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(57) ABSTRACT

Multicomponent nanoparticles materials and apparatuses and
processes therefor are disclosed. In one aspect of the disclo-
sure, separate particles generated from solution or suspension
or by flame synthesis or flame spray pyrolysis, and the result-
ant particles are mixed 1 chamber prior to collection or
deposition. In another aspect of the disclosure, nanoparticles
are synthesized 1in stagnation or Bunsen flames and allowed to
deposit by theirnophoresis on a moving substrate. These tech-
niques are scalable allowing mass production of multicom-
ponent nanoparticles materials and films. The foregoing tech-
niques can be used to prepare composites and component
devices comprising one ore more lithium based particles 1nti-

8, 2008. mately mixed with carbon particles.
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Flg .3 Schematic illustration of a multicomponent nanoparticle film generator.
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F l g 4 Schematic of another multicomponent nanoparticle film generator.
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MULTICOMPONENT NANOPARTICLE
MATERIALS AND PROCESS AND
APPARATUS THEREFOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a Divisional of U.S. application
Ser. No. 12/633,629, filed on Dec. 8, 2009, which claims
priority to provisional application U.S. Ser. No. 61/193,582,
filed on Dec. 8, 2008, which 1s incorporated by reference
herein 1n 1ts entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to multicomponent
nanoparticle materials and films and processes for forming,
the same.

BACKGROUND

[0003] Particle compositions have varied uses and are ubig-
uitous 1n applications that exploit surface chemistry and phys-
ics. As the mean particle size of the composition 1s reduced,
the surface area increases with the square of the particle size.
This results 1n a corresponding increase 1n surface function-
alities, e.g., reaction rate, due to the increase in available
surface area. Examples of systems that rely on high surface
area for optimal performance include catalytic converters,
dye sensitized solar cells, batteries, and fuel cells. Some of
these applications use nanoparticle films that consist of more
than one type of nanoparticle. In such a system, various
particles perform different functions.

[0004] Incertain types of tuel cells, for example, the simul-
taneous transport of protons and electrons requires some
components of the film to serve as electron conductors, and
others to serve as proton conductors (Haile, Chisoholm,
Sasaki, Boysen, and Uda, “Solid acid proton conductors:
from laboratory curiosities to fuel cell electrolytes™, Faraday
Discussions 134: 17-39, 2006). In another example, a film of
at least two different sizes of titania nanoparticles may be
used to optimize the performance of a dye sensitized solar cell
(Vargas, “Aggregation and composition eflects on absorption
and scattering properties of dye sensitized anatase 110, par-
ticle clusters”, Journal of Quantitative Spectroscopy &
Radiative Transtier 109: 1693-1704, 2008). In such a system,
the larger particles can scatter more of the incident light for
more eificient collection by the smaller particles, which
dominate the surface area and thus photon-induced electron
excitations.

[0005] A number of methods for depositing a particle film
are known where the particles are of the same composition.
Tolmachott etal. (Tolmachoil, Garcia, Phares, Campbell, and
Wang, “Flame synthesis ol nanophase TiO, crystalline
films”, Proceedings of the 5% U.S. Combustion Meeting,
Paper #H15, 2007) discloses a method for making thin films
of titania particles by repeatedly passing a substrate over a
stagnation flame. Other methods of making single component
nanoparticle films 1nclude screen-printing or squeegeeing a
nanoparticle paste (Llobet et al., “Screen-printed nanopar-
ticle tin oxide films for high-vield sensor microsystems”,
Sensors & Actuators B 96: 94-104, 2003), printing a micro- or
nano-particle ik (US patent applications 20070169812 and
20070169813), chemical vapor deposition (Zhu et al.,
“Growth of high-density S1 nanoparticles on S1;N, and S10,
thin films by hot-wire chemical vapor deposition™, Journal of

Feb. 21, 2013

Applied Physics 92: 4695-4698, 2002), or spray pyrolysis
(Itoh, Abdullah, and Okuyama, “Direct preparation of nonag-
glomerated mdium tin oxide nanoparticles using various
spray pyrolysis methods, Journal of Maternials Research 19:
1077-1086, 2004). These references, however, do not appear
to disclose methods of forming a film or materials containing
a mixture of compositionally and/or functionally distinct
nanoparticles.

