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(57) ABSTRACT 

Combinatorial synthesis methods obtain a plurality of com 
positions having materially different characteristics using an 
apparatus having a plurality of collectors. A?rst quantity of 
?uid reactants are reacted to form a ?rst quantity of product 
composition. FolloWing completion of the collection of the 
?rst quantity of product composition, a second quantity of 
?uid reactants are reacted to form a second quantity of 
product composition, the second quantity of product com 
position being material different from the ?rst quantity of 
product composition. An apparatus includes a noZZle con 
nected to a reactant source and a plurality of collectors. The 
noZZle and plurality of collectors move relative to each other 
such that a collector can be selectively placed to receive a 
?uid stream emanating from the noZZle. The plurality of 
product compositions can be evaluated to determine their 
suitability for various applications. 
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COMBINATORIAL CHEMICAL SYNTHESIS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of US. patent 
application Ser. No. 09/557,696, now US. Patent to 
Bi et al., entitled Combinatorial Chemical Synthesis,” Which 
claims priority to US. Provisional Patent Application Ser. 
No. 60/194,734 to Bi et al., entitled “Combinatorial Chemi 
cal Synthesis,” both of Which are incorporated herein by 
reference. 

FIELD OF THE INVENTION 

[0002] The invention relates to the production of chemical 
compositions, in particular solid particles, With a range of 
particle properties. Furthermore, the invention relates to the 
evaluation of the properties of a plurality of quantities of 
chemical compositions following combinatorial chemical 
synthesis. 

BACKGROUND OF THE INVENTION 

[0003] Technological advances have increased the 
demand for advanced materials processed With strict toler 
ances on processing parameters. In particular, the develop 
ment of neW products, such as products With miniaturiZed 
components, have created a demand for many types of neW 
materials, especially advanced inorganic materials, for use 
in advanced processing methods. To meet some of these 
demands, a variety of chemical poWders can be used in 
many different processing contexts. Speci?cally, there is 
considerable interest in the application of ultra?ne poWders 
that are particularly advantageous for a variety of applica 
tions involving small structures or high surface area mate 
rials. This demand for ultra?ne chemical poWders has 
resulted in the development of sophisticated techniques, 
such as laser pyrolysis, for the production of these poWders. 

[0004] Ceramic poWders, especially poWders including 
metal or silicon compounds, are of interest for a range of 
different applications. For example, chemical poWders can 
be used in the production of electronic devices, such as 
batteries, catalysts, resistors, capacitors, inductors and tran 
sistors, and optical devices, such as Wave guides, optical 
sWitches and non-linear optical devices. Other speci?c elec 
tronic devices include electronic displays, Which often use 
phosphor material that emit visible light in response to 
interaction With electrons. Similarly, ceramic poWders can 
be useful in the production of coatings Within microelec 
tronic devices or coatings for electromagnetic shielding. The 
use of chemical poWders for various applications requires 
speci?c processing approaches in order to place the poWders 
in a suitable form for the application. For many of these 
applications ultra?ne poWders can be used advantageously. 

[0005] The performance of the poWders in the respective 
applications generally depend on one or more of 1) chemical 
composition, 2) crystalline phase, 3) surface properties, 4) 
average particle siZe and 5) particle siZe distribution. For 
eXample, major functional attributes of electroactive com 
pounds in a lithium ion battery cathode that depend on the 
electroactive particle properties may include, for eXample, 
voltage pro?le, charge and discharge capacity, charge and 
discharge rate, and poWer capability. 
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[0006] Rapid material synthesis or combinatorial 
approaches have found success in the area of organic com 
pound evaluation. These techniques have been used for drug 
design. Generalization of combinatorial techniques have 
resulted in solid state reaction methods for producing small 
quantities of inorganic materials for evaluation. 

SUMMARY OF THE INVENTION 

[0007] In a ?rst aspect, the invention pertains to a method 
for obtaining a plurality of quantities of compositions With 
an apparatus comprising a plurality of collectors. The 
method includes the reaction of a ?rst quantity of ?uid 
reactants to form a ?rst quantity of product composition. The 
?rst quantity of product composition is collected using a ?rst 
collector. FolloWing completion of the collection of the ?rst 
quantity of product composition, a second quantity of ?uid 
reactants are reacted to form a second quantity of product 
composition, the second quantity of product composition 
being materially different from the ?rst quantity of product 
composition. The second quantity of product composition is 
collected using a second collector. 

[0008] In another aspect, the invention pertains to an 
apparatus comprising a noZZle connected to a reactant 
source and a plurality of collectors. The noZZle and the 
plurality of collectors move relative to each other such that 
a collector can be selectively placed to receive a ?uid stream 
emanating from the noZZle. Each collector comprising a gas 
permeable membrane. 

[0009] In a further aspect, the invention pertains to an 
apparatus comprising a noZZle connected to a reactant 
source, a plurality of collectors and a product composition 
Within a ?uid stream emanating from the noZZle. The noZZle 
and the plurality of collectors move relative to each other 
such that a collector can be selectively placed to receive the 
?uid stream. 

[0010] In an additional aspect, the invention pertains to a 
method for the rapid evaluation of the properties of particles. 
The method includes collecting a plurality of quantities of 
particles Wherein each quantity of particles is collected using 
a separate particle collector comprising a gas permeable 
membrane. The method further includes evaluating a prop 
erty of each quantity of particles With the particles in contact 
With the gas permeable membrane. 

[0011] In addition, the invention pertains to a method for 
obtaining a miXture of compositions. The method includes 
the reaction of a ?rst quantity of ?uid reactants form a ?rst 
quantity of product composition. The ?rst quantity of prod 
uct composition is collected using a collector. FolloWing 
completion of the collection of the ?rst quantity of product 
composition, a second quantity of ?uid reactants are reacted 
to form a second quantity of product composition, the 
second quantity of product composition being materially 
different from the ?rst quantity of product composition. The 
second quantity of product composition is collected using 
the collector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a block diagram outline the combinatorial 
synthesis approach described herein. 

[0013] FIG. 2 is a schematic depiction of an apparatus 
preforming the synthesis of a plurality of compositions With 
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an automated system that coordinates pulses of reactants and 
radiation as Well as positions the collector relative the 
reactant noZZle. 

[0014] FIG. 3 is a schematic layout of an apparatus for 
performing combinatorial chemical synthesis With ?uid 
stream reactions. 

[0015] FIG. 4 is a schematic layout of an embodiment of 
an apparatus for performing combinatorial chemical synthe 
sis With a reactant delivery noZZle mounted on a track for 
accessing collectors. 

[0016] FIG. 5 is a sectional vieW of an inlet noZZle, the 
cross section being taken along the length of the noZZle 
through its center. 

[0017] FIG. 6 is a sectional vieW of the inlet noZZle of 
FIG. 5, the cross section being taken along the Width of the 
noZZle through its center. 

[0018] FIG. 7 is a fragmentary, perspective vieW of a 
collector apparatus operating near atmospheric pressures, in 
Which hidden structure is shoWn in phantom lines. 

