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METAL OXIDE PARTICLES AND METHOD OF PRODUCING THEREOF 

FIELD OF THE INVENTION 

[001] This invention relates to high purity, fine particles of metal oxides and to methods 

for producing such particles and powders. 

BACKGROUND OF THE INVENTION 
[002] In modern technology, metal oxide powders and in particular powders comprising 

submicron (superfine) metal oxide particles are vastly used. For example, superfine iron 

oxides are used for chemical processing including synthesis, cracking and oxidation. Iron 

oxides (II, III) are used in the manufacture of magnetic storage devices. Submicron 

powders of zirconium oxide (ZrCh) have revolutionary application for ceramics used in 

aerospace defense industry as a heat shield of the space shuttle shell, missile radar shield 

etc. Successful application of submicron metal oxides to electrodes of lithium-ion batteries 

was reported in numerous publications. 

[003] There are many uses for titanium oxide powders and particularly titanium dioxide 

powders. Such uses include pigments for paint and coating, coloring agent in the food 

industry, materials (particularly substrate) for catalysts used in the chemical industry, 

materials for electrochemical power sources etc. 

[004] There is a huge demand for titanium oxide powders and in particular for nano-size 

titanium dioxide powder in the painting and cosmetic industries, in medicine and in 

numerous R&D teams developing new and improved sorts of traditional materials. 

[005] Titanium oxide nano-powders may be produced by many methods, including 

evaporation of liquid titanium tetrachloride (TiCU) at about 150°C followed by mixing its 

vapor with air and hydrogen and heating the gaseous mix in a special reactor at a 

temperature of up to 2500 C where nano size particles of TiC>2 and hydrochloric acid 

(HC1) are formed. The minimum size of the particles is approximately 20 nm. TiC>2 

nanoparticles could also be synthesized by low temperature chemical reactions, but those 

processes require high cost surfactants and titanium precursors. Moreover, all the processes 

described above could not guarantee manufacturing of a final product having a controlled 

crystalline structure. 

[006] Therefore, there is a need for an efficient, low cost method for preparing high-

purity nano-sized powders of metal oxides (e.g. titanium oxides). 
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SUMMARY OF THE INVENTION 

[007] The present invention relates to a method of producing high purity submicron (or 

nano-sized) metal oxide powders or powders of metal oxide combinations. 

[008] This invention is particularly applicable for producing titanium oxide powders. 

One object of the present invention is to provide a method of producing metal oxide 

powder, particularly titanium oxide powder having controlled crystalline phase content, 

fine prime particle and narrow particle size distribution. The method provides a more 

efficient and less expensive manufacturing procedure than obtainable by current 

techniques. 

[009] It is known that there is a family of so called "oxidizing acids". Among them are 

hydrochloric (HC1), sulfuric (H2SO4), nitric acid (HNO3) and some other organic and 

inorganic acids. Those acids have strong oxidizing power and enable the oxidation of some 

metals directly. Among those metals are copper, titanium, iron, cobalt, chromium, nickel, 

molybdenum, lanthanum, niobium, zirconium, hafnium, vanadium, tungsten and others. 

[0010] In one embodiment, this invention makes use of such oxidizing acids in a process 

for preparing metal oxide powders with controlled crystalline phase content, nano-sized 

particles and narrow particle size distribution. 

[0011] According to this aspect and in one embodiment, this invention make use of an 

alloy containing: 

• metal or few metals, referred to as "the first metal(s)"; and 

• a second metal, referred to as "the second metal". 

[0012] The first metal is present in the final metal-oxide product formed by processes of 

this invention. The second metal is removed from the alloy by a process comprising the 

application of an oxidizing acid. Removal of the second metal leaves the first metal which 

is being oxidized along the leaching operation of the oxidizing acid. 

[0013] In other words the oxidizing acid in this technology has two functions: 

1. To remove a second metal from the precursor alloy; 

2. To fully oxidize the first metal to metallic oxide submicron (nano) particles. 

[0014] According to the present invention, there is provided a method for producing 

nanoparticles of a first metal oxide, the method comprising: 

- providing or forming an alloy of the first metal with a second metal; 

- subjecting the alloy to a heat treatment to fix a certain phase composition; 
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- subjecting the heat treated alloy to a leaching agent effective to leach out (remove) the 

second metal and to fully oxidize the first metal, thus leaving the first metal oxide in a 

form of agglomerated nanoparticles; and 

- removing the leaching agent, leaving the first metal oxide. 

[0015] In one embodiment, the method further comprising drying and annealing the first 

metal oxide. 

[0016] In one embodiment, this invention provides a method of producing submicron 

metal oxide particles of one or more first metal(s), the method comprising: 

• providing or forming an alloy of the first metal(s) with a second metal; 

• subjecting the alloy to a heat treatment operation; 

• subjecting the alloy to a leaching agent effective to leach out the second metal and 

to oxidize the first metal(s), thus forming metal oxide submicron particles of the 

first metal(s); 

• removing the leaching agent, leaving the metal oxide submicron particles of the 

first metal(s). 

[0017] By this method, metal oxides with high surface area and high purity are formed. By 

this method, compound oxides and complex oxides like spinel or perovskite are produced 

in one embodiment. 

