
  

Synthesis of nanoporous particles  
 

Abstract 

Methods of producing nanoporous particles by spray pyrolysis of a precursor composition including a 
reactive precursor salt and a nonreactive matrix salt are provided, wherein the matrix salt is used as a 
templating medium. Nanoporous aluminum oxide particles produced by the methods are also provided.  
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Claims 

 
 
What is claimed is: 
 
1. A method of forming nanoporous particles comprising a metal oxide, the method comprising: providing 
a precursor composition comprising at least one reactive precursor salt and at least one matrix salt, 
wherein the decomposition temperature of the reactive precursor salt is lower than the melting point of the 
matrix salt; spray pyrolyzing the precursor composition, thereby forming precursor droplets, at a 
temperature below the melting point of the matrix salt and above the decomposition temperature of the 
precursor salt to form particles comprising matrix salt and decomposed precursor salt, wherein the relative 
humidity of spray pyrolyzing is carried out at a relative humidity of at least about 50% and no greater than 
about 80%; and rinsing the matrix salt from the particles to form nanoporous metal oxide particles.  
 
2. The method of claim 1 wherein the precursor composition comprises a mole ratio of precursor salt to 
matrix salt of at least about 1:1 and no greater than about 1:5.  
 
3. The method of claim 2 wherein the precursor composition comprises a mole ratio of precursor salt to 
matrix salt that is no greater than about 1:3.  
 
4. The method of claim 1 wherein the total concentration of precursor salt and matrix salt in the precursor 
composition is at least about 1 weight percent and no greater than about 3 weight percent, based on the 
total weight of the precursor composition.  
 

Windholz et al, Eds., The Merck Index, Rahway, NJ, 1983, cover page, title page, p. 140. cited 
by other. 
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5. The method of claim 1 wherein the spray pyrolyzing is carried out at a temperature of at least about 
200.degree. C. and no greater than about 700.degree. C.  
 
6. The method of claim 5 wherein spray pyrolyzing is carried out at a temperature no greater than about 
550.degree. C.  
 
7. The method of claim 1 wherein the precursor composition is spray pyrolyzed under conditions effective 
to form particles and allow the matrix salt to diffuse into the interior of the particles.  
 
8. The method of claim 1 wherein the diameter of the nanoporous metal oxide particles is at least about 90 
nanometers.  
 
9. The method of claim 1 wherein the precursor salt is selected from the group consisting of Group IIIA 
metal salts, Group IVA metal salts, Group VA metal salts, Group VIA metal salts, transition metal salts, 
and combinations thereof.  
 
10. The method of claim 1 wherein the matrix salt is selected from the group consisting of fluorides, 
chlorides, bromides, iodides, and combinations thereof.  
 
11. The method of claim 1 wherein the precursor composition is an aqueous precursor composition.  
 
12. The method of claim 1 wherein rinsing comprises rinsing in an aqueous rinse to provide nanoporous 
metal oxide particles.  
 
13. The method of claim 1 wherein the nanoporous metal oxide particles have a pore size of at least about 
2 nanometers and no greater than about 20 nanometers in diameter.  
 
14. The method of claim 9 wherein the precursor salt is selected from the group consisting of Group IIIA 
metal salts, Group IVA metal salts, Group VA metal salts, and combinations thereof.  
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15. A method of forming nanoporous particles comprising an aluminum oxide, the method comprising: 
providing a precursor composition comprising at least one reactive aluminum precursor salt and at least 
one matrix salt salt is lower than the melting point of the matrix salt; spray pyrolyzing the precursor 
composition, thereby forming precursor droplets, at a temperature below the melting point of the matrix 
salt and above the decomposition temperature of the precursor salt to form particles comprising matrix salt 
and decomposed precursor salt; and rinsing the matrix salt from the particles to form nanoporous 
aluminum oxide particles.  
 
16. The method of claim 15 wherein the precursor composition is an aqueous precursor composition.  
 
17. The method of claim 15 wherein rinsing comprises rinsing in an aqueous rinse to provide nanoporous 
aluminum oxide particles.  
 
18. The method of claim 15 wherein the nanoporous aluminum oxide particles have a pore size of at least 
about 2 nanometers and no greater than about 20 nanometers in diameter.  
 
19. The method of claim 15 wherein the aluminum precursor salt is selected from the group of a nitrate 
salt, a carbonate salt and an acetate salt.  
 
20. The method of claim 19 wherein the precursor salt is aluminum nitrate.  
 
21. The method of claim 15 wherein the matrix salt is selected from the group consisting of fluorides, 
chlorides, bromides, iodides, and combinations thereof.  
 
22. A method of forming nanoporous particles of aluminum oxide comprising: providing an aqueous 
precursor composition comprising at least one aluminum salt and at least one alkali metal salt, wherein the 
mole ratio of aluminum salt to alkali metal salt is about 1:1, and the concentration of aluminum salt and 
alkali metal salt present in the composition is about 1 weight percent, based on total weight of the 
composition; spray pyrolyzing the precursor composition, thereby forming precursor droplets, at a 
temperature below the melting point of the alkali metal salt and above the decomposition temperature of 
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the aluminum salt to form particles comprising alkali metal salt and decomposed aluminum salt, wherein 
the precursor composition is spray pyrolyzed under conditions to form aluminum oxide; and rinsing the 
alkali metal salt from the particles of alkali metal salt and decomposed aluminum salt in an aqueous rinse 
to form nanoporous particles of aluminum oxide.  
 
23. The method of claim 22 wherein the nanoporous aluminum oxide particles have a pore size of at least 
about 2 nanometers and no greater than about 20 nanometers in diameter.  
 
24. The method of claim 22 wherein the aluminum salt is aluminum nitrate.  
 
25. The method of claim 22 wherein the alkali metal salt is sodium chloride. 

Description 

 
 
BACKGROUND  
 
Microporous inorganic solids, such as synthetic and naturally-occurring zeolites, have found wide use in 
such applications as molecular sieves, filtration, and purification materials, due to their large internal 
surface area. However, because of the limitation of pore size of these materials to typically no smaller than 
about 1.5 nanometers (nm), new synthetic methods have been investigated to extend the range of available 
pore sizes of porous inorganic materials, such as metal oxides. Such methods include using templates of 
surfactant liquid (Goltner et al., Adv. Mater., 9(5):431 (1997)) and colloidal (Velev et al., Chem. Mater., 
10:3597 (1998)) crystals to produce mesoporous materials with pore diameters of about 2 nm to about 10 
nm. These new methods successfully expand the porosity of zeolite-type materials. However, although 
these methods provide useful materials for expanded opportunities in the fields of molecular sieving and 
chemical adsorption, these methods have the disadvantage of requiring a secondary hydrothermal process 
to remove the surfactant. Such thermal processes may result in collapse of the porous structure. 
Furthermore, most templating procedures in batch reactor operations require time-consuming methods, 
one-time-only use of the templating material, and auxiliary solvent extraction. Such considerations may 
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make otherwise promising applications using the porous materials commercially uneconomical.  
 
Nanoporous alumina is a preferred product because it is increasingly being used in adsorption and 
catalysis, wherein their large surface area, pore structure, and unique surface chemistry play essential roles 
(Kodas et al., "Alumina Powder Production by Aerosol Processes," Alumina Chemicals: Science and 
Technology Handbook, The American Ceramic Society, Inc. (1990)).  
 