[0019] FIG. 8 is a schematic side vieW of a collector 
apparatus With a plurality of collectors connected to a pump 
manifold. 

[0020] FIG. 9 is a schematic vieW of an alternative 
embodiment of a collector apparatus With a moveable ?lter 
matrix. 

[0021] FIG. 10 is a top vieW of a ?lter matrix With regions 
identi?able as a collector for a particular compound. 

[0022] FIG. 11 is a schematic, cut-aWay side vieW of a 
synthesis system With a collector that has locking chambers 
to insert and remove collectors Without disturbing the syn 
thesis system being maintained at non-atmospheric pres 
sures. 

[0023] FIG. 12 is a schematic, sectional vieW of a collec 
tor for collecting particles in a moving liquid stream, 
Wherein the section is taken through the apparatus to expose 
features Within the collector. 

[0024] FIG. 13 is a side vieW of a collector designed to 
provide for heat processing in a controlled environment. 

[0025] FIG. 14 is a bottom vieW of an array collector With 
a noZZle for synthesis as Well as adding additional com 
pounds to the collected compositions. 

[0026] FIG. 15 is a schematic depiction of a parallel 
processing procedure for measuring the electroactive prop 
erties of samples of compositions. 

[0027] FIG. 16 is a schematic vieW of a collector con?g 
ured for various optical measurements, in Which hidden 
ports and a connection to a pump are shoWn in phantom 
lines. 

[0028] FIG. 17 is a schematic depiction of a region of 
parameter space related to tWo parameters to be explored in 
a single combinatorial synthesis run. 

[0029] FIG. 18 is a schematic depiction of an expanded 
region of tWo parameters to be explored in a combinatorial 
synthesis run. 
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[0030] FIG. 19 is a schematic depiction of a single reac 
tion parameter to be varied over a combinatorial synthesis 
run. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATIVE EMBODIMENTS 

[0031] Combinatorial chemical synthesis, i.e., rapid mate 
rial synthesis, approaches have been developed for the 
production of a plurality of measurable quantities of chemi 
cal compositions using reactions Within a ?uid stream. The 
particle production apparatus includes a plurality of collec 
tors for separately collecting quantities of chemical poWders 
With materially different characteristics. The particles With 
materially different characteristics are formed by changing 
the parameters of the reaction at different points in time. 
Thus, distinct batches of particles are produced sequentially 
and collected separately in different collectors. In preferred 
embodiments, the particles are evaluated Without separating 
the particles from the particle collector. 

[0032] Referring to FIG. 1, a block diagram depicting the 
combinatorial synthesis approach described herein is pre 
sented. Process 50 involves combining 52 a variable mix of 
reactant in a ?uid form. Then, the ?uid reactants are reacted 
54 Within a reaction Zone under a variable range of reaction 
conditions. The reactions produce 56 compositions With a 
variable range of attributes. Aspeci?c composition produced 
With a selected mix of reactants produced under selected 
reaction conditions are collected 58 in a speci?c collector. 
The process of producing and collecting speci?c composi 
tions is repeated 60 With an alternative selected mix of 
reactants and/or under alternative selected reaction condi 
tions. The synthesis process is repeated until speci?ed 
number of samples are separately collected. The samples are 
evaluated 62 in order to identi?ed product compositions 
With desired characteristics. 

[0033] The apparatuses of interest have a source of ?uid 
reactants and a collection system With a plurality of particle 
collectors. The ?uid reactants are reacted in the ?uid stream 
to produce particles Within the ?uid stream. Generally, the 
?uid reactants are supplied through a noZZle. The ?uid can 
include gas and/or aerosols. The noZZle and the array of 
particle collectors preferably move relative to each other 
such that particles With materially different properties can be 
produced sequentially and separately collected for analysis. 
The chemical particles can then be evaluated for properties 
of interest. 

[0034] Force of the reactant stream can propel reactants to 
a reactions Zone With remaining momentum carrying the 
product composition to a collector. Therefore, a reaction 
chamber to con?ne the reaction is not needed. HoWever, in 
preferred embodiments, the reaction of the ?uid stream takes 
place Within a reaction chamber. The reaction chamber can 
be sealed from the ambient environment, and a pump can be 
used to maintain the How of ?uid reactants through the 
chamber. In alternative embodiments, the reaction chamber 
is approximately at atmospheric pressure, and the reactant 
injection maintains ?uid How to the collectors. The noZZle, 
the collector or both can move relative to the reaction 
chamber to selectively collect quantities of product particles. 

[0035] Furthermore, in preferred embodiments, the par 
ticle collector includes a gas permeable membrane that 
functions as a phase separator that removes the chemical 
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compositions, preferably solids, from the ?uid ?oW. Liquid 
or solid, i.e., particulate, product compositions can be col 
lected using an appropriately designed collector. In some 
embodiments, gas ?oWs from the inlet noZZle through the 
gas permeable membranes. The membranes can be selec 
tively or individually connected to a pump that maintains the 
?oW through the selected collector, or each membrane can 
be connected to a separate pump. 

[0036] The chemical reaction can be based on a variety of 
?uid stream reaction approaches. In particular, the reaction 
can be based on electromagnetic energy (e.g., laser) pyroly 
sis, ?ame synthesis, spontaneous chemical reaction, thermal 
pyrolysis, and electric arc pyrolysis. All of these approaches 
involve a ?oW of ?uid reactants that produce particles Within 
the ?uid stream upon reaction. The particle collectors har 
vest the particles from the ?uid stream. 

[0037] For the production of highly uniform particles, 
laser pyrolysis is a preferred synthesis approach since a very 
Well de?ned reaction Zone results in a highly uniform 
product. In laser pyrolysis, the conditions Within the reaction 
Zone are strongly in?uenced by the focused electromagnetic 
radiation. The conditions Within the reaction Zone are highly 
uniform, and the reaction conditions are highly adjustable. 
With laser pyrolysis, the reaction does not rely on the 
eXothermicity or other aspects of the reaction to drive the 
reaction and maintain the conditions Within the reaction 
Zone. Thus, the reaction conditions can be carefully con 
trolled to select properties of the product materials, such as, 
the average particle siZe, particle siZe distribution and crys 
talline phase. 

[0038] In laser pyrolysis, a focused beam of electromag 
netic radiation is directed through the reaction chamber to 
drive the reaction and the production of product particles. 
The focused energy beam creates a Well de?ned reaction 
Zone, and the product particles are rapidly quenched upon 
leaving the reaction Zone. The ?uid reactant stream includes 
one or more gaseous or aerosol reactant precursors that 

contribute atoms to the product compositions. The ?uid 
reactant stream can include other compositions, such as, 
energy absorbers, solvents and inert gas moderators. 

[0039] A plurality of particle collectors are used to sepa 
rately collect quantities of particles With materially different 
properties. The particle collectors act as phase separators 
such that product particles are removed from a ?uid stream. 
In preferred embodiments, the collectors include a gas 
permeable membrane such that the particles are trapped in 
the membrane While gases pass through the membrane. If 
the reaction chamber is sealed from the ambient environ 
ment, the apparatus is con?gured to pump the chamber 
through the membrane of a particular particle collector to 
collect desired product particles at a particular time in a 
particular collector. 