[0018] In one embodiment, the heat treatment step is optional. According to this aspect 

and in one embodiment, this invention provides a method of producing submicron metal 

oxide particles of one or more first metal(s), the method comprising: 

• providing or forming an alloy of a first metal(s) with a second metal; 

• subjecting the alloy to a leaching agent effective to leach out the second 
metal and to oxidize the first metal(s), thus forming metal oxide submicron 
particles of the first metal(s); 

• removing the leaching agent, leaving the metal oxide submicron particles of 
the first metal(s). 

[0019] In one embodiment, the method further comprises a step of subjecting the alloy to 

a heat treatment operation. 

[0020] In one embodiment, the heat treatment step is conducted following the step of 

providing or forming an alloy and prior to the step of subjecting the alloy to a leaching 

agent. 
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[0021] In one embodiment, this invention provides metal oxide particles, wherein the size 

of the metal-oxide particles ranges between 3 nm and 200 nm, and wherein the specific 

surface area of the particles is higher than 70 m2/g. In one embodiment, the specific surface 

area of the particles is higher than 100 m2/g. The surface area of the particles refers to the 

surface area of a collection of particles in one embodiment. 

[0022] In one embodiment, this invention provides clusters comprising the metal oxide 

particles of the invention, wherein the size of the metal-oxide particles ranges between 3 nm 

and 200 nm, and wherein the specific surface area of the particles is higher than 70 m2/g. In 

one embodiment, the specific surface area of the particles is higher than 100 m2/g. 

[0023] The invention is particularly useful for producing titanium oxide and titanium 

dioxide nanoparticles wherein in the alloy used for producing the particles, the first metal 

is titanium, the second metal is manganese and the phase formed by the heat treatment step 

is aMn solid solution having complex body centered crystalline structure and wherein the 

leaching agent is nitric acid (HNO3) having a concentration ranging between 3-50 %. In 

one embodiment, the HNO3 % and/or oxidizing agent refer to a wt % of HNO3 in an 

aqueous solution. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The subject matter regarded as the invention is particularly pointed out and 

distinctly claimed in the concluding portion of the specification. The invention, however, 

both as to organization and method of operation, together with objects, features, and 

advantages thereof, may best be understood by reference to the following detailed 

description when read with the accompanying drawings in which: 

[0025] Figure 1 is a SEM image of titanium oxide porous clusters having rounded shape 

and average size of approximately 0.5 - 2.0 micron. 

[0026] Figure 2 is a SEM image of titanium oxide primary (prime) nanoparticles. The 

primary components of the cluster's structure are nanoparticles having diameter range of 

approximately 5 - 180 nm and average particle size about 30-40nm. 

[0027] Figure 3 is XRD diagram of the titanium oxide nano powder manufactured 

according to the procedure described in Example 1. As can be seen from the diagram, the 

particles have two types of crystalline structure: titanium dioxide (TiCh) having rutile 

crystalline structure and small amount (no more than 10%) of titanium monoxide (TiO) 

having cubic crystalline structure. The breadth of all of the diffraction peaks for TiC>2 is 
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quite broad, what means that the size of crystallites (or primary particles) of Ti02 is 

significantly less than one micron. 

[0028] It will be appreciated that for simplicity and clarity of illustration, elements shown 

in the figures have not necessarily been drawn to scale. For example, the dimensions of 

some of the elements may be exaggerated relative to other elements for clarity. Further, 

where considered appropriate, reference numerals may be repeated among the figures to 

indicate corresponding or analogous elements. 

DETAILED DESCRIPTION OF THE PRESENT INVENTION 

[0029] In the following detailed description, numerous specific details are set forth in 

order to provide a thorough understanding of the invention. However, it will be understood 

by those skilled in the art that the present invention may be practiced without these specific 

details. In other instances, well-known methods, procedures, and components have not 

been described in detail so as not to obscure the present invention. 

Oxides of the invention 

[0030] In one embodiment, this invention provides metal oxide particles, wherein the size 

of the metal-oxide particles ranges between 3 nm and 200 nm, and wherein the specific 

surface area of the particles is higher than 70 m /g. 

[0031] In one embodiment, the metal base purity of the particles is more than 99%. In one 

embodiment, the metal(s) in the metal oxide is selected from the group consisting of Ti, Fe, 

Zr, Hf, Cu, Co, Cr, Ni, Mo, La, Nb, V, W and others and combinations thereof. In one 

embodiment, the metal in the metal oxide is Ti. 

[0032] In one embodiment, the size of the particles ranges between 3-20 nm. In one 

embodiment, the size of the particles ranges between 3-100 nm. In one embodiment, the 

size of the particles ranges between 3-50 nm. In one embodiment, the size of the particles 

ranges between 10-20 nm. In one embodiment, the size of the particles ranges between 10-

100 nm. In one embodiment, the size of the particles ranges between 50-150 nm. In one 

embodiment, the size of the particles ranges between 5-50 nm. In one embodiment, the 

size of the particles ranges between 100-200 nm. In one embodiment, the size of the 

particles ranges between 3-150 nm or between 3-200 nm. In one embodiment, the size of 

the particles ranges between 3-1000 nm or between 3-5000 nm. In one embodiment, the 

size of the particles ranges between 10-1000 nm, or between 100-1000 nm, or between 

1000-5000 nm. In one embodiment, the size of the particles is up to a few microns. In one 
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embodiment, the size of the particles is up to up to 5 microns, up to 3 microns or up to 1 

micron. 