[0006] Although compositionally and/or functionally dis-
tinct particles may be mixed 1n pastes or inks, the particles
tend to agglomerate 1 suspension due to the high particle
concentrations required for printing and strong inter-particle
forces. Even 11 a surfactant were used, agglomeration would
continue after deposition as any surfactant would be lost
during the drying and/or sintering process. This in turn limits
the individual grain size of a component in a multicomponent
{1lm to the micron scale, which 1s acceptable for forming films
of particles that are not compositionally different. Examples
of methods that produce films made from a single composi-
tion particle are disclosed 1n patent applications
20070169812 and 20070169813, 1n which an ink 1s formed
from an organic solvent and microflakes or nanoflakes pro-
duced by milling a solid having a predetermined mixture of
clements.

[0007] Patterned nanoparticle films can be made 1n colloi-
dal solutions using self-assembly techniques (see, for
example, Sastry, Gole, and Sainkar, “Formation of patterned,
heterocolloidal nanoparticle thin films™, Langmuir 16: 3553-
3556, 2000). Here, the driving force 1s the electrostatic inter-
actions between like or unlike particles and molecules.
Although multiple particle types may be mixed, these tech-
niques are generally very slow and are thus not suitable for
continuous or large-scale fabrication of nanoparticle films.
[0008] Accordingly, a need exists for multicomponent
materials, such as composites composed of distinct nanopar-
ticles, and processes for theirr manufacture. There 1s also a
need for such materials and processes to feasibly mass pro-
duce certain types of fuel cells, solar cells, batteries and other
devices that can utilize multicomponent nanoparticle mater-
als and films.

SUMMARY OF THE DISCLOSUR.

(Ll

[0009] Advantages of the present disclosure are multicom-
ponent materials, processes and apparatuses for their manu-
facture.

[0010] These and other advantages are satisfied, at least 1n
part, by a composite, material or film comprising a mixture of
a plurality of first particles and a plurality of second particles
wherein the plurality of first particles and the plurality of
second particles have an average size of less than about 500
nm, €.g. less than about 200 nm. Advantageously, the plural-
ity of first particles are compositionally distinct from the
plurality of second particles.

[0011] Embodiments of the disclosure include a plurality of
first particles intimately and randomly mixed with a plurality
of second particles and wherein the plurality of first particles
are composed ol one or more components selected from the
group consisting of organic compounds, 1norganic com-
pounds, metals, electrocatalysts, metal oxides, lithium active
compounds, metal hydrides, metal amines, solid acids, and
salts thereol and wherein the plurality of second particles are
compositionally distinct or have a significantly different aver-
age size than the plurality of first particles. The composite,
material or film can also comprise a plurality of third, fourth,
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fifth, etc. particles. Other embodiments of the present disclo-
sure mnclude a composite comprising one ore more lithium
active compound particles, such as lithium-mixed metal
oxides and phosphates, L[LiNi1O,, [L1CoO,, LiMn,O,,
Li1CoMnO,, LiZnSb, LiFePO,, and Li,FePO/F particles,
with carbon particles, wherein the lithtum active compound
particles have an average size of less than 100 nm and are
intimately and randomly mixed with the plurality of carbon
particles having an average size of less than 50 nm.

[0012] Other aspects of the present disclosure include pro-
cesses of forming a well-mixed multicomponent material and
film. The processes comprise forming a first aerosol; forming
a second aerosol; and combining the first aecrosol and second
aerosol 1nto a two-component aerosol to form a composite
maternal or film comprised of a plurality of first particles from
the first acrosol and a plurality of second particles from the
second aerosol on a substrate. Advantageously the processes
include forming the plurality of first particles and the plurality
ol second particles with an average size of less than about 500
nm. The plurality of first particles can be compositionally
distinct from the plurality of second particles, or the plurality
of first particles can have an average size that 1s distinct from
the average size of the plurality of second particles. Alterna-
tively, the plurality of first particles can be compositionally
distinct from the plurality of second particles and can have an
average size that 1s distinct from the average size of the
plurality of second particles. The aerosolized components can
be individually formed by spraying or atomizing a solution or
suspension, or by tlame synthesis or spray pyrolysis.