[0040] Thus, a plurality of quantities of particles are 
collected sequentially With at least some sequentially col 
lected quantities having materially different characteristics 
from other separately collected quantities of particles. In 
addition to the sequential collection, a plurality of quantities 
of particles can be collected in parallel using a plurality of 
reactant noZZles. In some embodiments, control of ?uid ?oW 
can be used to direct product particles to a selected collector 
Without physically moving the reactant inlets or the particle 
collectors. Alternatively, to collect sequentially the plurality 
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of quantities of different particles, the reactant noZZle and 
the collectors are moved relative to each other. To provide 
the relative motion, the noZZle can be ?Xed relative to a 
reaction chamber or mount While the collectors move rela 
tive to the reaction chamber, or the collectors can be ?Xed 
relative to the reaction chamber While the noZZle moves 
relative to the reaction chamber, or both the noZZle and 
collectors can move relative to the reaction chamber. 

[0041] BetWeen the collection of one quantity of product 
particles and a subsequent quantity of product particles, a 
material reaction parameter is changed such that the subse 
quently and separately collected particles are materially 
different. Material reaction parameters include, for eXample, 
reactant composition, reactant ?uX, inert diluent concentra 
tion, reaction pressure, temperature, radiation Wavelength, 
and radiation intensity. Any particles produced during the 
period of transition during Which the reaction parameters are 
varying betWeen an initial set of values and neW values can 
be directed optionally to a Waste collector. 

[0042] FolloWing collection of a particular quantity of 
particles, the particles can be subjected optionally to addi 
tional processing, and/or the properties of the particles are 
evaluated. In some embodiments, particle evaluation and 
any additional processing is performed Without separating 
the particles from the collector. HoWever, the collector can 
be removed from the reaction chamber to perform the 
additional processing and/or particle evaluation Without 
separating the particles from the collector membrane. While 
it may be desirable to perform at least an initial evaluation 
Without removing the particles from the collector mem 
brane, samples that have desirable properties based on a 
partial evaluation can be removed from the collector for 
more extensive evaluation. Furthermore, in some embodi 
ments, the samples can be ef?ciently and systematically 
processed, optionally using an automated system, to remove, 
optionally process, and evaluate the products. 

[0043] If the particles are additionally processed and/or 
evaluated in the collector, a large number of samples can be 
ef?ciently and rapidly handled. If the particles are left in the 
synthesis apparatus, the synthesis apparatus can be adapted 
for parallel processing of the samples, and some of the 
manipulations may be possible While the synthesis contin 
ues. Alternatively, the set of collectors can be removed for 
further processing, preferably in parallel. Commercially 
available chemical sample collectors, automated dispensing 
systems, robotic systems and the like can be adapted for 
parallel processing of the samples. Additional processing 
can involve, for eXample, heat treatment in an inert or 
reactive environment and/or combining the compositions 
With additional compositions. Suitable properties for initial 
evaluation of the materials include, for example, crystal 
structure by X-ray diffraction, surface area (e.g., BET surface 
area), spectrographic properties, electronic properties, mag 
netic properties and chemical composition. 

[0044] Using the combinatorial chemical synthesis 
approaches described herein, a signi?cant number of 
samples can be prepared and evaluated to optimiZe reaction 
parameters to obtain desirable product particle characteris 
tics. One or more reaction parameters can be varied system 
atically during a particular run to collect a set of quantities 
of product particles. Based on particle characteristic evalu 
ation of particles produced in one run, several iterations of 
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parameter variation can be performed to obtain highly 
optimized particles Within a highly speci?c range of reaction 
parameters. These properties and particles can form the basis 
for the scale up to produce commercial quantities of the 
materials. 

[0045] Preferred product particles are solid inorganic 
materials. The product particles can comprise, for example, 
elemental metal, alloys, elemental carbon, and metal/metal 
loid compounds, such as, metal/metalloid oxides, metal/ 
metalloid nitrides, metal/metalloid carbides, metal/metalloid 
sul?des and combinations thereof. Metalloids are elements 
that exhibit chemical properties intermediate betWeen or 
inclusive of metals and nonmetals. Metalloid elements 
include silicon, boron, arsenic, antimony, and tellurium. 
These particles can be used in a variety of applications, such 
as, electronics fabrication, surface polishing and coatings. 

[0046] Particle Production 

[0047] The combinatorial synthesis approaches herein 
involve ?uid reactants that react to form product particles 
Within the ?uid stream. The particle collectors function as 
phase separators that remove at least a signi?cant fraction of 
the particles from the ?uid ?oW. Quantities of particles are 
produced sequentially, in Which different separately col 
lected quantities of particles have materially different char 
acteristics from one or more other separately collected 
quantities of product particles. The batches of particles are 
separately collected using different particle collectors. 

[0048] By forming the products Within a ?uid ?oW, prod 
uct particles are formed Which generally are collected as a 
poWder. The quantity of particles collected depends on the 
production rate and the time allocated for collection of 
particles With a particular characteristic. In particular, effi 
cient laser pyrolysis apparatuses have been developed to 
produce chemical poWders at rates on the order of one 
kilogram per hour. See, for example, US. Pat. No. 5,958,348 
to Bi et al., entitled “Ef?cient Production of Particles by 
Chemical Reaction,” incorporated herein by reference. 
While particularly large production rates are not necessarily 
needed for combinatorial chemical synthesis, readily obtain 
able moderate laser pyrolysis production rates on the order 
of 10 grams per hour can be used to obtain 100 one gram 
samples in a ten hour period or one thousand 0.1 gram 
samples in a ten hour period. Small samples are sufficient for 
many analytical techniques. If even smaller samples are 
sufficient, even more samples can be produced in a given 
period of time. 

[0049] Thus, using a ?uid stream reaction approach con 
trasts With thin layer approaches in that larger samples can 
be ef?ciently produced and that product particles provide 
additional features such as particle siZes, shapes and distri 
bution of siZes that can be examined for their effect. In 
addition, laser pyrolysis and other focused energy synthesis 
approaches can produce metastable phases due to the rapid 
quenching of the materials. If desired, the metastable com 
positions can be annealed to the equilibrium phase With a 
subsequent heat treatment. In contrast, thin layer solid phase 
combinatorial synthesis approaches are described in US. 
Pat. No. 5,985,356 to SchultZ et al., entitled “Combinatorial 
Synthesis of Novel Materials,” incorporated herein by ref 
erence. In the thin ?lm solid phase reaction approach, 
products are produced in solid phase reactions to produce 
equilibrium products at isolated locations on a substrate. 

Jul. 21, 2005 

[0050] Another advantage of the ?uid stream synthesis 
approach is that the product compositions are formed sepa 
rate from the collector so that strong association betWeen the 
compositions and the collector does not usually take place. 
Therefore, the product compositions can be separated from 
the collector and placed in contact With a suitable substrate 
for further processing and/or analysis. For example, the 
product can be placed in contact With an A1203 boat for 
processing at temperatures up to a thousand degrees centi 
grade or a graphite boat for processing at even higher 
temperatures. Similarly, the product particles can be trans 
ferred to substrates for transmission electron micrograph 
analysis or x-ray diffraction analysis. 