[0033] In one embodiment, the crystalline structure of the titanium oxide is titanium 

dioxide (Ti02) or a mix of titanium dioxide (Ti02) with other types of titanium oxides 

(TiO). In one embodiment, the specific surface area of the titanium oxide particles is more 

than 100m2/g. 

[0034] In one embodiment, this invention provides clusters comprising the metal oxide 

particles described herein above. 

[0035] In one embodiment, this invention provides metal oxide particles (or metal oxide 

prime particles). In one embodiment, this invention provides nano-porous agglomerates (or 

clusters) comprising particles of the invention. Prime particles are the particles from which 

the clusters (or agglomerates) are made of. Each cluster or agglomerate comprises a 

collection of prime particles. 

[0036] In one embodiment, the specific surface area of the metal oxide particles measured 

by the B.E.T. method is ranging between 25-200m /g. In one embodiment, the specific 

surface area ranges between 25 and 100 m2/g or between 100 and 200 m2/g or between 25 

and 50 m2/g or between 50 and 150 m2/g. In one embodiment, the specific surface area of 

the metal oxide particles measured by the B.E.T. method is more than 70 m2/g. In one 

embodiment, the specific surface area of the metal oxide particles measured by the B.E.T. 

method is more than 100 m2/g. 

[0037] In one embodiment, the metal(s) in the metal oxide is any metal that forms a stable 

oxide upon oxidation with an oxidizing acid. In one embodiment, the metal(s) in the metal 

oxide is/are selected from the group consisting of Ti, Fe, Zr, Hf, Cu, Co, Cr, Ni, Mo, La, 

Nb, V, W and combinations thereof. In one embodiment, the metal(s) in the metal oxide is 

selected from the group consisting of Ti, Fe, Zr, Hf and combinations thereof. 

[0038] In one embodiment, the metal in the metal oxide is Ti. In one embodiment, the 

crystalline structure of the titanium oxide is titanium dioxide (TiCh) or a mix of titanium 

dioxide (TiCh) with other types of titanium oxides (TiO). 

[0039] In one embodiment, the specific surface area of the titanium oxide particles is more 

than 100m2/g. 

[0040] In one embodiment, this invention provides metal oxide particles, wherein the 

particle size ranges between 10 nm and 100 nm. 
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[0041] In one embodiment, this invention provides metal oxide particles, wherein the size 

of the metal-oxide particles ranges between 3 nm and 200 nm, between 10 nm and lOOnm, 

between 3 nm and 50 nm, between 20 nm and 50 nm, between 3 nm and 150 nm, between 

25 nm and 125 nm. In one embodiment, larger metal oxide particles are provided by this 

invention. Metal oxide particles with a size ranging between 3 nm and 5 microns are 

provided by this invention. In one embodiment, the size of the particles ranges between 3 

nm and 5000 nm, between 10 nm and 1000 nm, 100 nm and 1000 nm, 1000 nm and 5000 

nm, 500 nm and 2500 nm, 2500 nm and 5000 nm. In one embodiment, this invention 

provides micro-particles, i.e. particles with a size range in the micrometer range. In one 

embodiment, this invention provides a collection of particles comprising submicron 

particles and micro-particles. 

[0042] In one embodiment, the difference between minimum and maximum particle size 

in powders of this invention is no more than 10 times. 

[0043] In one embodiment, powders comprising particles of this invention (or collections 

of particles of this invention) have high surface area. In one embodiment, high surface area 

powders of this invention further comprise material purity of more than 99%. This 

combination of high surface area and high purity makes the particles of this invention 

unique. Such combination of properties is not known in the art. 

[0044] In one embodiment, D50 (the average particle size) is in the range of 20-50 nm. In 

one embodiment, D50 is in the range of 10-100 nm, or 10-70 nm. 

[0045] In one embodiment, this invention provides clusters comprising metal oxide 

particles as described herein above. 

[0046] In one embodiment clusters of the metal oxide particles comprise a nano-porous 

structure, useful for catalytic processes. 

[0047] In one embodiment, the nano porous structure refers to porous clusters of metal 

oxide particles. 

[0048] In one embodiment, the size of agglomerates (clusters) of this invention ranges 

between 0.5 micron to 5-7 micron (micron = micrometer). In one embodiment, the size of 

the clusters ranges between 0.5 micron and a few microns. In one embodiment, the size of 

the clusters ranges between 0.1 micron and a few microns. In one embodiment, the size of 

the clusters ranges between 0.05 microns and a few microns (micron =micrometer). 

[0049] In one embodiment, metal oxide clusters of this invention comprise submicron (or 

nano-sized) porous structure with average pore size of 1-20 nm. In one embodiment, metal 
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oxide clusters of this invention comprise porous structure with average pore size of 5-15 

nm. In one embodiment, metal oxide clusters of this invention comprise submicron (or 

nano-sized) porous structure with average pore size of 1-50 nm. In one embodiment, metal 

oxide clusters of this invention comprise submicron (or nano-sized) porous structure with 

average pore size of 5-10 nm, 10-15 nm, 15-20 nm. In one embodiment, metal oxide 

clusters of this invention comprise a maximal pore size of 20 nm. In one embodiment, 

metal oxide clusters of this invention comprise a maximal pore size of 15 nm. In one 

embodiment, the average pore size of the metal oxide clusters is less than 50 nm, or less 

than 40 nm, or less than 30 nm, or less than 20 nm, or less than 15 nm, or less than 10 nm, 

or less than 5 nm. In one embodiment, metal oxide clusters of this invention comprise total 

porosity of up to 20%, or up to 30%, or up to 40%, or up to 50%, or up to 60% or up to 

70%. In one embodiment, metal oxide clusters of this invention comprise total porosity of 

up to 80%. In one embodiment, metal oxide clusters of this invention comprise total 

porosity ranging between 10-40%. In one embodiment, metal oxide clusters of this 

invention comprise total porosity ranging between 25%-35%, or between 10%-40%, or 

between 5%-50% or between 40%-80%. In one embodiment, the pore size refers to pores 

inside the agglomerates/clusters. 

