sample of the yttrium oxide are shown 1n Figures 4 and 3,
respectively.

[0093] Example 27: 10.0248 grams yttrium nitrate were mixed with 6.6234
grams ammonrium bicarbonate. The mixture was mixed for 30 minutes 1n a mortar and pestle
formng the precursor matenal. The precursor material was then dned at 80°C for 24 hours.
The dried precursor matenal was then heated at 400°C for one hour in air, yielding 82 nm
yitrium oxide.

]0094] Example 28: 5.818 grams nickel nitrate were mixed with 3.162 grams
ammonium bicarbonate. The mixture was mixed for ten minutes using a mortar and pestle
forming the precursor matenal. The precursor matenial was then dned at 80°C for 24 hours.
The dnied precursor material was divided into two portions. One portion was heated at
290°C for 30 minutes, ramped up to 300°C in ten minutes, then held at 300°C for 90 minutes,
yielding 17 nm nickel oxide. The other ﬁoﬂion was heated at 280°C for 30 minutes, ramped
up to 300°C 1n ten minutes, then held at 300°C for 90 minutes, yielding 26 nm nickel oxide.

10095] Example 29: 5.5 ml titammum chlonde (T1Cls) were mixed with 15.8183
grams ammonium bicarbonate and ground 1in a mortar under a flame hood. The mixture was
mixed 1 the mortar until bubbling ceased forming the precursor material. 15 ml of water

was added during the mixing. The precursor material was then dried in an oven at 90°C for
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24 hours. The dned precursor material was heated at 350°C for one hour. 7 nm titanium
oxide (T107) particles were obtained. The purity of the sample was determined using ICP
analysis. The titanium oxide sample was determined to comprise less than 0.5% carbon, less
than 0.5% hydrogen, less than 0.5% nitrogen, and 0.47% chlorine. No detectable levels of
lead, iron, and sulfur were observed. Thus, the titanium oxide was greater than 98% pure.
The impunties appear to be due to water and carbon dioxide adsorbed on the surface of the
particles rather than an integral part of the nanoparticles.

[0096] Example 30: 2.6683 grams zinc chloride were mixed with 3.155]1 grams
ammonium bicarbonate. 1 ml distilled water was added during mixing. The mixture was
mixed for 10 munutes using a mortar and pestle forming the precursor material. The
precursor material was dried at 80°C for 48 hours. The dried precursor material was then
heated at 350°C for two hours in air, yielding 15 nm zinc oxide (ZnO).

[0097] Example 31: 2.39989 grams zirconium chloride was mixed with 3.1379
grams ammonium bicarbonate. 4 ml distilled water were added during mixing. The mixture
was mixed for ten minutes using a mortar and pestle forming the precursor material. The
precursor material was then dried at 80°C for 48 hours. The dried precursor material was
then heated at 350°C for two hours in air, yielding 5 nm zirconium oxide (ZrO,).

j0098] Example 32: 20 grams aluminum nitrate were mixed with 8.1 grams
ammonium bicarbonate. The mixture was mixed for about 25 minutes using a mortar and
pestle forming the precursor material. The precursor material was dried at 80°C for about 6.5
hours. The dried precursor material was divided into two portions and heated at 300°C and
400°C for one hour in air, respectively, yielding 2 nm and 8 nm aluminum oxide,
respectively. The purity of the 2 nm nanoparticles sample was determined using ICP. The
aluminum oxide sample was determined to comprise less than 0.5% carbon, 2.49% hydrogen,
2.24% nitrogen, less than 27 ppm chlorine, 37 ppm lead, less than 7 ppm iron, and less than 4
ppm sulfur. Thus, the aluminum oxide was greater than 94% pure. The impurities appear to
be due to water and carbon dioxide adsorbed to the surface of the nanoparticles. Such
adsorbed molecules can be removed.

[06099] Example 33: 20 grams cobalt nitrate hydrate were mixed with 6.2 grams
ammomum bicarbonate. The mixture was mixed using a mortar and pestle for about 25

minutes forming the precursor material. The precursor material was dried at 80°C for about
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6.5 hours and then heated at 300°C tor two hours in air. The resulting product was 10 nm
Co0304.

[0100] Example 34: 12.5554 grams bismuth nitrate hydrate (Bi(NO3)3-5H20)
were mixed with 6.0325 grams ammonium bicarbonate for about 25 minutes forming the
precursor matenial. Bubbles formed dunng mxing, but no more bubbles formed after 25
minutes. The precursor material was dried overnight at 90°C. The drnied precursor matenal
was then heated at 300°C for one hour, yielding 10 nm bismuth oxide (B1,03).

0101} Example 35: 3.9765 grams of FeCl, was mixed with 3.9567 grams of
ammonium bicarbonate in a mortar. 5 ml water was then added. The mixing was continued
unti] bubbling stoppéd. The precursor material was transferred to a porcelain combustion
boat and the boat was placed in a tube furnace. The tube furnace was sealed and the furnace
chamber was evacuated with a pump for 2 to 3 minutes. The furmace was then back-filled
with He gas. This procedure was repeated three times to remove any residual air (oxygen) in

the furnace. After the third pumping, stable He gas flow was established through the tube
furnace at a flow rate higher than 90 ml/min. The furnace temperature was raised from 30°C
to 90°C at 10°C /min and was kept at this temperature for 24 hours to dry the reaction

mixhare. The furnace was then heated to 360°C at 10°C /min and held at 360°C for 1 hour.