[0051] In the ?uid stream reaction approach described 
herein, one or more reactants are provided as a gas, a vapor 

and/or aerosol Within the ?uid ?oW. Suitable reactants 
supply the atoms that are formed into the product compo 
sitions upon reaction in the ?uid stream. If there is a single 
reactant, the reaction product results from decomposition, 
fragmentation or rearrangement of the reactant. If there are 
a plurality of reactants, each reactant contributes one or 
more atoms to the product composition. The ?uid How can 
include other, vapor, gaseous or aerosol compounds that 
may act as oxidiZing agents, reducing agents, carrier gases, 
radiation absorbing compounds, reaction initiators, cata 
lysts, diluents/moderators and the like. Some compounds 
Within the reactant stream can have several different func 
tions. 

[0052] Suitable oxidiZing agents include, for example, O2, 
O3, and CO. Molecular oxygen can be supplied as air. 
Suitable reducing agents include, for example, ammonia, H2 
and hydrocarbons. Inert carrier gasses include, for example, 
argon, helium and N2. Other functional gases can also serve 
as carrier gases. Suitable radiation absorbing compounds 
depend on the radiation frequency. For infrared radiation 
supplied by a C02 laser, CZH4 is a suitable radiation absorb 
ing gas. Reaction initiators include appropriate highly reac 
tive species, and some oxidiZing agents and/or reducing 
agents may function as reaction initiators. A variety of 
materials can function as catalysts, including metal particles 
and metal oxide particles. The catalysts can be supplied in 
the reactant stream or produced in situ along With the desired 
product particles. Inert gases can also be used as reaction 
moderators or diluents to decrease the intensity and rate of 
reaction and to adjust product particle characteristics. 

[0053] Suitable combinatorial reaction systems can oper 
ate at atmospheric pressures With or Without a reaction 
chamber to segregate the synthesis reaction. In preferred 
embodiments, a pump connected to the collection apparatus 
is used to maintain the ?uid ?oW Within a reaction chamber, 
Which is sealed from the ambient environment. While the 
reaction chamber generally is operated at pressures less than 
atmospheric, pressures higher than atmospheric can be used 
for some synthesis approaches. In these embodiments, the 
particle collectors preferably include a gas permeable mem 
brane separating the reaction chamber from the pump such 
that the pump maintains the ?uid ?oW through the gas 
permeable membrane. In alternative embodiments, the reac 
tion chamber is operated at near atmospheric pressure With 
out a pump in Which the reactant injection under pressure 
provides ?uid ?oW through the system. 

[0054] The present combinatorial synthesis approaches 
can be used With any ?oWing ?uid reaction system. Suitable 
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reaction systems can be based on, for example, spontaneous 
chemical reaction, ?ame synthesis, thermal pyrolysis, elec 
tric arc pyrolysis, and electromagnetic energy (laser) pyroly 
sis. 

[0055] In spontaneous chemical reactions, the reactants 
are mixed Within the reaction chamber, preferably by using 
tWo or more reactant inlets mounted on a noZZle such that 

?uid reactants ?oWing from each noZZle mix Within the 
reaction chamber as they form a reactant ?oW through the 
chamber. The reactants are selected such that spontaneous 
reaction takes place once the reactants are mixed. Of course, 
partial reactant mixing prior to introduction into the reaction 
chamber can be used in some circumstances if there are three 
or more reactants. To achieve consistent reactions condi 
tions, the spontaneous reactions preferably are not too 
violent or are appropriately moderated With inert gas. Since 
the reactants are spontaneously reactive, mixing the ingre 
dients directly leads to a reaction to form the product 
particles. The reaction Zone generally is not Well de?ned 
since the quantity of reactants varies as the reaction takes 
place and the amount of reactants decreases. 

[0056] Flame synthesis is similar to spontaneous chemical 
reaction except that an activation barrier prevents sponta 
neous initiation of the reaction. An energy source is used to 
initiate the reaction. In this approach, the reaction is suf? 
ciently exothermic that the reaction continues as a chain 
reaction once the reaction is started. To initiate the reaction, 
a variety of energy sources can be used, such as, heat, 
electromagnetic radiation, an electric arc, and/or an electron 
beam. Similarly, a chemical species, such as, a highly 
reactive chemical species or a catalyst, can be used to initiate 
the reaction. The initiating chemical species can be mixed 
initially With one of the reactants or Within shielding gas. 
Generally, With ?ame synthesis, the reactants are mixed 
Within the reaction chamber to avoid a risk of damage to the 
apparatus and of explosion, even though in principle the 
reaction can be controlled Well enough to prevent the 
reaction from propagating along the reactant stream into the 
reactant noZZle. 

[0057] In thermal pyrolysis, the reaction may not supply 
enough energy to maintain the reaction. Thus, heat is sup 
plied continuously to drive the reaction. Since the reactants 
are ?oWing, it is not desirable to supply the heat from the 
Walls of a heated reactor because transfer of the heat to the 
center of the reactor With an inert gas is inef?cient and 
initiation of the reaction at the Wall can result in build-up of 
the product particles on the Wall of the reactor. HoWever, the 
reactants themselves can be heated if they are mixed Within 
the reactor. Alternatively, an inert shielding gas can be 
heated to deliver the thermal energy to the reactants. The 
inert shielding gas preferably is delivered surrounding the 
reactant stream for reasonably efficient transfer of energy. 

[0058] Instead of using heat to maintain the chemical 
reaction, another energy source such as an electric arc can be 
used. The electric arc generally is supplied Within or adja 
cent the reactant ?uid ?oW. Similarly, electromagnetic radia 
tion can be used as an energy source. The electromagnetic 
radiation can be focused or unfocused. With unfocused 
radiation, the reaction can take place throughout the ?uid 
?oW betWeen the reaction noZZle and the collectors. If a 
reaction chamber is present, the electromagnetic radiation 
may ?ll the reaction chamber and may or may not be 
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con?ned to the reaction chamber. Suitable unfocused radia 
tion can be at any portion of the electromagnetic spectrum 
include, for example, ultra high frequency, radio frequency, 
microWave, infrared, visible, ultraviolet, and x-ray. 
[0059] Focused electromagnetic radiation generally is rel 
evant for optical frequencies covering microWave, infrared, 
visible and ultraviolet Wavelengths. Focused radiation can 
be used to create a Well de?ned reaction Zone so that 
effectively all of the reactions take place Within the reaction 
Zone. The reaction Zone is de?ned by the intersection of the 
focused energy beam With the reactant stream, although the 
extent of the reaction Zone may not correspond exactly With 
the intersection of the radiation With the reactant stream. The 
advantage of a Well de?ned reaction Zone is that the product 
particles are more uniform because the reaction conditions 
are more identical for the different product particles. The 
product particles are rapidly quenched upon leaving the 
reaction Zone. Qualities of particles produced With focused 
radiation, such as a laser beam, are described further beloW. 