[0013] Other aspects of the present disclosure are appara-
tuses for providing multicomponent maternials and films by
forming and combining distinct aerosols. For example, an
apparatus can comprise a plurality of aerosol forming burners
and/or atomizers that are in fluild communication with a
chamber for receiving and mixing a plurality of distinct aero-
sols. Embodiments include an apparatus comprising a first
burner or atomizer for forming a {irst aerosol; a second burner
or atomizer forming a second aerosol; a chamber 1n fluid
communication with the first and second burner or atomizer
for receiving and mixing the first and second aerosols; and an
ex1t port connected to the chamber for allowing the acrosols
to escape the chamber, wherein the first burner or atomizer 1s
capable of either: (a) forming an acrosol that 1s composition-
ally distinct from the acrosol formed from the second burner
or atomizer or (b) forming an aerosol that has an average size
that 1s distinct from the aerosol formed from the second
burner or atomizer.

[0014] Additional advantages of the present invention will
become readily apparent to those skilled 1n this art from the
following detailed description, wherein only the preferred
embodiments of the invention are shown and described, sim-
ply by way of illustration of the best mode contemplated of
carrying out the invention. As will be realized, the invention 1s
capable of other and different embodiments, and its several
details are capable of modifications in various respects, all
without departing from the invention. Accordingly, the draw-
ings and description are to be regarded as illustrative 1n
nature, and not as restrictive.

BRIEF DESCRIPTION OF DRAWINGS

[0015] Reference 1s made to the attached drawings,
wherein elements having the same reference numeral desig-
nations represent similar elements throughout and wherein:
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[0016]
generating multicomponent nanoparticle films,
includes multiple atomizers.

[0017] FIG. 2 15 an electron micrograph image of a mixed
porous nanoparticle film containing cesium dihydrogen phos-
phate, carbon, and platinum particles where the cestum dihy-
drogen phosphate particles have an average size of about 50
nm, the carbon particles have an average size of about 20 nm,
and the platinum particles have an average size of about 20
nm.

[0018] FIG. 3 i1s schematic illustration of another apparatus
for forming multicomponent nanoparticle materials and
f1lms, which includes multiple atomizers and a particle form-
ing burner.

[0019] FIG. 415 a schematic illustration of another appara-
tus for generating multicomponent nanoparticle films, which
includes a rotating plate over multiple particle forming burn-
ers.

[0020] FIGS.5A and 5B are electron micrograph images of
a mixed nanoparticle film including titania and carbon par-
ticles on a glass substrate where the titania particles have an
average size of about 15 nm and the carbon particles have an
average size of about 50 nm.

[0021] FIG. 6 1s a schematic illustration of another appara-
tus for generating multicomponent nanoparticle films, which
includes a rotating substrate over multiple particle forming
burners.

[0022] FIG. 71s a graph showing the size distribution of an
aecrosol mixture containing about 10 nm carbon particles
formed from a premixed ethylene flame and about 50 nm
cesium dihydrogen phosphate particles formed by solution
atomization as determined by nano-SMPS analyzer (model
3936N25, available from TSI, Inc.).

[0023] FIG. 8 1s a schematic illustration of another appara-
tus for generating multicomponent nanoparticle materials
and films.

[0024] FIG. 9 1s a top view 1illustrating a slot burner and
atomizer of a particle forming apparatus.

FIG. 1 1s a schematic 1llustration of an apparatus for

which

DETAILED DESCRIPTION OF TH.
DISCLOSURE

L1

[0025] The present disclosure i1s directed to materials,
including materials in the form of films, comprising a mixture
of at least two sets of particles, e.g. a plurality of first particles
and a plurality of second particles. The designation of first and
second 1s solely for ease of reference and does not limit the
nature of the particles. Such multicomponent particle mate-
rials or films can include additional particles combined with
the plurality of first and second particles, e.g. a plurality of
third, fourth, fifth, etc. particles can be combined with the
plurality of first and second particles.