The sample was not removed from the furnace until the temperature of the furnace had

cooled down to 30°C. The product was ground i1nto a fine powder and XRD analysis showed
the formation of 54 nm magnetite, a mixed oxidation state matenal.

j0102] Example 36: 3.735 grams aluminum nitrate were mixed with 1.232 grams
sodium hydroxide. The mixing proceeded for 10 min using a mortar and pestle. Next, the.
precursor matenal was dried at 80°C for 8 hours. The dned precursor was then heated at
325°C tor two hours 1n air, yielding 17 nm Al,O3 and other unidentified phases.

|0103] Example 37: 2.950 g cobalt nmitrate were mixed with 0.9218 g lithium
hydroxide. The mixing proceeded for 10 min using a mortar and pestle. Next, the precursor
was dried at 80°C for 8 hours. The dried precursor was then heated at 325°C for two hours in

air, yielding 55 nm LiCoO; and other unidentified phases.
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What is claimed is:

1. A method of forming nanoparticles comprising:

providing at least one metal salt;

providing at least one base, wherein the at least one base comprises an ammonium salt;

mixing the at least one metal salt and the at least one base to form a precursor material,
wherein the metal salt and base 10ns are not completely solvated; and

heating the precursor material to a pre-determined temperature, at a pre-determined
rate, in a pre-determined atmosphere, and for a pre-determined length of time, wherein the
nanoparticles have an average particle size, wherein the average particle size is between about
1 nm and about 100 nm, a size distribution, wherein the size distribution is within about 1% to

about 30% of the average particle size, and a substantially pre-determined stoichiometry.

2. A method of forming nanoparticles comprising:

providing at least one metal salt;

providing at least one base comprising an ammonium salt;

mixing the at least one metal salt and the at least one base to form a precursor material,
wherein the metal salt and base 1ons are not completely solvated; and

heating the precursor material, wherein the nanoparticles have an average particle size
between about 1 nm and about 100 nm, and a size distribution that is within about 1% to about

30% of the average particle size, and wherein the heating releases gaseous by-products.

3. The method of claim 2, wherein the nanoparticles have substantially pre-determined
stoichiometry.,
4, The method of claim 1, 2 or 3, wherein the size distribution is between about 1% to

about 15% of the average particle size.

5. The method according to any one of claims 1 to 4, wherein the nanoparticles comprise

a metal, a metal oxide, a mixed-metal, a mixed-metal oxide or a combination thereof.

6. The method according to any one of claims 1 to 5, wherein the metal of the metal salt

1s selected from the group consisting of alkali metals, alkali earth metals, transition metals,
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lanthanide series metals, actinide series metals, aluminum, gallium, indium, thallium,

germanium, tin, lead, antimony, bismuth, and polonium.

7. The method according to any one of claims 1 to 6, wherein the atmosphere is an inert
atmosphere.
8. The method according to any one of claims 1 to 6, wherein the atmosphere 1s a

reductive atmosphere.

9. The method according to any one of claims 1 to 8, wherein the atmosphere is an

oxidative atmosphere.

10. The method according to any one of claims 1 to 9, wherein the at least one metal salt
and the at least one base are mixed in a solid state substantially free of solvent and solvent

molecules.

11. The method according to any one of claims 1 to 9, further comprising providing water
prior to or during the step of mixing or to the precursor material, to facilitate mixing or to
ensure reaction completion, provided that the metal salt and base 1ons are not completely

solvated.

12. The method according to any one of claims 1 to 11, further comprising a step of drying

the precursor material at a pre-determined temperature and for a pre-determined length of

time.

13. The method according to any one of claims 1 to 12, wherein the ammonium salt 1s
ammonium carbonate, ammonium bicarbonate, ammonium sesquicarbonate, ammonium

hydroxide or ammonium nitrate.

14. The method according to any one of claims 1 to 12, wherein the at least one base

comprises ammonium bicarbonate.

15. The method of any one of claims 1 to 14, wherein the at least one metal salt is in

amorphous or crystalline form.

226 -



CA 02637618 2014-04-16

16. The method according to any one of claims 1 to 15, wherein the at least one metal salt

1s In an anhydrous form.

17. A method according to any one of claims 1 to 15, wherein the at least one metal salt is

in a hydrated form.

18. A method according to any one of claims 1 to 17, wherein the at least one metal salt

includes a mixture of metal salts.

19. The method according to any one of claims 1 to 17, wherein providing at least one
metal salt comprises providing two or more metal salts, and wherein the molar ratio of the
metals of the two or more metal salts is substantially equal to the molar ratio of metals in the

nanoparticles.

20. The method according to any one of claims 1 to 19, wherein the at least one metal salt
1S a metal chloride, a metal acetate, a metal oxalate, a metal citrate, a metal sulfate, a metal

nitrate or a hydrate thereof.

21. A method according to any one of claims | to 20, wherein the molar ratio of the at
least one metal salt to the at least one base comprises a number in a range from about 0.01 to

about 10.

22. A method according to any one of claims 1 to 20, wherein the molar ratio of the at

least one metal salt to the at least one base comprises a number in a range from about 0.01 to

about 5.

23. A method according to any one of claims 1 to 22, wherein the size distribution is

within about 1% to about 10% of the average particle size.

24, The method of any one of claims | to 23, wherein the heating is at a temperature

within the range of 150° to 750°C.
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