[0060] Laser pyrolysis is the preferred approach for the 
production of highly uniform particles. The reaction condi 
tions determine the qualities of the particles produced by 
laser pyrolysis. The reaction conditions for laser pyrolysis 
can be controlled relatively precisely in order to produce 
particles With desired properties. Heating of the gases in the 
reaction Zone can be extremely rapid, roughly on the order 
of 105 degree C./sec depending on the speci?c conditions. 
The reaction is rapidly quenched upon leaving reaction 
Zone, and particles are formed in the reactant/product 
stream. The nonequilibrium nature of the process alloWs for 
the production of nanoparticles With a highly uniform siZe 
distribution and structural homogeneity. 

[0061] The ?uid stream reaction results in the formation of 
a chemical particles, generally ultra?ne solid particles. The 
product particles can be collected as a poWder loosely 
associated With the collector material. Suitable collectors for 
poWder collection can include a gas permeable membrane 
upon Which the poWders can collect. Alternatively, the 
collector can include an adhesive or other material into 
Which the particles are embedded. Similarly, the particles 
can be collected in a liquid to directly form a solution or a 
dispersion. For example, the particle stream can be passed 
over a ?oWing liquid for collection of the particles. The 
particles can be associated With solvent vapors to absorb or 
adsorb solvent on the particle surface prior to contacting the 
?oW With the liquid stream to facilitate the collection in the 
liquid. 
[0062] The characteristics of the product particles depend 
signi?cantly on the reaction parameters. Thus, variation of 
the reaction parameters betWeen the generation of different 
quantities of separately collected particles results in the 
production of materially different quantities of particles that 
are separately collected. In particular, particles With different 
morphology can be produced. Similarly, the particles can be 
amorphous or crystalline. Crystalline particles generally 
have shapes re?ecting the crystal lattice, although the par 
ticles can have a rough morphology apart from the crystal 
facets. Average particle siZes can range from several microns 
to a feW nanometers. Approaches based on focused energy 
that drives the reactions tend to produce highly uniform 
small particles, including nanoparticles. 
[0063] An important reaction parameter is the chemical 
composition of the reactant stream. In particular, the relative 
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quantities of reactants can be systematically varied to evalu 
ate the properties of the resultant product particles. Further 
more, the relative amounts of non-reactants Within the 
reactant stream can be similarly varied to evaluate their 
in?uence on the properties of the product particles. Simi 
larly, radiation ?ux, temperature and other energetic param 
eters driving the reaction can be systematically varied also. 

[0064] Generally, the reaction conditions are further char 
acteriZed by the properties of the ?uid ?oW through the 
system from the reactant inlet to an exhaust. The pressure in 
the reaction region is determined by the rate of reactant 
injection and ?oW through the particle collector. In some 
embodiments, the system is open to the ambient environ 
ment. FloW through the reaction Zone can then be in?uenced 
by the force of the reactant injection. Also, the collector may 
then involve the product particles settling out of the ?oW and 
into a suitable container. 

[0065] While in some embodiments ?uid ?oW is main 
tained by the force of the injected reactants, in other embodi 
ments, ?oW through the system is controlled With a pump 
betWeen the collector apparatus and an exhaust. Then, the 
system generally includes a reaction chamber sealed from 
the ambient environment. In these embodiments, each col 
lector preferably includes a gas permeable membrane that 
acts as a phase separator to separate the solid particles from 
the ?uid ?oW. In other Words, the collector ?lters preferably 
a signi?cant fraction of the particles from the ?uid ?oW. 

[0066] In addition to the collection of different particles 
Within separate collectors, a plurality of different product 
compositions can be collected Within a single collector. 
Thus, for example, electroactive particles and electrically 
conductive particles can be sequentially produced and col 
lected in a single collector, such that the mixture is ready for 
testing in a battery electrode Without the addition of more 
particulates. To better mix the combination of product 
compositions, the synthesis of the plurality of product com 
positions can be alternated several times during the collec 
tion Within the single collector. 

[0067] The synthesis process preferably is automated to 
coordinate the reactant ?oW, the collectors, reaction condi 
tions and any radiation, such as a laser beam. This automa 
tion can be used to control the separate collection of product 
compositions in different collectors and/or for the collection 
of a plurality of compositions Within a single collector. This 
process is outlined schematically in the diagram of FIG. 2. 

[0068] NoZZle 70, Which delivers reactants to the reaction 
Zone, is connected to a plurality of reactant sources 72. 
Computer/processor 74 controls the timing and amounts of 
reactant ?oW. In particular, processor 74 can be used to turn 
the ?oW on and off to separate the production of different 
product compositions. Similarly, When the ?oW is on, the 
relative amounts of the different reactants can be adjusted, as 
desired. Similarly, a laser or other radiation source 76 can be 
controlled to produce pulses 78. The pulses can be timed to 
coincide With pulse of reactant ?oW 80 from noZZle 70, With 
appropriate adjustment for ?oW time in the system. Reactant 
and radiation pulses can be of relative short duration, such 
as 0.1 seconds, of relatively long duration, such as several 
hours, or of intermediate duration. The reactant pulses 
generally are spaced suf?ciently in time to avoid undesired 
contamination in the synthesis process of the production of 
one type of compositions With reactants intended to produce 
another type of composition. 
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[0069] Similarly, a collector 82 can be coordinated With 
the operation of noZZle 70 and radiation source 76. If all of 
the different compositions are to be placed into a single 
collector, the collector is not changed except possibly to 
control the pumping rate through the collector. If a plurality 
of collectors are used to collect one or more compositions in 
each, processor 74 can be used to coordinate the selection of 
the collector based on the desired particles to be collected. 
As shoWn in FIG. 2, collection system 82 includes a 
plurality of collectors 84. Each collector 84 includes a ?lter 
86 or the like and is connected to a manifold 88 leading to 
a pump. In this embodiment, the selected collector is rotated 
into position by motor 90. Generally, any relative movement 
of the collector and the noZZle is performed betWeen pulses 
of reactants. 

[0070] Fluid Synthesis Apparatus 

[0071] Referring to FIG. 3, a system for the production of 
a plurality of quantities of product particles from ?uid 
stream reactions is shoWn. System 100 includes a reactant 
delivery apparatus 102 and a collector apparatus 104. In 
preferred embodiments, a reactant inlet of reactant delivery 
apparatus 102 moves relative to particle collectors of col 
lector apparatus 104. System 100 can optionally include a 
reaction chamber 108 to enclose the ?uid stream reaction 
and a radiation source 110. Furthermore, system 100 pref 
erably is controlled by a processor 112. 

[0072] Reactant delivery apparatus 102 includes one or 
more reactant sources 120 and may include additional 
sources 122 of other compositions for introduction into the 
?uid reactant stream such as carrier gases, inert diluents and 
radiation absorbers. Suitable sources depend on the form of 
the compound. Gas cylinders and the like can be used for the 
delivery of gaseous compounds. Volatile liquids can be 
delivered by bubbling a carrier gas through a container of 
liquid. Volatile solids can be delivered by passing carrier gas 
over a heated solid. Avariety of compounds can be delivered 
into the ?uid reactant stream as an aerosol Where a liquid is 
delivered to the aerosol generator. 