[0026] In one aspect of the disclosure, the plurality of first
particles and the plurality of second particles have an average
s1ze at the nanometer length scale. For purposes of the present
disclosure, particles that have an average size at the nanom-
cter length scale are particles having an average size of less
than about 300 nm. Such particles are also called nanopar-
ticles herein. Preferably, the plurality of first and second
particles have an average size of less than about 500 nm, e.g.
less than about 200, 100, 80, 60, 40, 20, 10 nm and sizes there
between. The average size of the particles can be determined
by any conventional means as, for example, by a particle sizer
such as a scanning mobility particle sizer available from TSI,
Inc. or equivalent mstrument. If such instruments are not
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practical or available, other conventional means for determin-
ing average size of the particles can be used such as by
estimating a diameter for many particles 1n a material from an
clectron micrograph image or equivalent image and taking an
average of the estimated diameters.

[0027] Advantageously, the materials of the present disclo-
sure can comprise a mixture of compositionally different
particles at the nanometer length scale, 1.¢., a composite of
compositionally distinct nanoparticles. Compositionally dis-
tinct particles are those that have compositions that vary by
clemental composition and/or ratio of elements beyond the
normal variation expected for a given composition. Compo-
sitionally distinct particles can serve different functions in the
same material. In one embodiment of the present disclosure,
the material or film comprises a mixture of a plurality of first
particles and a plurality of second particles wherein the plu-
rality of first particles and the plurality of second particles
have an average diameter of less than about 500 nm, e.g., less
than about 200 nm, and wherein the plurality of first particles
are compositionally distinct from the plurality of second par-
ticles.

[0028] The materials and processes for the preparation of
such materials are believed advantageous compared to meth-
ods that mnvolve mechanical mixing (such as ball milling a
mixture) which usually produces grain sizes that are on the
micrometer scale. For example, 1t 1s believed that by milling
a powder mixture consisting of nanometer-sized particles
would result 1n a mixed powder that would still only have a
grain size of roughly 1 micrometer due to the tenacious van
der Waals and electrostatic interactions between nano- and
micro-sized grains. Thus, even though the individual particle
sizes could be on the order of nanometers 1n diameter, the
resulting mixture would feature single component agglomer-
ates on the order of micrometers in size. This precludes the
possibility of achieving random, dispersed or ordered pat-
terns of nano-sized grains in the mixture.

[0029] An advantage of the present disclosure 1s materials
and films comprising random and/or dispersed, composition-
ally distinct nano-sized particles. In one aspect of the present
disclosure, the material or film includes a plurality of first
particles that are intimately and randomly mixed with a plu-
rality of second particles that are compositionally distinct
from the first particles.

[0030] The multicomponent particle materials can be made
from a number of starting particles. These 1include particles
that can be formed 1n flames (such as carbon and metal
oxides) or spray pyrolysis (such as metal oxides), as well as
particles that can be formed from atomization and drying of a
solution or suspension (such as cestum dihydrogen phosphate
in water and platinum nanoparticles in ethanol). The compo-
sitions of the particles are limited to those which can be
formed by an aerosol. As used herein, an aerosol means a
dispersion of solid and/or liquid particles suspended 1n a gas.
Aerosols can be formed from a medium composed of a solid
either dissolved or suspended 1n a solvent or liquid that 1s
suificiently volatile to allow formation of particles 1n a flame
or atomizer. Aerosols can also be formed by combustion of a
hydrocarbon to produce solid carbon particles suspended in a

gas such as the formation of carbon particles with a Bunsen
burner.