[0050] In one embodiment, the formed collection of metal oxide particles comprise some 

particles comprising one metal oxide phase and other particles comprising another metal 

oxide phase. In one embodiment, some particles comprise titanium oxide (TiO) phase or 

phases and other particles comprise titanium dioxide (Ti02) phase. In one embodiment, 

each particle has only one oxide phase. In one embodiment, each particle has one oxide 

phase and the collection of particles comprises some particles of a certain phase and other 

particles of a different phase. 

[0051] In one embodiment, the metal oxide particles formed by methods of this invention 

are of controlled phase content. 

Methods of preparation of metal oxides 

[0052] In one embodiment, this invention provides a method of producing submicron 

metal oxide particles of one or more first metal(s), the method comprising: 

• providing or forming an alloy of the first metal(s) with a second metal; 

• optionally subjecting the alloy to a heat treatment operation; 
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• subjecting the alloy to a leaching agent effective to leach out the second metal and 

to oxidize the first metal(s), thus forming metal oxide submicron particles of the 

first metal(s); 

• removing the leaching agent, leaving the metal oxide submicron particles of the 

first metal(s). 

[0053] In one embodiment, the method further comprising rinsing and drying the oxide 

particles of the first metal(s). In one embodiment, the method further comprising rinsing 

and drying the first metal(s) oxide particles following removal of the leaching agent. In one 

embodiment, rinsing is conducted in order to remove the leaching agent, portions thereof or 

traces thereof. Accordingly, rinsing is part of the process of removing the leaching agent in 

some embodiments. 

[0054] In one embodiment, the rinsing is conducted in water and is stopped when the water 

following rinsing is neutral or close to neutral in terms of pH. 

[0055] In one embodiment, the heat treatment step is conducted following the step of 

providing or forming an alloy and prior to the step of subjecting the alloy to a leaching 

agent. In one embodiment, the heat treatment temperature is any temperature that is 

necessary to fix the phase of the metals in the alloy. The heat treatment temperature 

depends on the metals and can vary depending on the metals used. 

[0056] Similarly, the melting temperature that is used to melt the mixture comprising the 

first metal and the second metal may vary. This temperature depends on the metals used to 

form the alloy. Any metal-melting temperature can be used for metal-melting and for heat 

treatment of alloys of this invention as known in the art. 

[0057] In one embodiment, the heat treatment forms a homogeneous phase or 

homogeneous phases in the alloy, from which the second metal is removed and the first 

metal(s) is oxidized by the leaching agent. In one embodiment, the alloy comprises 1-50 

wt% of the first metal and 50-99 wt% of the second metal. In one embodiment, the alloy 

after heat treatment undergoes surface cleaning operation. In one embodiment, the alloy is 

subjected to a grinding operation before the heat treatment or before the leaching step. In 

one embodiment, the heat treatment is used in order to achieve a certain phase (phases) in 

the alloy. 

[0058] In one embodiment, the leaching agent used for the leaching operation enables the 

first metal(s) oxidation. In one embodiment, the leaching agent used for the leaching 

operation oxidizes the first metal(s). In one embodiment, the leaching agent used for the 
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leaching operation reacts chemically with the first metal(s), thus forming an oxide of the 

first metal(s). 

[0059] In one embodiment, the leaching agent comprises at least two chemical agents. 

[0060] In one embodiment, the first of the chemical agents affects oxidation of the first 

metal(s) and a second of the chemical agents affects leaching of the second metal. In one 

embodiment, the at least two chemical agents affect both oxidation of the first metal(s) and 

leaching of the second metal. 

[0061] In one embodiment, the first metal(s) oxidation results in a homogeneous metal 

oxide particle structure. In one embodiment, a homogeneous metal oxide particle structure 

means that each particle in the collection of particles formed comprise a single crystalline 

phase. 

[0062] In one embodiment, homogeneous structure means a uniform structure. For example 

and in one embodiment, the homogeneous structure comprises only two types of metal 

oxides (e.g. Rutile Ti02 and Hongquiite TiO) and nothing more. 

[0063] In one embodiment, the first metal is titanium and the second metal is manganese. 

[0064] In one embodiment, the leaching agent is an acid. In one embodiment, the leaching 

agent comprises an acid. In one embodiment, the leaching agent is an acidic solution. In 

one embodiment, the leaching agent is or comprises nitric acid. In one embodiment, the 

leaching agent is or comprises nitric acid (HNO3), hydrochloric acid (HC1), sulfuric acid 

(H2SO4) or a combination thereof. In one embodiment, the leaching agent is a mixture of 

acids. In one embodiment, the acids used are used as acid solutions. In one embodiment, 

acid solutions are aqueous solutions, i.e. acid dissolved in water. In one embodiment, the 

acid concentration is ranging between 3 - 50%. In one embodiment, the concentration 

percent is wt%. In one embodiment, the solution is aqueous solution. The solution 

comprises acid and water in some embodiments. In another embodiment, the acid 

concentration is ranging between 10-30 % in aqueous solution. In another embodiment, the 

acid concentration is ranging between 20-50 % in aqueous solution. 