[0073] Reactant delivery apparatus 102 further includes a 
noZZle 124 or the like With one or more reactant inlets 126. 
Multiple reactant inlets are particularly desirable to combine 
highly reactive reactants Within the reaction chamber. 
NoZZle 124 connects to sources 120, 122 by Way of one or 
more conduits 126. If noZZle 124 moves relative to sources 
120, 122, conduits 126 should be ?exible, such that they do 
not restrict the movement of noZZle 124. In preferred 
embodiments, the reactant stream is surrounded by a blanket 
of inert shielding gas to help limit the spread of the reactant 
stream. Reactant inlets can be elongated to provide addi 
tional reactant throughput Without needing a Wide reactant 
stream that could yield less uniform reaction conditions. In 
particular, the length of the inlet can be at least about 2 times 
its Width. 

[0074] Reactant delivery apparatus can include additional 
noZZles for the simultaneous generation of separate reactant 
streams. To prevent interference With the reactions associ 
ated With the individual noZZles, these streams generally are 
kept physically separated as Well as separated by ?oWs of 
shielding gas. To avoid interference betWeen the reactions 
associated With the different noZZles, the physical separation 
should be signi?cant. Since the reactions associated With the 
noZZles are separate, the use of multiple noZZles is equiva 
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lent to the use of a corresponding number of separate 
reactors except that in some circumstances ef?cient use of 
space and radiation may be possible. Since it is impractical 
to use a signi?cant number of Well isolated noZZles, the use 
of a plurality of noZZles alone generally does not lead to an 
ef?cient method for combinatorial synthesis in comparison 
With using a plurality of collectors With one or more noZZles. 

[0075] As noted above, in preferred embodiments, the 
noZZle 124 moves relative to the collectors. Referring to one 
preferred embodiment in FIG. 4, a moveable noZZle 130, 
such as an inkjet noZZle, is mounted on a track 132. NoZZle 
130 is moved along track 132 by motoriZed rollers 134 
connected to noZZle 130 by Wires 136. Astepper motor or the 
like can be used to position noZZle 130 at a position aligned 
With a particular particle collector. 

[0076] NoZZle 124 can be used to deliver gaseous and or 
aerosol compositions into the reactant stream. Aerosols 
include small liquid or solid droplets generally, but not 
necessarily, With a carrier gas. In other Words, as used 
herein, aerosols include mists of liquids With small droplets. 
Suitable aerosol generators can be produced, for example, 
With an ultrasonic noZZle, With an electrostatic spray system, 
With a pressure-?oW or simplex atomiZer, With an efferves 
cent atomiZer or With a gas atomiZer Where liquid is forced 
under signi?cant pressure through a small ori?ce and frac 
tured into particles by a colliding gas stream. Suitable 
ultrasonic noZZles can include pieZoelectric transducers. 
Suitable atomiZers for the production of uniform aerosols 
include a tWin ori?ce internal mix atomiZer, Which are 
available from Spraying Systems (Wheaton, Ill.). Suitable 
aerosol generators are described further in copending and 
commonly assigned, US. patent application Ser. No. 
09/188,670 to Gardner et al., entitled “REACTANT DELIV 
ERY APPARATUS,” incorporated herein by reference. 

[0077] Similarly, small droplets or ?ne mists of liquid can 
be produced With ink jet type noZZles or fuel injector type 
noZZles. Ink jet noZZles can operate, for example, by thermal 
heating of the liquid to produce a bubble that is propelled out 
from the noZZle. Alternatively, a pieZoelectric transducer is 
used to propel small droplets from the noZZle. In a fuel 
injector type noZZle, the liquid is under pressure behind the 
tip. The tip is opened by electronic control to release a ?ne 
mist of the liquid. 

[0078] Aerosols can be created directly into the reactant 
?uid ?oW leading to the reaction Zone or Within the reactant 
delivery system 102 for delivery through noZZle 124. Gen 
erally, the production of the aerosol Within reactant delivery 
system 102 for subsequent delivery With a carrier gas 
through an inlet provides for the production of a more 
uniform aerosol Which may or may not be signi?cant for 
certain product particles. 

[0079] The use of an aerosol provides for the use of a 
Wider range of metal/metalloid and other precursors for laser 
pyrolysis than are suitable for gaseous delivery only. Thus, 
less expensive precursors may be available With aerosol 
delivery. Using aerosol delivery apparatuses, solid precursor 
compounds can be delivered by dissolving the compounds in 
a solvent. Alternatively, poWdered precursor compounds can 
be dispersed in a liquid/solvent for aerosol delivery. Liquid 
precursor compounds can be delivered as an aerosol from a 
neat liquid, a multiple liquid dispersion or a liquid solution. 
Aerosol reactants can be used to obtain a signi?cant reactant 
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throughput. Suitable solvents include Water, methanol, etha 
nol isopropyl alcohol other organic solvents and mixtures 
thereof. 

[0080] As shoWn in FIGS. 5 and 6, inlet noZZle 150 
connects With reaction chamber 108 at its loWer surface 152. 
Inlet noZZle 150 includes a plate 154 that bolts into loWer 
surface 152 to secure inlet noZZle 150. Inlet noZZle 150 
includes an inner noZZle 156 and an outer noZZle 158. Inner 
noZZle 156 preferably has a tWin ori?ce internal mix atom 
iZer 160 at the top of the noZZle. Suitable gas atomiZers are 
available from Spraying Systems, Wheaton, Ill. The tWin 
ori?ce internal mix atomiZer 160 has a fan shape to produce 
a thin sheet of aerosol and gaseous precursors. Liquid is fed 
to the atomiZer through tube 162, and gases for introduction 
into the reaction chamber are fed to the atomiZer through 
tube 164. Interaction of the gas With the liquid assists With 
droplet formation. 

[0081] Outer noZZle 158 includes a chamber section 166, 
a funnel section 168 and a delivery section 170. Chamber 
section 166 holds the atomiZer of inner noZZle 156. Funnel 
section 168 directs the aerosol and gaseous precursors into 
delivery section 170. Delivery section 170 leads to a rect 
angular outlet 172, shoWn in the insert of FIG. 5. Outer 
noZZle 158 includes a drain 174 to remove any liquid that 
collects in the outer noZZle. Outer noZZle 158 is covered by 
an outer Wall 176 that forms a shielding gas opening 178 
surrounding outlet 172. Inert gas is introduced through inlet 
180. 

[0082] Referring to FIG. 3, the collection apparatus 
includes a plurality of particle collectors 140. Generally, 
each collector is used to collect a quantity of particles 
produced under one particular set of reaction parameters. 
Thus, a plurality of collectors 140 are included to collect the 
desired number of samples in a particular single run. If the 
collectors can be replaced Without disturbing the particle 
collection process in another collector, the collectors can be 
replenished at increments such that the collection process 
can be continued inde?nitely. 