[0031] Solvent or liquid mediums that can be used with
atomizers include, for example, one or more of water, alco-
hols and lower alcohols, e.g., a C, -, , alcohol, such as metha-
nol, ethanol, propanol, 1sopropanol, butanol, furfuryl alcohol;
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polyhydridic alcohols, such as ethylene glycol, butanediols,
propanediols; ethers, such as linear or branched lower ethers,
dimethyl ether, ethyl ether, methyl ethyl ether, tetrahydrofu-
ran; ketones and linear or branched lower ketones, such as
acetone, methyl ethyl ketone; organic acids, such as formic
acid, acetic acid, butyric acid, benzoic acid; esters, such as
formats, acetates, propionates; hydrocarbons, such as linear
or branched alkanes, such as butanes, pentanes, hexanes,
heptanes, octanes, linear or branched alkenes, aromatic sol-
vents or liquids; chlorinated solvents or liquids; etc. In an
embodiment of the present disclosure, the solvent or suspend-
ing liquid 1s an aqueous medium having one or more acids,
¢.g. HCI, or bases, e¢.g., ammonia, to adjust the pH of the
medium and can also 1nclude one or more surfactants and/or
buiters.

[0032] The plurality of first, second, third, etc. particles can
be composed of one or more components selected from the
group consisting of organic compounds such as carbon, car-
bon nanotubes, and fullerenes; metals such as aluminum,
platinum, silver, gold, palladium, tin, titanium, indium, and
zinc; metal oxides, such as alumina, tin oxides, titania, zinc
oxides, indium oxides, and zirconium oxide; semiconductors
and oxides and nitrides thereot such as silicon, gallium, cad-
mium, terrarium, silcon oxides, and silicon nitride; metal
hydrides; metal amines; solid acids such as CsH,PO,,
CsHSO,, Cs,(HSO,)H,PO,), (NH,);H(SO,),, CaNaH-
S10,, etc.; inorganic components, such as indium-tin-oxides,
aluminum-doped zinc oxide, indium molybdenum oxide,
antimony-tin-oxides, zinc doped with various other elements
such as F, In, Ga, B, S1, Ge, Ti, Zr, Hi, Sc, Y, and salts of the
forgoing, lithtum active compounds useful for batteries, such
as lithium-mixed metal oxides and phosphates, LiNiO,,
L1Co0O,, LiMn,O,, LiCoMnO,, LiZnSb, LiFePO,, and
L1,FePO_F, etc.

[0033] The second set of particles can be composed of the
one or more of the foregoing components but are either com-
positionally distinct or have an average size that 1s signifi-
cantly different from the first plurality of particles. Preferably,
the first and second plurality of particles have an average size
that 1s less than about 500 nm and are intimately and ran-
domly dispersed throughout the multicomponent material.

[0034] Themulticomponent materials can be used inasolid
acid fuel cell, in which the anode 1ncludes a porous well-
mixed nanoparticle film comprised of solid acid particles,
e.g., CsH,PO,, CsHSO,, Cs,(HSO,)(H,PO,), (NH,),H
(50,),, CaNaHS10,, electron-conducting particles and elec-
tro catalyst particles.

[0035] In an embodiment of the disclosure, a multicompo-
nent particle film includes a plurality of solid acid particles, a
plurality of conducting particles, e.g., carbon, and a plurality
of electrocatalyst particles, e.g., Pt, Ru, Rh, Pd, Cu, N1, Ag,
Au, Sn, etc. Such films can be used as proton conducting
membranes for fuel cells as disclosed 1n, for example, U.S.
Pat. Nos. 6,468,684 7,250,232 and 7,255,962. As noted 1n
these patents, many solid acids can be used for such films

including compounds of the general form: M_H, (XO,). or
M H, (XO,) .nH,O, where M is one or more of L17, B¢™, Na™,

Mg™*, K*, Ca*, Rb", Sr", Cs™, Ba™, T1" and NH," or Cu™; X 1s
one ormore of S1, P, S, As, Se, Te, Crand Mn; and a, b, ¢, nand
t are rational numbers and/or non-zero integers.

[0036] Inoptimizing aproton conducting membrane, trans-
port ol 10ns and gases through the film should be considered
and the porosity and the microstructure of the film adjusted
accordingly. For example, 1t 1s believed that optimizing a




US 2013/0043437 Al

proton conducting membrane would include a membrane
structure having high porosity and low tortuosity. It 1s
believed such a structure can be made by including gas dii-
fusion channels embedded in the membrane by mitially
depositing fractal-like carbon agglomerates to retain micro-
s1zed open spaces in the membrane followed by forming a
multicomponent nanoparticle film 1n and among the carbon
composed of a mixture of solid acid particles, carbon particles
and electrocatalytic particles.