Metal and metal oxides may be useful as a porous inorganic material in such applications as previously 
described, provided an adequate porosity is achieved. Metal and metal oxide particles may be easily 
produced by the spray pyrolysis process, which is one of the simplest and most industrially viable 
production methods in use. Spray pyrolysis involves the use of one or more precursors dissolved in a 
solvent and aerosolized into a droplet stream, which is then typically processed in a tubular reactor or 
flame (Zachariah et al., J. Mat. Res., 6:264(1991)). Typically, solvent evaporation is accompanied by 
precursor precipitation, and a thermally driven reaction to produce the final product. A wide variety of 
materials have been produced by this method using single and multi-component metals and metal-oxides 
(Kodas et al., Aerosol Processing of Materials, Wiley-VCH (1999)). A well known approach using spray 
pyrolysis to produce metal oxides involves using metal nitrate salts, which are readily available, have 
reasonable solubility in water, and decompose at moderate temperatures (less than about 500.degree. C.). 
Conventional spray pyrolysis processes may, however, provide hollow particles of metal oxides (Dubois 
et al., J. Am. Ceram. Soc., 72(4):713 (1989); Gadalla et al., J. Mater. Res., 5(12):2923 (1990); Senzaki et 
al., J. Am. Ceram. Soc., 78(11):2973 (1995)) which may not provide sufficient particle surface area for an 
intended application. There is a need, therefore, for a spray pyrolysis process that provides a nanoporous 
metal oxide material that is able to provide adequate particle surface area for an intended application.  
 
Recently, mesoporous silica particles have been produced by a spray pyrolysis method, in which 
polystyrene spheres and surfactants are employed to produce multiphased self-assembly nanostructures in 
an evaporating droplet mixed with tetraethylorthosilicate (TEOS, Si(OCH.sub.2CH.sub.3).sub.4), ethanol, 
and water (Fan et al., J. Non-Crystalline Solids, 285:71 (2001)). However, this process has the 
disadvantage of requiring a secondary thermal calcination process to remove the nanophased additives 
from the matrix of the silica/surfactant/polystyrene spheres that, as indicated above, may cause a collapse 
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of the particle's porous structure. Furthermore, this method requires the use of polystyrene spheres, which 
are an expensive precursor.  
 
In a related work, nanoparticles have been produced using a salt-assisted spray pyrolysis method. In this 
approach, molten salt was used to slow down the growth rate of the particles (Xia et al., Adv. Mater., 13
(20):1579(2001)). Similar experiments have been conducted in which the salt matrix is generated in-situ 
by the reaction of sodium with metal halides (Ehrman et al., J. Mater. Res., 14(4):1664 (1999)). Models 
have also been developed for coagulating nanoparticlcs, in which the nanoparticles are treated as 
immiscible liquid entities (nanodroplets) within much larger liquid aerosol drops composed of salt or 
droplets of another liquid medium (Struchtrup et al., J. Aerosol. Sci., 32:1479 (2001); Efendiev et al., 
Chem. Eng. Sci., 56:5763 (2001)). The growth rate and number concentration of nanoparticles in the 
liquid droplets are strongly dependent on the viscosity of the major phase. Since viscosity is highly 
temperature sensitive, temperature could be employed to change the growth rate of nanoparticles within 
the liquid droplets (Struchtrup et al., J. Aerosol. Sci., 32:1479 (2001); Efendiev et al., Chem. Eng. Sci., 
56:5763 (2601)). The above-described salt-assisted spray pyrolysis methods, however, do not necessarily 
provide nanoporous materials. Thus a spray pyrolysis method that is able to provide the desired 
nanoporous materials is needed.  
 
SUMMARY OF THE INVENTION  
 
The present invention provides a method of forming nanoporous particles, the method including: 
providing a precursor composition including at least one reactive precursor salt and at least one matrix 
salt, wherein the decomposition temperature of the reactive precursor salt is lower than the melting point 
of the matrix salt; spray pyrolyzing the precursor composition, thereby forming precursor droplets, at a 
temperature below the melting point of the matrix salt and above the decomposition temperature of the 
precursor salt to form particles including matrix salt and decomposed precursor salt; and rinsing the matrix 
salt from the particles to form nanoporous particles. The precursor salt is chosen such that, when spray 
pyrolyzed, it forms particles of the desired material. The matrix salt forms the template structure of the 
particles' pores, providing a nanoporous particle upon being removed from the spray pyrolyzed particles. 
The invention further provides particles preparable by this method.  
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The invention further provides a method of forming nanoporous particles of aluminum oxide including: 
providing an aqueous precursor composition including at least one aluminum salt and at least one alkali 
metal salt, wherein the mole ratio of aluminum salt to alkali metal salt is about 1:1, and the concentration 
of aluminum salt and alkali metal salt present in the composition is about 1 weight percent, based on total 
weight of the composition; spray pyrolyzing the precursor composition, thereby forming precursor 
droplets, at a temperature below the melting point of the alkali metal salt and above the decomposition 
temperature of the aluminum salt to form particles including alkali metal salt and decomposed aluminum 
salt, wherein the precursor composition is spray pyrolyzed under conditions to form aluminum oxide; and 
rinsing the alkali metal salt from the particles of alkali metal salt and decomposed aluminum salt in an 
aqueous rinse to form nanoporous particles of aluminum oxide.  
 
In addition, the present invention provides nanoporous aluminum oxide particles preparable by a method 
including: providing an aqueous precursor composition including an aluminum salt and an alkali metal 
salt, wherein the mole ratio of the aluminum salt to the alkali metal salt is about 1:1, and the concentration 
of the aluminum salt and the alkali metal salt present in the composition is about 1 weight percent, based 
on the total weight of the composition; spray pyrolyzing the precursor composition, thereby forming 
precursor droplets, at a temperature below the melting point of the alkali metal salt and above the 
decomposition temperature of the aluminum salt to form particles including alkali metal salt and 
decomposed aluminum salt, wherein the precursor composition is spray pyrolyzed under conditions to 
form aluminum oxide; and rinsing the alkali metal salt from the particles of alkali metal salt and 
decomposed aluminum salt in an aqueous rinse to form nanoporous aluminum oxide particles.  
 
BRIEF DESCRIPTION OF THE DRAWINGS  
 
FIG. 1--Droplet size distribution from atomizer (prior to diffusion dryer) measured with laser aerosol 
spectrometer (GMD:Geometric Mean Diameter, GSD:Geometric Standard Deviation).  
 
FIG. 2--The evolution of final particle size distribution as a function of furnace temperature.  
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FIG. 3--Schematic diagram of experimental setup for synthesis and characterization of nanoporous 
particles (DMA:Differential Mobility Analyzer, CNC:Condensation Nuclei Counter, HS-LAS:High 
Sensitivity Laser Aerosol Spectrometer).  
 
FIG. 4--The evolution of NaCl particle size distribution for varying gas temperatures.  
 
FIG. 5--Pore surface area and volume distribution for various drying rate conditions (post salt removal).  
 
FIG. 6--The evolution of (a) pore surface area and (b) pore volume distribution of Al.sub.2O.sub.3 for 
varying mixture ratio of aluminum and salt (post salt removal).  
 
FIG. 7--Ratio of characteristic time for droplet shrinkage to solute diffusion, as a function of relative 
humidity (t.sub.1=characteristic time for droplet shrinkage, t.sub.sd=characteristic time for solute 
diffusion; .circle-solid.=Nafion membrane dryer, .box-solid.=silica-gel diffusion dryer).  
 