[0065] In one embodiment, the leaching agent comprises other organic or inorganic acids 

or combinations thereof. 

[0066] In one embodiment, the first metal(s) is any metal that forms a stable oxide upon 

oxidation with an oxidizing acid. In one embodiment, the first metal(s) is selected from the 

group consisting of Ti, Fe, Zr, Hf, Cu, Co, Cr, Ni, Mo, La, Nb, Ta, W, V and combinations 

thereof. In one embodiment, the first metal(s) is selected from the group consisting of Ti, 
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Fe, Zr, Hf and combinations thereof. Other metals can be used as first metal(s) in methods 

of this invention. 

[0067] In one embodiment, the first metal in the metal oxide is Ti. In one embodiment, the 

crystalline structure of the titanium oxide formed by methods of this invention is titanium 

dioxide (Ti02) or a mix of titanium dioxide with other types of titanium oxides (TiO). 

[0068] In one embodiment, the second metal is any metal that can be leached from the 

alloy and can provide the first metal oxide as discussed above. In one embodiment, the 

second metal of the alloy is chosen from: Mn, Mg, Zn, Ca, Ba, Sn, Pb, Be, Cd, TI, Al, B 

and combinations thereof. Other metals can be used as second metal(s) in methods of this 

invention. 

[0069] In one embodiment, rinsing of the metal oxide after the leaching process is 

conducted until the rinsing water (following rinsing) becomes neutral in terms of pH (i.e. pH 

=7). Rinsing with water until neutral pH is achieved, assures that all the acid from the 

leaching process is cleaned and washed away from the particles. Rinsing can be performed 

with water only in some embodiments. Rinsing with water comprising a base (pH>7.0) is 

conducted in other embodiments. Other solvents can be used in the rinsing process 

following water rinsing (e.g. ethanol, acetone etc.). Organic solvents can be added to the 

rinsing water in some embodiments. Other aqueous solutions can be used to wash the 

formed powders (particles). In some embodiments, it is sufficient to achieve a pH value 

close to neutral for the rinsing water/rinsing solutions following powder rinsing. According 

to this aspect and in one embodiment, the pH of the rinsing water/solution following rinsing 

ranges between 6-8, or between 5-9, or between 6.5 and 7.5 in some embodiments. In some 

embodiments, the pH of the rinsing water/solutions following rinsing is determined using 

pH paper or pH meter. Other pH-sensitive techniques can be used, e.g. reaction with a color-

changing agent in solution. 

[0070] In one embodiment, the metal oxide after leaching and rinsing to a neutral reaction 

undergoes heating for dewatering and for annealing. 

[0071] In one embodiment, the metal oxide formed after leaching and rinsing to a neutral 

reaction, undergoes a heating step for dewatering and for annealing. 

[0072] In one embodiment, the first metal is titanium, the second metal is manganese and 

the oxidizing acid is nitric acid (HNO3). In one embodiment, the crystalline structure of the 

metal oxide is titanium dioxide (Ti02) or a mix of titanium dioxide with other types of 

titanium oxides (TiO). In one embodiment, the titanium dioxide phase is Rutile and the 
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titanium oxide phase is Hongquiite. In one embodiment, the concentration of titanium 

dioxide phase is 90% and the concentration of titanium oxide is 10% of the total titanium 

oxide particle collection. 

[0073] Other crystalline structures and other chemical compositions/phase compositions 

may be formed using methods of this invention. 

[0074] In one embodiment, the specific surface area of the final titanium oxide particles is 

more than 70m2/g. In one embodiment, the step of forming an alloy comprises mixing a 

solid of the first metal with a solid of the second metal and heating the mixture such that a 

melt is formed. In one embodiment, the mixture comprises 8% Ti and 92% Mn (wt ratio). 

In one embodiment, the first metal and the second metal used for the mixture are in a 

powder form, a granules form or a combination thereof. In one embodiment, heating the 

metal mixture to form a melt is conducted in a melting furnace under noble gas protective 

atmosphere. 

[0075] In one embodiment, the methods of this invention make use of an alloy comprising 

a metal or few metals (referred to as "the first metal" or "the first metal(s)"); and a second 

metal. In another embodiment the alloy includes titanium and manganese. 

[0076] According to the Ti-Mn binary phase diagram (Binary Alloy Phase Diagrams, 

Second Edition, Volume 3, ASM International, p. 2615), the following phases, enriched 

with manganese could be chosen as the raw materials for producing titanium dioxide 

nanoparticles according to methods of this invention: 

1. 5Mn solid solution having body centered cubic (BCC) crystalline structure. 

2. yMn solid solution having face centered cubic (FCC) crystalline structure. 

3. |3Mn solid solution having complex cubic crystalline structure. 

4. aMn solid solution having complex centered cubic (CBCC) crystalline structure. 

5. TiMiu or Ti2Mn9 (according to different references) intermetallic compound 

having not clearly identified crystalline structure. 

[0077] Other metallurgical reactions and phases are applicable to methods, alloys and 

particles of this invention. 