[0037] Multicomponent materials can also be used in bat-
teries, such as lithium or lithium-ion batteries 1n which the
cathode comprises lithium active compounds, such as
lithium-mixed metal oxides and phosphates, LiNiO,,
[1Co0,, LiMn,O,, LiCoMnO,, Li1ZnSb, LiFePO,,
L1,FePO,F, etc. particles, together with carbon particles. In
an embodiment of the present disclosure, a multicomponent
nanoparticle composite comprises a plurality of lithium
active compound particles, e.g. lithium 1ron phosphate par-
ticles, and a plurality of carbon particles. Advantageously, the
lithium active compound and carbon particles are intimately
and randomly dispersed throughout the composite. In an
aspect of the present disclosure, the lithium active compound
particles, e.g. lithium 1ron phosphate particles, have an aver-
age size that 1s less than about 200 nm, e.g., less than about
100, 50, 20 nm and sizes there between, and the carbon
particles have an average size that 1s less than about 200 nm,
¢.g., less than about 100, 50, 20, 10 nm and sizes there
between.

[0038] Lithium ion batteries are increasingly being made
using lithitum iron phosphate (LiFePO,) as a cathode mate-
rial. A primary advantage of lithium 1ron phosphate 1s that it
1s safer than other commonly used materials (such as lithium
cobaltate or lithium vanadate) because of a minimized risk of
runaway heating and explosion. Upon discharge of the bat-
tery, the 1ron (II) 1s oxidized to iron (III), the resulting free
clectron exits the battery through the load and returns to the
anode, while the Li+ 101 1s transmitted to the anode through
an electrolyte. Since the rate of discharge depends on the area
of contact between the electrolyte and the lithium 1ron phos-
phate surface, high performance batteries require small grain
sizes of lithtum 1ron phosphate. An 1ssue with lithium iron
phosphate, however, 1s that 1t exhibits poor electrical conduc-
tivity, making 1t difficult for the free electron to exit the
cathode, and thus limiting the discharge rate of the battery.

[0039] Oneway to overcome this deficiency 1s to intimately
mix carbon particles with the lithium 1ron phosphate grains in
order to enhance the electrical conductivity of the cathode. It
1s preferable that the mixing length scale of the mixture be on
the same scale as the grain size so that electrons from each
lithium 1ron phosphate grain may be efficiently extracted and
transmitted out of the cathode. In an embodiment of the
present disclosure, a multicomponent nanoparticle composite
comprises lithium 1ron phosphate particles and carbon par-
ticles which are intimately and randomly dispersed through-
out the composite, wherein the lithium 1ron phosphate par-
ticles have an average size that 1s less than about 200 nm, e.g.,
less than about 100, 50, 20 nm and si1zes there between and
carbon particles have an average size that 1s less than about
200 nm, e¢.g., less than about 100, 50, 20, 10 nm and sizes
there between. Additionally, the lithium 1ron phosphate par-
ticles can be doped to enhance their performance such as by
doping with one or more metals including, for example, mag-
nesium, aluminum, titanmium, zirconium, niobium, and tung-
sten.

Feb. 21, 2013

[0040] In an aspect of the present disclosure, multicompo-
nent materials can be formed by combining a plurality of
distinct aerosolized components 1n the gas phase and collect-
ing the mixture, such as by an electrostatic precipitator, or
depositing the mixture on to a substrate as a film or powder.
The aerosolized components can be individually formed by
spraying or atomizing a solution or suspension, or by flame
synthesis or spray pyrolysis.