[0083] In a one embodiment, the ?uid stream is vented to 
atmospheric pressure through a ?ler. Particle collectors 140 
comprise containers into Which the particles gather When 
they fall out of the ?uid ?oW. For these embodiments, it may 
be desirable to direct the ?uid reactant stream horiZontally. 
Fluid ?oW through the system is maintained by the force of 
the injected reactant stream. Suitable collectors 200 for this 
embodiment are shoWn in FIG. 7. Collectors 200 can be 
small cups or the like placed to collect settling particles. 
How to each collector is separated by dividers 202. Open 
ings covered by a ?lter 204 provide for venting. Product 
particles settle into collectors 200 Which can be discon 
nected from the collector apparatus, if desired for evaluation 
of the particles. 

[0084] Referring to FIG. 3, in preferred embodiments, 
reaction system 100 includes a reaction chamber 108 sealed 
from the ambient environment. Generally, a pump 144 is 
used to maintain ?oW through the chamber 142. Suitable 
pumps include, for example, Busch Model B0024 pump 
from Busch, Inc., Virginia Beach, Va. With a pumping 
capacity of about 25 cubic feet per minute (cfm) and 
Leybold Model SV300 pump from Leybold Vacuum Prod 
ucts, Export, Pa. With a pumping capacity of about 195 cfm. 
Ascrubber or other exhaust abatement apparatus 146 can be 
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connected to the exhaust from pump 144. With moderate 
production rates, a liquid nitrogen trap can be used for 
exhaust abatement. If a pump is used to maintain the 
pressure in the chamber, How to a particular collector 140 is 
maintained by directing the pumping force to a particular 
collector 140. 

[0085] In a particular embodiment based on a pump shoWn 
in FIG. 8, a plurality of collectors 220 are connected to a 
single outlet 222 from reaction chamber 108. Valves 224 can 
be used to control the How into each collector 220. Collec 
tors 220 are further connected to a pump manifold 226 
Which leads to pump 144. Valves 228 can be used to control 
the connection of collectors 220 With pump manifold 226. 
Manual or automatic valves can be used. Automatic valves 
are preferred for the automation of the combinatorial syn 
thesis process. Filters 230 are generally located at the end of 
collectors 220 leading to valves 228. Flat, cylindrical and 
other shaped ?lters can be used to facilitate collection of a 
desired quantity of particles and analysis of the collected 
materials. Filters can be formed, for example, from glass 
?bers, Nomex® material or Woven metal. While three 
collectors 220 are shoWn in FIG. 8, this embodiment can be 
con?gured to use a larger number of collectors 220, such as 
at least about 10 collectors. 

[0086] One or more collectors can be used as a Waste 
collector. FloW is directed to the Waste collector While 
conditions are stabiliZing Within the reaction system. Gen 
erally, conditions stabiliZe quickly such that a Waste collec 
tor is not needed, although the use of a Waste collector is an 
option to ensure the collection of more uniform particles. 

[0087] In preferred embodiments, directing the How to a 
particular collector can be assisted further by moving the 
noZZle relative to the collector to direct the ?uid reactant 
?oW toWard the particular collector. Referring to FIG. 4, a 
plurality of collectors 236 are mounted above noZZle 130, 
Which moves along track 132. Each collector 236 is con 
nected to a valve 238 leading to a pump manifold 240. Pump 
manifold 240 leads to pump 242. In this embodiment, 
collectors 236 can include a tubular element With a ?lter. The 
tubular element directs the ?uid ?oW from the reaction Zone 
toWard the ?lter. The ?lter separates particles from the ?uid 
?oW into pump manifold 240. This embodiment is con?g 
ured With tWo or more collectors and can be con?gured With 
at least about 10 collectors, or With at least about 20 
collectors, or even With at least about 50 or more collectors. 
If the apparatus in FIG. 4 is used for laser pyrolysis or other 
focused radiation synthesis, the focused energy beam 244 
from radiation source 246 can be directed parallel to track 
132 such that beam 244 intersects the ?uid reactant stream 
at the various positions of noZZle 130. 

[0088] In this embodiment, noZZle 130 is aligned With a 
particular collector 236 to collect a quantity of particles 
produced under a particular set of reaction conditions. The 
reactant How and any radiation are turned on for the time 
provided for the synthesis of the particular particles. At the 
end of the time, the reactant How and radiation ?eld pref 
erably are turned off, and noZZle 130 is moved along track 
132 to a position aligned With the next collector to collect 
another quantity of particles generally produced under dif 
ferent reaction parameters. Then, the reaction is re-initiated 
at the particular reaction parameters associated With that 
collector. The process is continued until the desired number 
of collectors have been used. 
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[0089] The noZZle can be used to move in tWo dimensions 
to access a tWo dimensional array of collectors. A compa 
rable tWo dimensional track can be used to move the noZZle. 
If a laser beam or other focused energy beam is used, a 
mirror mounted on a stand that can move along the laser 
beam can be used to direct the laser beam over the noZZle 
When the noZZle is moved aWay from the unde?ected laser 
path. 
[0090] Alternatively or in addition to the use of a move 
able noZZle, collectors 236 can be mounted to move relative 
to noZZle 130. For example, collectors 236 can be mounted 
on a similar track as track 132 to move collectors 236 

relative to a ?xed noZZle. In one particular embodiment, a 
tWo dimensional array of collectors is mounted above noZZle 
130 on track 132. Movement of noZZle 130 on track 132 
provides for the use of one roW of collectors 236. The 
collector array is then moved perpendicular to the movement 
of noZZle 130 along track 132 to align another roW of 
collectors With noZZle 130. In this Way, the array of collec 
tors 236 is used one roW at a time. Alternatively, the noZZle 
can move in tWo dimensions to access all of the collectors 
in a tWo dimensional collector array. The collector array can 
include, for example, 20 by 20 collectors for a total of 400 
collectors. More or feWer collectors can be used as desired. 

[0091] Another embodiment With a ?xed noZZle and a 
movable collector is shoWn in FIG. 9. Fixed noZZle 250 is 
mounted Within reaction chamber 252 to produce a ?uid 
reactant stream directed toWard outlet 254. Outlet 254 leads 
to collection apparatus 256. Collection apparatus 256 has a 
channel 258 leading to pump 260. A ?lter sheet 262 is 
mounted to extend through channel 258. Flexible seal 264 
forms a seal betWeen ?lter sheet 262 and channel 258. 
Flexible seal 264 can be formed from natural or synthetic 
rubbers or metal, and can be cooled, for example, With Water. 

[0092] Flexible seal 264 is connected to one or more 
positioning arms 266 that are interfaced With actuators 268. 
Motorized actuators position arms 266 to move a selected 
portion of ?lter sheet 262 into channel 258. Referring to 
FIG. 10, ?lter sheet 262 is divided into a set of particle 
collectors 270, Where each collector is an isolated position 
along the plane of the ?lter sheet. Particle collectors 270 are 
sequentially placed Within channel 258. When the desired 
quantities of particles are collected by a particular particle 
collector 270, actuator arms move the ?lter sheet 262 to 
position another particle collector 270 in channel 258. 