FIG. 8-(a) Total pore surface area and (b) pore volume distribution for varying furnace temperatures (Al
(NO.sub.3).sub.3:NaCl=1:1 at 1 weight percent (wt %) solution, relative humidity=30%, post NaCl 
removal).  
 
FIG. 9--Pore surface area and volume distribution: (a) before and (b) after salt removal (Al
(NO.sub.3).sub.3:NaCl=1:1 at 1 weight percent (wt %) solution, synthesis temperature 550.degree. C., 
relative humidity=30%).  
 
FIG. 10--Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) images for 
varying temperature and salt content.  
 
FIG. 11--X-ray diffraction patterns of spray pyrolyzed (a) Al.sub.2O.sub.3 and NaCl (T=550.degree. C., 
before washing process) and (b) Al.sub.2O.sub.3 particles (T=550.degree. C., after washing process).  
 
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS  
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The present invention includes methods for producing a nanoporous particle. The particles of the 
invention preferably have a pore size that is at least about 2 nm in diameter. The pores are preferably no 
larger than about 20 nm in diameter. Additionally, the nanoporous particles may be of any size useful in 
the invention. Generally, however, the particles are at least about 90 nm in diameter. Smaller particles 
may be produced; however, smaller particles may have lesser utility since as the size of the particle 
approaches the size of the nanopores, particles that are generally hollow rather than porous may be 
produced. Generally, the particles are formed by spray pyrolyzing a precursor composition including a 
reactive salt (the precursor salt) and a nonreactive salt (the matrix salt).  
 
In the present preferred methods, generally, at least one nonreactive salt (the matrix salt) is employed as 
an inexpensive and recyclable templating medium in the formation of nanoporous particles. The matrix 
salt is provided, along with at least one reactive precursor salt to form a precursor composition. The 
precursor composition is then spray pyrolyzed, by methods known in the art (Xia et al., Adv. Mater., 13
(20):1579 (2001)) to form solid, preferably nanoporous porous particles of the precursor composition. The 
precursor salt and matrix salt are selected such that they can be spray pyrolyzed, they provide the desired 
nanoporous template structure, and they provide the desired material of the final particle.  
 
The matrix salt is generally nonreactive with the precursor salt, enabling it to form a nanoporous network 
that supports the structure of the particle formed by spray pyrolysis. The matrix salt may then be separated 
from the spray pyrolyzed particle by rinsing, preferably in an aqueous rinse, to produce, preferably, a 
nanoporous particle. Any liquid may be used as a rinse, provided the matrix salt is soluble in the rinse. 
Preferable matrix salts are those that are soluble in an aqueous rinse at room temperature, providing an 
inexpensive, recyclable templating medium that is easily spray pyrolyzed, stable at relatively high 
temperatures, such as about 700.degree. C., and are easily separated from the spray pyrolyzed precursor 
composition to produce a nanoporous particle.  
 
Matrix salts suitable for use may have various melting points and viscosities. Such variations may affect 
the pore size and structure of the resultant nanoporous particle, and such considerations may be used in the 
selection of an appropriate salt or combination of salts. In addition to having melting point temperatures 
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higher than the selected precursor salt, preferred matrix salts typically have lower solubilities, at room 
temperature, in the vehicle of the precursor composition than the selected precursor salts. Preferred matrix 
salts are chosen from the group of Group IA and Group IIA metal salts, and combinations thereof.  
 
More preferred matrix salts are salts selected from the fluorides, chlorides, bromides, and iodides of 
Group IA and Group IIA metal salts, and combinations thereof. Even more preferred matrix salts are salts 
selected from the group of sodium fluoride, sodium chloride, sodium bromide, sodium iodide, potassium 
fluoride, potassium chloride, potassium bromide, potassium iodide, lithium fluoride, lithium chloride, 
lithium bromide, lithium iodide, rubidium fluoride, rubidium chloride, rubidium bromide, rubidium 
iodide, cesium fluoride, cesium chloride, cesium bromide, cesium iodide, beryllium fluoride, beryllium 
chloride, beryllium bromide, beryllium iodide, magnesium fluoride, magnesium chloride, magnesium 
bromide, magnesium iodide, calcium fluoride, calcium chloride, calcium bromide, calcium iodide, 
strontium fluoride, strontium chloride, strontium bromide, strontium iodide, barium fluoride, barium 
chloride, barium bromide, barium iodide, and combinations thereof. A most preferred matrix salt is 
sodium chloride.  
 
The matrix salt of the present invention may be included in the precursor composition as a component 
added in its salt form. Alternatively, the matrix salt may be created in situ in the precursor composition. 
Either method of providing the matrix salt component to the precursor composition, as well as any 
combination of methods, is encompassed by the methods of the present invention, provided the methods 
are carried out under such conditions that a solid phase of the salt is ultimately provided as a template for 
the nanoporous structure of the particles during spray pyrolysis.  
 
The precursor composition preferably additionally includes at least one reactive salt (the precursor salt). It 
is reactive in that it decomposes to form, after rinsing, a solid, preferably nanoporous particle; however, 
the precursor salt is generally nonreactive with the matrix salt. Preferred precursor salts, or combination of 
salts, are those capable of being spray pyrolyzed at a temperature below the melting point of the chosen 
matrix salt to form particles.  
 
The precursor composition may be spray pyrolyzed under conditions effective to provide metal 
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nanoporous particles. Alternatively, the precursor composition may be spray pyrolyzed under conditions 
effective to provide metal oxide nanoporous particles.  
 
To provide the preferred nanoporous particles of the invention, it is important that the precursor salt and 
the matrix salt are chosen such that the precursor salt decomposes at a temperature below the melting 
point of the matrix salt. Suitable precursor salts and matrix salts are also capable of being spray pyrolyzed 
from a precursor composition. Typical preferred precursor salts of the invention are those that decompose 
at temperatures from about 200.degree. C. to about 600.degree. C. Additionally, preferred precursor salts 
typically are more soluble, at room temperature, in the vehicle of the precursor composition than the 
selected matrix salt of the precursor composition.  
 
Preferred precursor salts of the invention include salts selected from the group of Group IIIA metal salts, 
Group IVA metal salts, Group VA metal salts, Group VIA metal salts, Group VIIA metal salts, transition 
metal salts, and combinations thereof. The Group IIIA-Group VIIA metal salts, particularly the Group 
VIA and Group VIIA metal salts include salts of those elements understood by those skilled in the art to 
be metalloids. Metalloids show characteristics of both metals and nonmetals, and include silicon, arsenic, 
tellurium, and antimony. Transition metal salts are metal salts including metals chosen from Group IB, 
Group IIB, Group IIIB, Group IVB, Group VB, Group VIB, Group VIIB, and Group VIII of the Periodic 
Table.  
 
Anions useful in preferred precursor salts are those that form a salt with the selected metal to provide a 
precursor composition of the invention, and that provide the desired metal or metal oxide particle upon 
spray pyrolysis of the precursor composition. Preferred anions are nitrates, carbonates, and acetates. More 
preferred anions are nitrates.  
 
More preferred precursor salts include salts selected from the group of Group IIIA metal salts, Group IVA 
metal salts, Group VA metal salts, and combinations thereof. Even more preferred precursor salts are salts 
selected from Main Group IIIA metal salts. A particularly preferred precursor salt is aluminum nitrate.  
 