[0078] All the phases mentioned above can be fixed by different kinds of heat treatments. 

Fixing a phase means to obtain an alloy having crystalline structure containing only this 

particular phase. Particularly aMn solid solution could be fixed by solid solution heat 

treatment (SSHT) involving heating up an alloy containing more than 90% of manganese 
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to a temperature in the range of 850 C - 1070 C (e.g. 950 C) in protective atmosphere, 

soaking the alloy at this temperature for a few hours, followed by water quenching. 

[0079] In one embodiment, methods of this invention comprise a step of leaching the 

alloy. In one embodiment, for a Ti/Mn alloy, the manganese is leached from the quenched 

alloy using 3-50 wt% nitric acid (HNO3) in aqueous solution at a temperature of 20 - 50 C. 

[0080] Redox chemical reactions involving metals and nitric acid are a very complicated 

issue. The route of reaction depends on the concentration of the acid, temperature of the 

process and the nature of the metal. According to some scientific publications, a highly 

diluted nitric acid could behave as a typical acid and most of the metals including 

manganese, magnesium, zinc and others (actually most of the metals having standard 

redox potential more negative than hydrogen) liberate hydrogen when reacted with the 

acid, e.g.: 

Mg + 2HN03 -> Mg(N03)2 + H2 

[0081] On the other hand, less diluted nitric acid of moderate concentration could behave 

as an oxidizer and could be reduced to different nitrogen containing compounds: 

3Mg + 8HNO3 -> 3Mg(N03)2 + 2NO + 4H20 

[0082] In one embodiment, the metals which are used as the second metals for a precursor 

alloy of this invention are: Mn, Mg, Zn, Ca, Ba, Sn, Pb, Be, Cd, TI, A1 and others. 

[0083] With regard to the reaction of direct metal oxidation by nitric acid, it should be 

admitted that this is a very complicated and not finally determined issue. It is known that 

nitric acid has strong oxidizing power (apparently, nitrogen which is present in diluted 

nitric acid as a nitrate ion could be a strong oxidizing component) and enables the 

oxidation of some metals and in particularly titanium directly. Hypothetically, the reactions 

of direct titanium oxidation could be represented in simplified form as follows: 

3Ti + 2HN03 -> 3TiO + 2NO + H20 

or: 

3Ti + 4HN03 -> 3Ti02 + 4NO + 2H20 

[0084] Presumably, and in one embodiment, the mechanism of forming titanium oxides is 

as follows: in the precursor alloy, manganese to titanium atomic ratio for aMn solid 

solution is about 9:1. Along the leaching operation, nine atoms of manganese react with 

nitric acid forming some diluted in acid ions and leaving one atom of titanium which 
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apparently is easily oxidized. Oxidized atoms of titanium along the leaching process are 

being crystallized and they form already the titanium oxide crystals. 

[0085] In one embodiment, the specific surface area of the final titanium oxide particles is 

more than 70m2/g. In one embodiment, the specific surface area of the final titanium oxide 

particles is more than 100m2/g. In one embodiment, the purity of the titanium oxide 

particles is more than 99.7%. 

[0086] In one embodiment, forming the alloy comprises mixing a solid comprising the first 

metal with a solid comprising the second metal. Following mixing, the solids are heated 

and melted. In one embodiment, the melting temperature used to form the alloy is 950°C. 

In one embodiment, the melting temperature used to form the alloy ranges between 900°C-

1000°C. In one embodiment, the melting temperature used to form the alloy is around 2000 
°C, or it ranges between 1670 °C and 2000 °C, or it ranges between 1800 °C - 2200 °C, or it 

ranges between 1900 °C and 2100 °C. In one embodiment, the melting temperature used in 

the process of forming the alloy is any temperature above the melting point of Ti. In one 

embodiment, the melting temperature is or above 1670 °C. In one embodiment, the melting 

temperature used in the process of forming the alloy is any temperature above the melting 

point of the first metal(s)) used for forming the alloy. In one embodiment, the melting 

temperature used in the process of forming the alloy is any temperature above the melting 

point of the second metal(s)) used for forming the alloy. 

[0087] In one embodiment, melting is conducted under a protective atmosphere. In one 

embodiment with no protective atmosphere both Ti and Mn (or other first and second 

metals) will be oxidized. 

[0088] In the process of forming the alloy, following the step of heating the metals to form 

an alloy, the alloy is cooled in one embodiment. 

[0089] In one embodiment, following the step of forming the alloy or following the step of 

providing an alloy, a heat treatment of the alloy is conducted. 

[0090] In one embodiment, the heat treatment temperature ranges are between 815X1 and 

850°C or between 900 °C and 1000 °C. In one embodiment, the heat treatment temperature 

is 830 °C +/- 15°C, or 950 °C +/- 15°C. In one embodiment, the heat treatment temperature 

is up to 950 °C +/- 15°C. Other heat treatment temperatures can be used in embodiments of 

this invention. In one embodiment, the heat treatment temperature used in methods of this 

invention is any temperature suitable for the first metal(s) and/or for the second metal(s)) 

used for forming the alloy. 
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[0091] In one embodiment, the heat treatment results in controlled phase content of the 

metals in the alloy. 

[0092] In one embodiment, the time range for reaching the heat treatment temperature is 

20-30 min. Lower or higher time ranges are applicable to methods of this invention. 