[0093] If the synthesis apparatus operates at pressures 
other than near atmospheric pressures, the collectors can be 
removed after particle synthesis ends, and the chamber is 
brought to atmospheric pressure. For example, laser pyroly 
sis generally is performed at pressures from about 80 torr to 
about 650 torr. If it is desired to obtain the collectors While 
composition synthesis continues, air lock structures can be 
used. 

[0094] Referring to FIG. 11, reaction chamber 272 
includes a reactant delivery noZZle 274 oriented generally 
toWard collection system 276. Collection system 276 
includes a collector 278, a pump 280 and tWo locking 
chambers 282, 284. Collector 278 can be a ?lter element, a 
cup-shaped collector or any other appropriate collector 
element. The apparatus can be generaliZed to include a 
plurality of collectors that can be moved into or out from 
locking chambers 282, 284. Various collector arrays 
described herein can be adapted for this purpose. 
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[0095] Locking chambers 282, 284 include sealing doors 
286, 288, respectively, that open into channel 290. Locking 
chambers 282, 284 further include robotic arms 292 and 
actuators 294 for moving collector/collector array 278 
betWeen channel 290 and locking chambers 282, 284. The 
robotic arms can be replaced With belts, tractor mechanisms 
or the like. In FIG. 11, arms 292 are depicted in phantom 
lines to indicate their position When the appropriate sealing 
door 286, 288 is open to alloW access to channel 290. 
Locking chambers 282, 284 further include pressure systems 
296 to provide for changes in pressure Within the locking 
chambers betWeen the reaction chamber pressure and atmo 
spheric pressure. Furthermore, locking chambers 282, 284 
include sealing access doors 298 for placement and removal 
of collectors. 

[0096] Using the system shoWn in FIG. 11, a collector or 
collector array can be introduced into one of the locking 
chambers through an access door 298. Then, the locking 
chamber can be brought doWn to reaction chamber pressure. 
Once this pressure is reached, the corresponding sealing 
door is opened, and the collector is moved Within channel 
290. After a product sample(s) is collected, a sealing door to 
one of the locking chambers already at reaction chamber 
pressure is opened, and the collector(s) is removed into the 
locking chamber. Once removed, the sealing door is closed 
and another collector(s) can be placed Within channel 290. 
The locking chamber With the collector(s) and product 
sample(s) is sealed from the chamber and brought to atmo 
spheric pressure. At atmospheric pressure, the access door 
can be opened to remove the collector(s). The process can be 
repeated until all of the desired samples are collected. 

[0097] A collection system for directly collecting solid 
particles in a liquid dispersion, is shoWn in FIG. 12. 
Collection system 300 receives product particles 302 from 
reaction system 304. A liquid mist is sprayed onto the 
product particles by spray noZZle 306 connected to liquid 
source 308. A liquid stream is passed through a trough 310 
running along the bottom of collection channel 312. Liquid 
is supplied to trough 310 from liquid source 314. Liquid 
from trough 310 With collected particles ?oWs to reservoir 
316 Which collects the liquid. Liquid from reservoir 316 can 
be drained into bottle 318 for removal, storage and evalu 
ation. A plurality of bottles 318 can be used to collect a 
plurality of samples. Channel 312 is connected to a pump 
320. A?lter 322 can be used to remove any residual particles 
from channel 312. Bottle 318 is connected to a set of valves 
324 that can be used to selectively connect bottle 316 to 
receive liquid, to pump 320 to remove air from bottle 318 or 
to atmosphere so that bottle 316 is at atmospheric pressure 
before it is removed and replaced. Centrifugation or other 
reasonable approaches can be used to remove product par 
ticles from the collection ?uid. 

[0098] Reaction chamber 108 can be constructed from any 
durable and inert material. For most reactants, stainless steal 
is a particularly convenient material due to its durability and 
corrosion resistance. If radiation source 110 is mounted on 
the outside of chamber 108, a WindoW or lens 300 can be 
mounted on the chamber With an air tight seal to alloW for 
the entrance of the radiation. 

[0099] For infrared light Zinc selenide lenses or WindoWs 
are appropriate. Appropriate ZnSe lenses are available from 
Laser PoWer Optics, San Diego, Calif. To reduce contami 
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nation on the surface of the WindoW/lens 300, WindoW/lens 
300 can be displaced from the main chamber cavity along a 
tube 302. For laser pyrolysis, radiation source 110 can be an 
infrared laser, especially a CW CO2 laser such as an 1800 
Watt maXimum poWer output laser available from PRC 
Corp., Landing, N]. 

[0100] As noted above, system 100 preferably is con 
trolled by a processor 112. Processor 112 can be any 
reasonable computer, such as, a WINDOWS® based com 
puter, a MacIntosh® computer or a UNIX® computer. 
Appropriate commercially available softWare can be 
adapted to operate the system. Processor 112 can be used to 
control, for eXample, stepper motors that position the col 
lectors and noZZle relative to each other, sample tempera 
ture, radiation output, pump speed, valve positions, reactant 
?oW. 

[0101] Further Processing 
[0102] FolloWing collection of a quantity of particles, the 
particles can be subjected to additional processing While 
associated With the particle collector. In some embodiments, 
this additional processing can be performed While the par 
ticle collector is still mounted in its position Within the 
particle synthesis apparatus. Suitable additional processing 
includes, for eXample, heat treatment, chemical blending 
and combinations thereof. Any additional processing can be 
performed on a subset of one or all the samples such that 
some samples can be retained in the unprocessed state. 

[0103] 1. Heat Processing 

[0104] Properties of particles can be modi?ed by heat 
processing. Suitable starting material for the heat treatment 
include nanoparticles, such as those produced by laser 
pyrolysis. The heat processing of nanoparticles can improve 
the crystallinity, remove contaminants, such as elemental 
carbon, and possibly alter the stoichiometry, for eXample, by 
incorporation of additional oXygen or of atoms from other 
gaseous or nongaseous compounds. 

[0105] The processing conditions can be mild, such that 
signi?cant amounts of particle sintering does not occur. If 
particle sintering is to be avoided, the temperature of heating 
preferably is loW relative to the melting point of both the 
starting material and the product material. Alternatively, the 
particles can be sintered or partially sintered if the properties 
of the sintered product are to be evaluated. For eXample, 
some controlled sintering of the particles can be performed 
at moderate temperatures to produce slightly larger, average 
particle diameters. 

[0106] The heating can take place in the collector Without 
altering the natural environment in the particle synthesis 
apparatus. In other embodiments, the collector is sealed 
from the natural atmosphere in the apparatus, as described 
beloW, and a controlled atmosphere is provided for the 
heating process. The controlled atmosphere over the par 
ticles can be static, or gases can be ?oWed through the 
isolated collector. The atmosphere for the heating process 
can be an oXidiZing atmosphere or an inert atmosphere. In 
particular, for conversion of amorphous particles to crystal 
line particles or from one crystalline structure to a different 
crystalline structure of essentially the same stoichiometry, 
the atmosphere generally can be inert. 

[0107] Appropriate oXidiZing gases include, for eXample, 
O2, O3, CO, CO2, and combinations thereof. The O2 can be 