The precursor composition can also include a carrier (i.e., a precursor vehicle), such as water, or any other 
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carrier known in the art that has a boiling point lower than the decomposition temperature of the precursor 
salt and will at least partially solubilize both the precursor salt and the matrix salt. The precursor vehicle 
may be any material capable of providing a vehicle for the precursor salt and the matrix salt and which is 
capable of evaporating upon spray pyrolysis. Preferably the precursor composition is an aqueous precursor 
composition.  
 
Total salt concentration of the precursor also is believed to affect the size and porosity of the particle 
produced. For instance, by changing the total salt concentration (i.e., both precursor salt and matrix salt 
combined in a preferred mole ratio) in the precursor composition, the size of the resultant particle may be 
manipulated. For example, a relatively lower concentration of total salts in a precursor composition 
typically produces smaller particles as compared with aerosolized droplets of comparable size of a 
precursor composition including a relatively higher concentration of total salts, as the lower concentration 
of salt has less starting material for pyrolyzation. Therefore, the desired particle size may be produced by 
choice of total salt concentration. In preferred methods of the present invention, the concentration of total 
salts present in the precursor composition is preferably no greater than about 3 weight percent, based on 
the total weight of the composition, as salt concentrations of greater than about 3 weight percent typically 
form hollow particles rather than nanoporous particles. More preferably, the concentration is at least about 
1 weight percent, based on the total weight of the composition.  
 
Additionally, the final particle structure is believed to be affected by the mole ratio of the precursor salt to 
the matrix salt present in the precursor composition. For instance, a relatively low matrix salt fraction may 
yield substantially nonporous particles, as there is a relatively small amount of material to form the matrix 
structure. On the other hand, a relatively high matrix salt fraction may cause the formation of large 
structures, leading to particles with a pore structure that is larger than the desired nanoporous structure of 
the present invention. Preferred precursor compositions of the present invention include compositions 
having a mole ratio of precursor salt to matrix salt that is at least about 1:1. Additionally, preferably the 
mole ratio of precursor salt to matrix salt in the precursor composition is no greater than about 1:5. More 
preferably the mole ratio is no greater than about 1:3.  
 
The precursor composition is spray pyrolyzed at a temperature that is greater than the decomposition 
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temperature of the precursor salt but lower than the melting point of the matrix salt. Preferred pyrolysis 
temperatures of the invention are at least about 200.degree. C. and preferably no greater than about 
700.degree. C. More preferably, spray pyrolysis temperatures are no greater than about 550.degree. C.  
 
Without being bound to any particular theory, it is believed that the drying rate of the spray pyrolyzed 
precursor composition may have an effect on the nanoporous structure of the nanoporous particles of the 
invention. The drying rate may be controlled through the relative humidity of the spray pyrolysis 
environment. Preferred methods of the invention, therefore, include spray pyrolyzing the precursor 
composition at humidities of at least about 50% relative humidity and, preferably, no greater than about 
80% relative humidity.  
 
Without being bound to any particular theory, it is believed that the process and conditions of evaporating 
the droplets of nebulized precursor composition and solidification of the particles during spray pyrolysis, 
manipulated through a change in pyrolysis temperature and relative humidity of the pyrolysis 
environment, are significant in the methods of forming the nanoporous particles of the present invention. 
For instance, it is believed that gradual shrinkage of nebulized precursor, which may be effected through 
lowering the evaporation rate, tends to promote the formation of solid, rather than hollow particles. 
Additionally, the concentrations of the salts, particularly the relative concentrations of the precursor and 
matrix salts in the precursor composition, and how they precipitate in the aerosolized and pyrolyzed 
precursor droplets, are believed to affect the structure and porosity of the final particle.  
 
Although the inventors do not wish to be bound by theory, it is believed that in an evaporating droplet of 
the precursor composition, the salt concentration will eventually reach a supersaturated state and begin to 
nucleate. As the loss of the liquid phase of the composition occurs first at the drop surface, it is here that 
the salt typically will be present in the highest concentration. If the evaporation rate is rapid relative to the 
internal liquid state diffusion of solutes, precipitation of the salts near the edge of the droplet may result in 
the formation of a crust. Such formation has the potential to subsequently form hollow structures. If, 
however, the salts are allowed to diffuse to the interior of the droplet, particularly by slowing the 
evaporation rate of the precursor droplets relative to the internal liquid state diffusion of solutes, it is 
believed that the matrix salt is able to form a template for nanoporous structures in the spray pyrolyzed 
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particles.  
 
It is further believed that the nature of the precipitation of the salts, particularly order of precipitation of 
the matrix salts and precursor salts within the droplet, is intimately connected to the generation of the 
template for the porous network. The exact nature of the precipitation process of the salts is believed to be 
quite complex; however, it is expected that by choosing a matrix salt to have a lower solubility relative to 
that of the chosen precursor salt, the matrix salt will precipitate first, aiding in production of a nanoporous 
template structure.  
 
It is also believed that the location of the precipitated salts in the pyrolyzed particles may have an effect on 
the particle's structure and porosity. Once precipitation is complete, the formation of the porous network 
by the methods of the present invention is effectively also complete, since the salts are no longer able to 
move. The matrix salt may thereby provide a template of the nanoporous structure of the final particle, or 
a template of another type of structure, depending upon where in the particle the matrix salt precipitates. 
The location of the precipitated salts within the precursor droplet is expected to depend significantly upon 
the exact nature of the drying rate relative to the internal droplet diffusion processes. In the present 
methods, the drying rate is typically determined by the relative humidity at which the particles are spray 
pyrolyzed.  
 
Without being held to a particular theory, it is also believed that the initial precursor composition droplet 
size affects the morphology of the final particle at post-washing due to solubility and relative diffusion 
rate of the precursor composition salts. Most notably in this regard, the formation of hollow particles in 
pyrolyzed particles with diameters of greater than about 100 nanometers and less than about 500 
nanometers, obtained from larger initial droplet sizes, is believed to result from incomplete decomposition 
of the precursor, particularly when pyrolyzed at lower temperatures, and from non-uniform solute 
distribution, presumably resulting from insufficient time for the solute to diffuse into the interior of a large 
droplet.  
 
The initial size of the droplets generated by the nebulizer is related to the size of the final product particle. 
For instance, a nominally 700 nanometer droplet of a precursor composition having a concentration of 
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about 1 weight percent salts, based on total weight of the precursor composition, is estimated to produce a 
final product particle at full density, assuming a nanoporous structure, of about 90 nanometers. This 
estimation is verified by experimental data reported in FIGS. 1 and 2. The initial droplet size measured 
showed that the nominal diameter of an initial droplet that is generated by the nebulizer is about 710 
nanometers, as shown in FIG. 1. The final particle size distribution of the nebulized precursor, as 
measured by the Differential Mobility Particle Sizer (Knutson, E. O.; Whitby, K. T.; J. Aerosol Sci., 
6:453-460 (1975)) at various furnace temperatures, is shown in FIG. 2 to be about 100 nanometers. This 
dimension is in reasonable agreement with the expected calculated diameter of 90 nanometers, indicated 
above. This dimension also indicates that hollow particles were typically not produced, as a hollow 
particle produced from a comparable initial precursor droplet size would typically have a larger diameter. 
Therefore, in the preferred methods of the present invention, the diameter of the initial droplet of 
precursor composition provided by spray pyrolysis is at least about 700 nanometers.  
 