[0093] In one embodiment, soaking means keeping at a certain temperature. In one 

embodiment, soaking time is the time during which the alloy is kept at a certain 

temperature during the heat treatment. In one embodiment, soaking time is determined by 

experiment. In one embodiment, the soaking time is determined by the time needed to 

obtain a certain first metal(s) structure. In one embodiment, soaking time is the time 

required to reach Alpha Ti structure. In one embodiment, soaking time may vary depending 

on the metals used. In one embodiment, soaking time depends on other experimental 

parameters. 

[0094] In one embodiment, following heat treatment, the alloy is cooled by quenching. In 

one embodiment, water quenching is a very fast process of cooling of the ingot in water. In 

one embodiment, the water quenching time is of the order of a few seconds. Other 

quenching times are applicable in embodiments of this invention. Ingot refers to the piece 

of metal alloy following melting. 

[0095] Leaching: the acid concentration used for leaching and the leaching temperature, 

are important parameters for controlling the final product structure. A wide range of acid 

concentration and leaching temperatures may be used with methods of this invention. In 

one embodiment, acid concentration is up to 50%. In one embodiment, leaching 

temperature is up to 60°C. Many rinsing methods are applicable to rinse the metal-oxide 

after leaching. In one embodiment, nutsche vacuum filter is used. 

[0096] Various drying and annealing temperatures may be used in methods of this 

invention for drying and for annealing the metal oxide particles formed. 

[0097] In one embodiment, the metal base purity of the metal oxide particles formed is 

>99%. In one embodiment, the metal base purity of the metal oxide particles formed is 

>99.7%. In one embodiment, the metal base purity of the metal oxide particles formed is 

>98%, or >96%, or >95%, or >99.9%, or >99.5%, >99.4%, or >90%. 

[0098] In one embodiment, alloys used in processes of the invention comprise 1-50 wt% of 

the first metal and 50-99 wt% of the second metal. Other metal percentages may be used in 

methods of this invention. In one embodiment, the percent is a weight percent. 

[0099] In one embodiment, following the leaching process, the second metal is recycled. 
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[00100] In one embodiment, submicron particles are nano-sized particles. In one 

embodiment, submicron particles are particles that can be characterized by dimensions (or 

at least one dimension) of less than 1 micron. In one embodiment, the submicron particles 

are super-fine particles. In one embodiment, a powder comprising the submicron particles 

of this invention is referred to as super-fine powder. In one embodiment, nano-sized 

particles are particles with at least one dimension in the range of 1-1000 nm. The 

dimension range of nano-sized particles of this invention is between 1 nm and 1000 nm, 

between 1 nm and 500 nm, or between 1 nm and 100 nm in some embodiments of this 

invention. 

[00101] In one embodiment, products of this invention comprise nanoparticles. In one 

embodiment, products of this invention comprise clusters (aggregates) of the nanoparticles 

of this invention. Clusters of particles comprise a collection of nanoparticles as shown for 

example in figure 1. In one embodiment, products of this invention comprise collection(s) 

of nanoparticles of this invention. In one embodiment, specific surface area of the particles 

is measured for a collection of particles. In one embodiment, specific surface area of the 

particles is measured for a collection of clusters of particles. In one embodiment, specific 

surface area of the particles is measured for a powder comprising collection of clusters of 

particles of this invention. 

[00102] One or more first metal(s) means that the first metal (the metal that is being 

oxidized to form the metal-oxide nanoparticles) can comprise more than one metal. For 

example, where M is a metal, the "first metal" comprises Ml and M2 metals. These two 

metals form metal oxide particles according to methods of this invention. According to this 

aspect and in one embodiment, metals Ml and M2 are mixed with a third metal (M3) to 

form an alloy. Following the leaching process described in methods of this invention, 

wherein metal M3 is being removed and metals Ml and M2 are oxidized, particles 

comprising Ml and M2 are formed in one embodiment. In one embodiment, a single 

particle comprises Ml and M2. In one embodiment, a collection of particles comprise 

particles each comprising Ml and M2. 

[00103] In one embodiment, where the first metal(s) comprises more than one metal, a 

metal oxide product comprising oxide of more than one metal is formed according to 

methods of this invention. Metal oxide nanoparticles comprising oxides of more than one 

metal are formed according to embodiments of this invention. Such oxides are complex 

oxides in one embodiment. For example, apparently it is possible to produce nano-particles 
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of titanium-iron oxide (ulvospinel) where the first metals of the alloy will be titanium and 

iron and the second metal is manganese. 

[00104] Purity in the context of this invention is metal-base purity. Metal base purity 

describes the purity of the metal in a material. The purity of the metal is the amount of a 

certain metal from the total amount of metals in the material. The metal base purity is 

measured by ICP in some embodiments. The amount of a certain metal as compared with 

the total amount of all metals in a material can be expressed in %. For a metal-oxide 

material, the metal base purity does not include the amount of oxygen in the material. For 

example, for titanium oxide particles of this invention, the metal base purity indicates the 

amount of titanium as compared with the total amount of metals in the titanium oxide 

particles. For example, 99% metal base purity of titanium oxide means that 99% of the 

metals in the metal oxide product (particles) is titanium. 

[00105] For example, ICP data for a certain product sample are shown in Example 2 

herein below. As it follows from the ICP data, the amount of residual Mn is about 0.17%. 

The total amount of other impurities is no more than 0.1%. Accordingly, the purity of the 

titanium oxide powder in this sample is more than 99.7%. 