Depending on the precursor composition and environmental conditions, therefore, it is believed that a 
crust of the matrix salt may be formed at the periphery of the particle. Under certain conditions, such 
pyrolyzed precursor droplets may yield substantially nonporous nanoparticles. Alternatively, under 
different pyrolysis conditions and precursor compositions, formation of a crust may instead lead to 
hollow-structured metal oxide particles. For preferred environmental and precursor composition 
conditions of the invention, however, the matrix salt typically diffuses into the particles' interior, generally 
yielding the preferred nanoporous particle structure.  
 
Generally, the formation of a matrix salt crust, which may produce nonporous or hollow particles, or the 
diffusion of the matrix salt to the particles' interior to form a nanoporous template structure is believed to 
constitute a competition between matrix salt diffusion and evaporation of the aqueous precursor 
composition (or droplet shrinkage). This competition may be evaluated through a comparison of 
characteristic time constants (Seinfeld et al., Atmospheric Chemistry and Physics, John Wiley & Sons, 
Inc., (1998)) such as those presented in Table 1.  
 
TABLE-US-00001 TABLE 1 Comparison of characteristic time constants for water droplets relative to 
heat conduction in air at T = 25.degree. C. Characteristic times Process (sec) Vapor diffusion .sup.1
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(t.sub.vd) 2.02 .times. 10.sup.-8 Droplet shrinkage .sup.2(t.sub.r) 1.69 .times. 10.sup.-4 Solute 
diffusion .sup.3(t.sub.sd) 3.49 .times. 10.sup.-4 Heat conduction in air .sup.4(t.sub.hg) 2.23 .times. 
10.sup.-7 Heat conduction in 3.41 .times. 10.sup.-6 droplet .sup.5(t.sub.hl) .sup.1t.sub.vd = 
d.sub.p.sup.2/D.sub.v, R = droplet radius [cm], D.sub.v = diffusivity of solvent vapor in air 
[cm.sup.2s.sup.-1], where, R is assumed to be 350 nm, which was measured by laser 
spectrometry .times..times..times..times..rho..times..times..times..function..infin..r- 
ho..times..times..times..times..times..times..times..times. ##EQU00001## versal constant, D.sub.v = 
diffusion coefficient of water vapor, M = molecular weight of water, p.sub.d = partial pressure of solvent 
vapors on the droplet, p.sub..infin. = partial pressure of solvent vapors far from the droplet .sup.3t.sub.sd = 
d.sub.p.sup.2/D.sub.l, D.sub.l = diffusivity of solute in liquid phase [cm.sup.2s.sup.-1], .sup.4t.sub.hg = 
d.sub.p.sup.2/.alpha..sub.g, .alpha..sub.g = thermal diffusivity in the gas phase [cm.sup.2s.sup.-1], 
.sup.5t.sub.hl = d.sub.p.sup.2/.alpha..sub.l, .alpha..sub.l = thermal diffusivity in the liquid phase 
[cm.sup.2s.sup.-1]  
 
Table 1 shows that salt diffusion and droplet shrinkage, manipulated through, for instance, precursor 
evaporation rates, are clearly the slowest processes among various mechanisms that occur during spray 
pyrolysis. Further, they both require sufficiently comparable amounts of time for completion such that a 
change in process parameters may have an effect on the predominance of one mechanism over the other.  
 
Manipulation of the matrix salt diffusion and precursor evaporation rates may be effected by varying spray 
pyrolysis conditions. Such conditions include dwell time in the dryer and furnace; the nebulized droplet 
size; drying conditions, through regulation of relative humidity; and pyrolysis temperature. Matrix salt 
diffusion and precursor evaporation may also be manipulated through the conditions of the precursor 
composition, as previously indicated, such as total salt concentration and/or the mole ratio of precursor 
salt to matrix salt in the precursor composition. Without being bound to any particular theory, it is 
believed that manipulation of the above pyrolysis conditions and precursor compositions play significant 
and, particularly, interrelated roles in determining the particles' final nanoporous structure.  
 
Spray Pyrolysis and Characterization of Precursor Compositions  
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FIG. 3 presents a schematic diagram of a preferred method for forming and characterizing nanoporous 
particles produced from a precursor composition of the present invention. This method includes spray 
pyrolysis of the precursor composition. For spray pyrolysis, generally, a nebulizer is used to generate 
aerosol droplets of the precursor composition (e.g., a precursor composition including NaCl and Al
(NO.sub.3).sub.3). The nebulizer may be constructed (May, K. R., "The Collison Nebulizer. Description, 
Performance & Application," Journal of Aerosol Science, 4(3):235 (1973)), or a commercially available 
model, such as a Collison type may be used. The droplets are carried by a carrier gas to a dryer and tube 
furnace where the droplets are dried in a controlled relative humidity environment and exposed to heat in a 
furnace at temperatures of preferably about 200.degree. C. to about 800.degree. C. and at dwell times of 
typically about 1 second to about 0.5 seconds, respectively, to form spray pyrolyzed particles of the 
precursor composition. Preferred dwell times in the dryer and furnace are typically longer than the 
decomposition time required for the precursor composition, to allow sufficient time for diffusion of the 
matrix salt within the droplet. Preferred dwell times are typically less than about 5 seconds.  
 
Conventional methods known in the art may then be used to measure the particle sizes. Alternatively, a 
real-time method using a Differential Mobility Analyzer and Condensation Nuclei Counter may be used to 
monitor the evolution and particle size distribution of the of the spray pyrolyzed particles produced at, for 
instance, various temperature relative humidity conditions (Fissan et al., J. Aerosol. Sci., 14:354 (1983)).  
 
The product particles produced by the preferred methods of the invention may then be characterized by 
methods known in the art, such as by using scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), Powder X-ray diffractometry, Fourier Transform Infrared Spectroscopy (FT-IR), 
Thermal Gravimetric Analysis (TGA), and Gas Sorptometry.  
 
EXAMPLES  
 
Decomposition Temperatures of a Preferred Matrix Salt  
 
Conversion of precursor salt in the precursor composition to the pyrolyzed particles requires elevated 
temperatures. It was believed, however, that preferred nanoporous particles can be formed at a 
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temperature below the decomposition temperature of the matrix salt, which is approximately 800.degree. 
C. for the preferred matrix salt sodium chloride. Therefore, to test stability of spray pyrolyzed sodium 
chloride, particle size distributions of spray pyrolyzed sodium chloride at various temperatures were 
produced. A precursor composition of sodium chloride, without any precursor composition, was nebulized 
and spray pyrolyzed at temperatures of about 550.degree. C., about 600.degree. C., and about 700.degree. 
C. The size distributions of the resultant particles as a function of furnace temperature are reported in FIG. 
4, which indicates, for the temperatures tested, that the sodium chloride particles remained most stable for 
pyrolysis temperatures temperatures of about 550.degree. C.  
 
Examples 1-3 were performed to examine the effect of controlling salt diffusion by varying the 
evaporation rates of the precursor composition. To investigate the formation of the porous network at 
varied evaporation rates, the relative humidity of the sheath air in the counter-current NAFION membrane 
dryer (E.I. du Pont de Nemours, Wilmington, Del.; as shown in FIG. 3) was varied. The NAFION dryer 
was constructed with an inner tubular membrane for nebulized droplet flow and outer tube for sheath flow 
to absorb water vapor. By controlling the relative humidity of the sheath flow, it was possible to change 
the mass-transfer driving force for evaporation. The relative humidity of aerosolized droplets was 
measured to be about 95% at the nebulizer outlet and was varied from about 80% relative humidity (low 
evaporation rate) to a minimum of about 50% relative humidity (high evaporation rate), as measured by a 
relative humidity transducer at the outlet of the NAFION (E.I. du Pont de Nemours, Wilmington, Del.) 
dryer. The relative humidities were varied by supplying various ratios of dry/wet air through the outer 
tube.  
 
Example 1  
 
Aluminum oxide particles having a nanoporous structure were prepared by thermal decomposition of 
droplets of an aqueous precursor composition including aluminum nitrate and sodium chloride.  
 
The precursor composition was prepared by dissolving Al(NO.sub.3).sub.3.9H.sub.2O and NaCl at room 
temperature in deionized water at a mole ratio of about 1:1 and a total salt concentration of about 1 weight 
percent, based on the total weight of the composition. The precursor composition was then spray 
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pyrolyzed according to the following procedure.  
 
To generate the precursor aerosol droplets, a Collison nebulizer (May, K. R., "The Collison Nebulizer. 
Description, Performance & Application," Journal of Aerosol Science, 4(3):235 (1973)) was employed, 
set at a droplet flow rate of approximately 1 liter per minute (L/min (35 psi)). The initial droplet size was 
measured using a high sensitivity laser aerosol spectrometer (Model HSLAS, Particle Measuring Systems, 
Inc., Boulder, Colo.) capable of measuring particle sizes between 65 nm and 900 nm with a He--Ne 
optical particle counting system. Aerosol precursor droplets of approximately 800 nm were generated by 
the Collison nebulizer and carried by compressed air to a NAFION (E.I. du Pont de Nemours, 
Wilmington, Del.) silica-gel diffusion dryer where the droplets were dried for at least about 5 seconds to 
remove water from the aerosolized precursor droplets. Air was flowed through the dryer at a relative 
humidity of approximately 80% at the dryer outlet port.  
 
The dried solid aerosols were then carried by air current to a stainless steel reaction tube (122 centimeters 
(cm) long, 1.6 cm in diameter) within a Linburg tube furnace (Burton Industries, Inc., North Babylon, 
N.Y.) operating at a temperature of about 550.degree. C., to generate the aluminum oxide/sodium chloride 
composite particles.  
 
A Differential Mobility Particle Sizer (Knutson, E. O.; Whitby, K. T.; J. Aerosol Sci., 6:453-460 (1975)) 
was then used to monitor in real time the evolution of particle size distribution. The mixed 
Al.sub.2O.sub.3 and NaCl particles were then collected on a nucleopore filter at a temperature of 
25.degree. C., providing a particle production rate of 100 milligrams per hour (mg/hr). The particles were 
then rinsed with water to provide the nanoporous alumina product using a washing procedure as outlined 
by B. Holland; C. Blanford; A. Stein, "Synthesis of macroporous minerals with highly ordered three-
dimensional arrays of spheroidal voids," Science, 281:538-540 (1998).  
 
The resulting pore surface area and volume distribution data of the particles produced are provided in both 
FIGS. 5(a) and 5(b) and FIGS. 6(a) and 6(b).  
 
Example 2  
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Aluminum oxide particles were produced by the method of Example 1, except that the relative humidity at 
the dryer outlet was about 65%. The resulting pore surface area and volume distribution is provided in 
FIGS. 5(a) and 5(b).  
 
Example 3  
 
Aluminum oxide particles were produced by the method of Example 1, except that the relative humidity at 
the dryer outlet was about 50%. The resulting pore surface area and volume distribution is provided in 
FIGS. 5(a) and 5(b).  
 
As indicated by Examples 1-3, varying evaporation rates through manipulation of relative humidities had 
a significant effect on the structure of the resulting particles. FIG. 5 reports the resultant pore volumes and 
pore surface areas of nanoporous particles produced at various relative humidities. Higher rates of droplet 
evaporation (at lower relative humidities) are believed to result in particles having larger pore diameters 
than particles produced at higher relative humidities. However, the larger average pore diameters seen at 
higher droplet evaporation rates occurred typically at the higher end of the pore diameter measurements 
and were associated with the formation of hollow-like structures. As shown in FIG. 5, there is a trend 
toward the formation of greater pore volume in the particles having smaller pores (about 2 to about 10 
nanometers) with a higher relative humidity (decreased drying rate), indicating that in the preferred 
methods of the present invention, the precursor composition is spray pyrolyzed at a relative humidity that 
is preferably at least about 50%, more preferably at least about 65%, and preferably at a relative humidity 
of no greater than about 80%.  
 
Without being held to any particular theory, it is believed that a certain amount of control of the 
competition between salt diffusion and precursor composition evaporation is accomplished by a change in 
relative humidity. In a high relative humidity environment, typically above about 60% relative humidity, 
at room temperature and pressure, highly porous structured particles are typically produced without the 
formation of hollow-structured particles due, presumably, to a reduction of crust formation. In FIG. 7, the 
ratio of the characteristic time of droplet shrinkage (t.sub.r) to that of salt diffusion (t.sub.sd) within the 
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precursor droplet is plotted as a function of relative humidity. The curve crosses unity at a relative 
humidity of about 50%, under the assumption that the vapor pressure of water is typically generally 
unaffected by the salt. At low relative humidity (less than about 50%), the characteristic evaporation time 
is shorter than the internal droplet transport processes. This is expected to produce a non-uniform salt 
profile within the droplet and, correspondingly, a high precipitation rate near the surface. These conditions 
are expected to lead to a hollow particle and, in fact, hollow particles are observed under these conditions 
(FIG. 5(a)).  
 
Conversely, at a higher relative humidity (over about 60% relative humidity), the ratio of characteristic 
times shown in FIG. 7 is larger than one, and at these higher relative humidities, more uniform porous 
particles are observed (FIG. 5(a)).  
 
It is further believed that varying the ratio of precursor salt to matrix salt in the precursor composition has 
an effect on the resultant structure of the pyrolyzed particle. Therefore, particles were produced according 
to Examples 4-7, varying the salt ratios of the precursor composition, to demonstrate how the resultant 
particles are affected. Resulting pore surface area and volume distribution data for Examples 4-7 are 
provided in FIGS. 6(a) and 6(b).  
 
Example 4  
 
Aluminum oxide particles were produced by the method of Example 1, except that the mole ratio of 
aluminum nitrate to sodium chloride was 1:0.  
 
Example 5  
 
Aluminum oxide particles were produced by the method of Example 1, except that the mole ratio of 
aluminum nitrate to sodium chloride was about 1:0.5.  
 
Example 6  
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Aluminum oxide particles were produced by the method of Example 1, except that the mole ratio of 
aluminum nitrate to sodium chloride was about 1:3.  
 
Example 7  
 
Aluminum oxide particles were produced by the method of Example 1, except that the mole ratio of 
aluminum nitrate to sodium chloride was about 1:5.  
 