[00106] In some embodiments, if % is mentioned for chemical concentration, the percent 

is wt%. 

[00107] Metal oxide is referred to the oxide or oxides of the metal. The metal oxide may 

include more than one type of oxide structure and may include more than one metal oxide 

formula. For example, the titanium oxide product (the titanium oxide collection of 

particles) may include TiC>2 and TiO. Both Ti02 and TiO are metal oxides. Both Ti02 and 

TiO are titanium oxides. A collection of titanium oxide particles of this invention may 

include different Ti02 phase or phases and different TiO phase or phases. Collections of 

particles comprising only one phase can be formed by methods of this invention. In one 

embodiment, in a given collection of particles, each individual particle is homogeneous in 

terms of crystalline phase. For example, in some embodiments, in a collection of particles, 

some particles are Ti02 particles of a certain phase and other particles are TiO particles of a 

certain phase. 

[00108] In one embodiment, the term "a" or "one" or "an" refers to at least one. In one 

embodiment the phrase "two or more" may be of any denomination, which will suit a 

particular purpose. In one embodiment, "about" or "approximately" may comprise a 

deviance from the indicated term of + 1 %, or in some embodiments, - 1 %, or in some 
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embodiments, ± 2.5 %, or in some embodiments, ± 5 %, or in some embodiments, ± 7.5 %, 

or in some embodiments, ± 10 %, or in some embodiments, ± 15 %, or in some 

embodiments, ± 20 %. 

EXAMPLES 

EXAMPLE 1 

Preparation of titanium oxide powder comprising nano-sized particles 

[00109] For melting of a starting Mn-Ti alloy used for manufacturing of the 

titanium oxide powder the following raw materials have been used: 

1. titanium: in a powder form, <45 micron, 99.98% purity from Sigma-

Aldrich (product #366994). 

2. manganese: in granules form, 0.8 - 12 mm size, purity 99.98% from 

Alpha-Aesar. 

[00110] The composition (in weight %) of the starting alloy was: 8%Ti -

92%Mn. 

[00111] Melting of the alloy was carried out in a laboratory Argon/Vacuum 

Arc Melting Furnace under Argon protective atmosphere. 

[00112] Heat Treatment was carried out in a batch type electric furnace under 

argon protective atmosphere at a temperature of 950 C. Time for reaching 950 C 

was 30 min and soaking time was 2 hours. Soaking was followed by water 

quenching. According to XRD data the alloy crystalline structure after heat 

treatment corresponds to aMn solid solution. 

[00113] Surface cleaning of the heat treated alloy was carried out at room 

temperature in 15% HNO3 and after that in 96% ethyl alcohol. The main goal of 

this operation is to dissolve the manganese oxide and manganese hydroxide film 

and also other impurities which could be formed along the water quenching 

operation. 

[00114] Leaching of manganese was carried out in 15% HNO3 at a 

temperature of 30-40°C. The operation was completed in 8 hours. Any traces of 

hydrogen above the HNO3 surface were not found. 

[00115] Rinsing by DI water to a neutral reaction was carried out by 

decantation. 
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[00116] Drying was carried out in a drying cabinet at a temperature of 70 C. 

The powder was then annealed at temperature 450 C for two hours. 

[00117] The final product of the described above technological procedure has 

morphology of titanium oxides nano powder porous clusters (see Figure 1). The 

chemical purity of the final product depends on the purities of the raw materials. 

In this case the residual Mn content is approximately 0.15% and the total metal 

base purity of the nano size titanium oxide powder is no less than 99.7%. Specific 

surface area measured by low temperature adsorption of nitrogen (BET method) 

is about 150m2/g. 

[00118] The phase composition of the powder consists of two crystalline 

phases: titanium dioxide (TiCh) having tetragonal rutile crystalline structure and 

titanium oxide (TiO) having cubic crystalline structure (Figure 3). Annealing of 

this powder at a temperature in the range of 300 C-l 100 C is possible. 

EXAMPLE 2 

Microwave-assisted acid digestion and ICP-AES analysis ofTi alloy 

powder 

[00119] A product sample comprising titanium oxide particles was tested for 

the metal content. The results are summarized in the following table: 

Element mg/kg 
A1 36.6 
Ca 209 
K 38.9 
Mg 472 
Mn 1784 
Mo 28.3 
Na 11.3 
Si 247 
Ti 474005 
Zn 10.2 
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[00120] Sample preparation and measurement. A batch of sample (about 20 

mg) was digested in 7 ml of HNO3 65%, and 3 mL of H2SO4 98%. Digestion was 

carried out in quartz vessels using a "Discover" sample digestion system at high 

temperature and pressure (CEM, USA). Vessels were cooled down and the 

volume was made up to 25 ml with deionized water. The sample was dissolved 

completely. Element concentration was measured in the clear solutions using an 

End-On-Plasma ICP-AES model ARCOS' from Spectro GMBH, Germany. 

Measurements were calibrated with standards for ICP from Merck. The 

continuing calibration verification standard was measured to check the instrument 

stability. 

[00121] While certain features of the invention have been illustrated and 

described herein, many modifications, substitutions, changes, and equivalents will 

now occur to those of ordinary skill in the art. It is, therefore, to be understood 

that the appended claims are intended to cover all such modifications and changes 

as fall within the true spirit of the invention. 
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