As indicated by FIGS. 6(a) and 6(b), the particles produced by the method of Example 4 yielded 
substantially nonporous aluminum particles for spray pyrolysis of a precursor composition without a 
matrix salt. Additionally, the particles produced by the methods of Examples 5 and 7, using precursor 
compositions including mole ratios of precursor salt to matrix salt of about 1:0.5 and about 1:5, 
respectively, typically did not produce the desired nanoporous particles of the invention. For instance, for 
a precursor composition having a mole ratio of about 1:5 precursor salt to matrix salt, it was shown that 
the increase in mass fraction of the matrix salt over, for example, the about 1:3 precursor salt to matrix salt 
precursor composition of Example 6, resulted in a decrease of the specific surface area of the resultant 
particles and enhanced the formation of substantially nonporous particles.  
 
However, the method of Example 6, using a precursor composition including a mole ratio of about 1:3 
precursor salt to matrix salt provided nanoporous particles comparable to those produced by the precursor 
composition and method of Example 1.  
 
Without being held to any particular theory, it is believed that a relatively small matrix salt fraction, such 
as a mole fraction of about 1:1 precursor salt to matrix salt, supports the porous, preferably nanoporous, 
network inside the particle. With relatively larger matrix salt mass fractions, such as a mole ratio of about 
1:5 precursor salt to matrix salt, the resulting composites would presumably have larger salt precipitates, 
resulting in, upon removal of salt, relatively fewer small size pore volumes and decreased surface area. 
Higher matrix salt fraction composites presumably form substantially nonporous metal nanoparticles 
(Ehrman et al., J. Mater. Res., 14(4):1664 (1999); Xia et al., Adv. Mater., 13(20):1579 (2001)). As 
indicated in FIG. 8(a), the maximum surface area for the preferred nanoporous particles of the present 
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invention produced from a precursor composition with a mole ratio of aluminum nitrate to sodium 
chloride of about 1:1 in concentration of about 1 weight percent, based on total weight of the composition, 
was determined to be approximately 388 meters squared per gram.  
 
It is further believed that preferred methods of the present invention include pyrolyzing the precursor 
composition at a temperature that ensures decomposition of the precursor salt but does not exceed the 
melting point of the matrix salt. In the methods of Examples 8-12, the precursor composition including 
aluminum nitrate as the precursor salt and sodium chloride as the matrix salt was pyrolyzed at 
temperatures from about 200.degree. C. to about 800.degree. C.  
 
At temperatures below about 800.degree. C., the approximate melting point of sodium chloride, the matrix 
salt is typically partially to substantially stable. As shown in FIG. 4, the distribution of spray pyrolyzed 
particles of sodium chloride, the matrix salt remains particularly stable for temperatures below about 
550.degree. C. At about 700.degree. C., the mode corresponding to the original aerosol produced by the 
atomizer is decreased significantly, and is replaced with a nucleation mode aerosol with a very narrow size 
distribution and a high number concentration. Pyrolysis at such high temperatures is believed to cause a 
loss of porosity in the nanoporous particles produced by methods of the present invention Additionally, 
the aluminum nitrate precursor salt generally decomposes at temperatures above about 200.degree. C. 
Pyrolysis temperatures, therefore, were tested between about 200.degree. C. and about 800.degree. C., a 
range at which the sodium chloride typically remains generally stable and the aluminum nitrate typically 
at least partially thermally decomposes.  
 
Example 8  
 
Aluminum oxide particles were produced by the method of Example 1, at a pyrolysis temperature of about 
550.degree. C., except that the relative humidity at the dryer outlet was about 30%. The resulting pore 
surface area and volume distribution is provided in FIGS. 8(a), 8(b), and 9(b).  
 
Example 9  
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Aluminum oxide particles were produced by the method of Example 8, except that the pyrolysis 
temperature was about 200.degree. C. The resulting pore surface area and volume distribution is provided 
in FIGS. 8(a) and 8(b).  
 
Example 10  
 
Aluminum oxide particles were produced by the method of Example 8, except that the pyrolysis 
temperature was about 700.degree. C. The resulting pore surface area and volume distribution is provided 
in FIGS. 8(a) and 8(b).  
 
Example 11  
 
Aluminum oxide particles were produced by the method of Example 8, except that the pyrolysis 
temperature was about 400.degree. C. The resulting pore surface area and volume distribution is provided 
in FIGS. 8(a) and 8(b).  
 
Example 12  
 
Aluminum oxide particles were produced by the method of Example 8, except that the pyrolysis 
temperature was about 800.degree. C. The resulting pore surface area and volume distribution is provided 
in FIGS. 8(a) and 8(b).  
 
By the method of Example 8 it is shown that the maximum total surface area under these precursor 
evaporation conditions and for this precursor composition occurs at a pyrolysis temperature of about 
550.degree. C. Further, under the conditions of this Example, nanoporous particles were produced with the 
greatest proportion of small pore sizes, relative to the other pyrolysis temperatures tested. For the methods 
of Examples 9, 10, and 11, pyrolyzed at temperatures of about 200.degree. C., about 700.degree. C., and 
about 400.degree. C., respectively, nanoparticles apparently may have been formed, although there was a 
decline in small pore volume relative to the nanoporous particles formed at the intermediate temperature 
of about 550.degree. C. in each case. In the case of the low pyrolysis temperature of Example 9, about 
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200.degree. C., the total surface area of the particles was a relative minimum size, presumably due to the 
aluminum nitrate that was not decomposed and was subsequently washed away with the matrix salt. 
Particles produced by the methods of Example 10, at about 700.degree. C. also exhibited a small pore 
volume relative to the nanoporous particles formed at the intermediate temperature of about 550.degree. 
C., similar to the results found in Example 9. However, in this instance the small pore volume is believed 
to be the result of losing matrix salt as a result of evaporation and the subsequent collapse of the small 
pores.  
 
Particles produced by the method of Example 11, at a pyrolysis temperature of about 400.degree. C., 
typically formed nanoporous particles showing a higher small pore volume relative to the particles 
produced at the higher and lower temperatures examined. The smaller pore size distribution was 
comparable to the distribution pattern exhibited by the particles pyrolyzed at about 550.degree. C., but did 
not have as great a volume at the small pore size.  
 
Particles produced by the method of Example 12, at a pyrolysis temperature of about 800.degree. C., were 
substantially nonporous oxide particles. This was believed to be due to the total collapse of the porous or 
hollow structure of the particles as a result of pyrolysis at a temperature near the melting point of the 
sodium chloride matrix salt and the resulting collapse of the template structure. In this case, when the 
matrix salt presumably melts, the oxide typically creates its own individual substantially nonporous 
nanoparticles, rather than a nanoporous metal or metal oxide particle (Ehrman et al., J. Mater. Res., 14(4): 
1664 (1999)).  
 
FIG. 8(b) shows the cumulative pore volume of particles produced at various temperatures from the 
precursor composition including the matrix salt. It can be seen that the intermediate temperature cases 
(temperatures of at least about 400.degree. and no greater than about 550.degree. C.) show small pores and 
moderate pore volume, indicative of a nanoporous particle structure. However, as the temperature is 
increased above about 550.degree. C., a decline in the small pore volume and an increase in the overall 
pore volume is seen (with the exception of the very high temperature (about 800.degree. C.) case which 
shows no increase in overall pore volume). It is believed that at the higher temperatures, such as over 
about 700.degree. C., matrix salt is generally lost through evaporation and, hence, small pores typically 
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tend to collapse. At the highest temperature recorded (about 800.degree. C., FIG. 8(b)) a substantially total 
collapse of the porous or hollow nature of the particle is observed, presumably because the matrix salt has 
substantially melted and, therefore, cannot preserve the porous network.  
 
Conversely, at the lower temperature ranges (below about 400.degree. C.), increasing particle surface area 
is seen, along with larger pore volumes as compared with pore volumes produced in particles pyrolyzed at 
the intermediate temperatures, such as about 400.degree. C. and about 550.degree. C. (FIGS. 8(a) and 8
(b)). It is believed that particles formed at the lowest temperature (about 200.degree. C.) having large 
pores, and the increase in surface area with increasing temperature (for temperatures below about 
550.degree. C.) is the result of incomplete decomposition, and subsequent loss, of the precursor salt, as 
well as matrix salt. Incomplete thermal decomposition of the aluminum nitrate may result in some of the 
aluminum content being leached with the sodium chloride during the washing process. This presumably 
results in less particle surface area per unit mass.  
 
While each condition identified above is believed to affect the final particle morphology individually, it is 
also believed that the conditions are additionally interrelated. For instance, without being held to any 
particular theory, it is believed that the concentration of salts, especially the concentration of the matrix 
salt, typically affects the size and porosity of the final particle, in particular when considering the 
processing temperature and the melting point of the chosen matrix salt. For instance, it is believed that if a 
precursor composition including a matrix salt fraction that is higher than 3 parts matrix salt to 1 part 
precursor salt is spray pyrolyzed at intermediate temperatures that are generally below the deposition 
temperature of the precursor salt, the porous structure presumably never forms enough rigidity and can be 
washed away.  
 
If, on the other hand, the processing takes place at a high temperature (e.g., about 700.degree. C. or 
greater), above the deposition temperature of the precursor salt and near or above the melting point of the 
matrix salt, using the same high matrix salt precursor composition, fragments of the metal of the precursor 
salt may be allowed to nucleate and grow by internal droplet diffusion. These conditions are typically 
believed to produce, after washing to remove the matrix salt, substantially nonporous nanoparticles 
(Ehrman et al., J. Mater. Res., 14(4):1664 (1999); Struchtrup et al., J. Aerosol. Sci., 32:1479 (2001); 
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Efendiev et al., Chem. Eng. Sci., 56:5763 (2001)).  
 
Characterization of the Particles  
 
The morphology of nanoporous aluminum oxide particles produced by the Examples of the invention was 
observed using scanning electron microscopy (SEM; Model S-900, Hitachi Instruments, Inc., Mountain 
View, Calif.) operated at 8 kilovolts (kV) and transmission electron microscopy (TEM; Model JEOL 
1210, Hitachi Instruments, Inc., Mountain View, Calif.) operated at 100 kV. SEM images of the produced 
composites showed spherical, loosely aggregated particles at temperatures of 200.degree. C., 550.degree. 
C., and 800.degree. C. (FIG. 10). Following removal of the matrix salt, some particles produced at furnace 
temperatures of about 200.degree. C. and about 550.degree. C. observed with the SEM showed hollow 
shapes and seemed to correspond to those that were on the upper end of the particle size distribution (FIG. 
2). However, the SEM images of the particles produced at furnace temperatures of about 800.degree. C. 
showed no hollow spheres, but did show highly spherical, nonporous particles following salt removal, 
presumably because the matrix salt component of the precursor composition completely evaporated and 
re-nucleated on the outside of the oxide particles.  
 
The TEM images (FIG. 10) generally did not show significant differences between particles that included 
the matrix salt and particles following aqueous wash and removal of the matrix salt, indicating that 
removing the matrix salt does not significantly alter the overall structure of the pyrolyzed particle. 
Obvious in all the TEM images was a thin crust formed on the outside of the particle, presumably as a 
result of the precursor evaporation process which lead to high salt concentration gradient and a fast salt 
precipitation at the surface of the precursor droplet at all temperatures observed. Some slight decrease in 
the electron beam attenuation is observed in the interior of particles after the matrix salt was removed. 
This indicates that the matrix salt did reside within the particle interior, as the matrix salt was the only 
volatile material in the particle. This is corroborated by the observation that the electron beam itself, under 
concentrated electron bombardment, can result in matrix salt removal and changes in particle structure.  
 
Under normal imaging, the beam optics are focused so as to obtain the sharpest image. In the case of a 
particle, this corresponds to the focal distance where the diameter of the particle is most clearly defined. 
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However, by defocusing the beam so that the particle is imaged at the surface, information about the 
particle's surface structure can be deduced. In the present invention the porous structures shown in FIG. 10 
are apparent. The particles that were produced at the lowest temperature (about 200.degree. C.), after 
matrix salt removal, showed highly open, broken shell structures, as if the only structures that remained 
were thin crusts. This is presumably due to a small amount of the nitrate that was converted to the oxide, 
and significant amounts of the aluminum nitrate that was carried away with the aqueous wash. 
Additionally, at the highest temperature (about 800.degree. C.), the interpretation was not clear, since at 
that temperature the pore structure had collapsed.  
 
FIG. 9 shows specific surface area and pore size distributions of nanoporous oxide particles produced by 
the preferred methods of the present invention and determined by a Gas Sorptometer (BET; ASAP 2000, 
Micrometrics; nitrogen adsorption at 77K). The precursor composition included about a 1 weight percent 
total salt concentration, based on total weight of the composition, and about a 1:1 mole ratio of aluminum 
nitrate to sodium chloride. The precursor composition was spray pyrolyzed at a temperature of about 
550.degree. C. and a relative humidity of about 30%. FIG. 9(a) shows specific surface areas of the particle 
of only a few square meters per gram, with a near monotonic increase in pore volume with increasing pore 
diameter. The pore volume increase presumably arises from hollow particles that are observed in the 
SEM, corresponding to a very small surface area.  
 
More interesting is the analysis of particles following aqueous leaching of the Matrix salt (FIG. 9(b)). Pore 
volume shows a bimodal distribution, with the large mode corresponding to hollow particles and the 
smaller mode corresponding to the nanoporous structure revealed as a result of removal of the matrix salt.  
 
Powder X-ray diffraction patterns (XRD; Model D-5000, Siemens, using CuK.alpha. radiation) are shown 
in FIGS. 11(a) and 11(b) for nanoporous aluminum oxide particles produced by spray pyrolysis both prior 
to (FIG. 11(a)) and after (FIG. 11(b)) aqueous wash. The precursor composition included about a 1 weight 
percent concentration, based on total weight of the composition, of aluminum nitrate and sodium chloride, 
with the salts present in the aqueous precursor in a mole ratio of about 1:1. For the resulting nanoporous 
oxide particles, the spectra showed very strong diffraction from salt with a crystallite size estimated using 
Scherrer's equation (Guinier, X-Ray Diffraction, Freeman, San Francisco, page 124 (1963)) of about 7 
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nanometers (FIG. 11(a)). After washing the low intensity broad structure corresponding to alumina with a 
crystallite size of about 4 nanometers (FIG. 11(b)) may be seen.  
 
The patents, patent documents, and publications cited herein are incorporated by reference in their 
entirety, as if each were individually incorporated by reference. Various modifications and alterations of 
this invention will become apparent to those skilled in the art without departing from the scope and spirit 
of the invention, and it should be understood that this invention is not to be unduly limited to the 
illustrative embodiments set forth herein.  
 

* * * * * 
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