[0041] In an embodiment of the present disclosure, a well-
mixed, multicomponent nanoparticle material can be pre-
pared by forming a first acrosol; forming a second aerosol;
and combining the first aecrosol and second aerosol to form a
material comprised of a plurality of first particles from the
first aerosol and a plurality of second particles from the sec-
ond aerosol. The processes of the present disclosure are not
limited to forming materials with compositionally distinct
particles but 1n certain embodiments the processes of the
present disclosure can also form particles having distinct
averages sizes. Hence, the plurality of first particles can
either: (a) be compositionally distinct from the plurality of
second particles and/or (b) have an average size that1s distinct
from the average size of the plurality of second particles. In an
embodiment of the present disclosure, the plurality of first
particles: (a) are compositionally distinct from the plurality of
second particles and (b) have substantially the same average
s1ze as the plurality of second particles. In another embodi-
ment of the present disclosure, the plurality of first particles:
(a) have substantially the same composition as the plurality of
second particles and (b) have an average size that 1s signifi-
cantly different than the average size of the plurality of second
particles, ¢.g., wherein the plurality of second particles have
an average size that 1s no more than about two to fifty times of
the average size of the plurality of first particles, e.g., 2, 5, 10
or 50 times the average size of the plurality of first particles.
In another embodiment of the present disclosure, the plurality
of first particles: (a) are compositionally distinct from the
plurality of second particles and (b) have an average size that
1s distinct from the average size of the plurality of second
particles.

[0042] The first and/or second aerosols can be formed by
atomizing a solution, atomizing a particle suspension, by
flame synthesis and/or flame spray pyrolysis.

[0043] As used herein atomizing and atomization refer to
the conversion of a liquid medium into a spray or mist (1.¢.
collection of drops). Atomization can occur by passing a
liquid medium through a nozzle or aperture. The terms atom-
1zing and atomization do not mean that the spray or mist or the
particles therefrom are reduced to atomic sizes. Atomization
can also be described as “nebulize” or “nebulization”. Atom-
1zing a liquid medium can be achieved by use of an atomizer.

Atomizers are known and are commercially available, such as
from TSI, Inc. of Shoreview Minn., USA.

[0044] Given the guidance of the present disclosure, one
skilled 1n the art can select the appropriate parameters to
optimize the properties of the particles, and their dispersion 1n
a mixed particle film.

[0045] For example, an aerosol can be formed from a solu-
tion or suspension by atomizing the liquid imnto small droplets
and then allowing the droplets to dry into aerosol particles
prior to and/or during mixing with the other aerosol particles
formed in separate tubes. The atomization may be initiated by
injecting the liquid into a high velocity gas jet using a syringe
pump or venturi aspiration. In forming a well-mixed nano-
particle film, 1t 1s preferable to control the vapor pressure of
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the liquid and the number density of the droplets and resulting
particles. For example, the liquid vapor pressure should be
lower than its saturation vapor pressure so that the liquid does
not recondense onto the particles or onto the film. This liquid
vapor pressure can be kept low by limiting the injection rate of
the solution or suspension into the high velocity jet. Con-
versely, the saturation vapor pressure can be kept high by
maintaining the aerosol flow at a high temperature using a
heating element such as heating tape, heating coils, and/or the
heat generated from a flame. The number density of the aero-
sol 1s preferably kept low enough to minimize coagulation
and agglomeration of the aerosol prior to deposition, which
would increase the grain size of the particles comprising the
multicomponent film. The number density can be kept low by
quickly dispersing the aerosol 1n a clean sheath gas, or by
maintaining a low liquid injection rate.

[0046] Alternatively, or in combination, an aerosol can also
be formed by flame synthesis or flame spray pyrolysis with an
appropriate burner. Creating nanoparticles in a tlame serves
the dual purpose of keeping the mixed aerosol flow hot
enough to prevent condensation if an atomization methodol-
ogy 1s also used 1n parallel to the flame. Flame synthesis
techniques 1involve the establishment of a premixed or diffu-
s1on flame, and passing one or more precursor compounds 1n
a medium, 11 desired, into the flame where they are separated
from their medium, 11 any, oxidized or undergo pyrolysis. The
desired products of the oxidation or pyrolysis may nucleate
and grow 1nto the particles that ultimately deposit on the film.
One example 1s the formation of metal oxide particles by the
oxidation of organometallic compounds. Flame synthesis can
also be used to form a plurality carbon particles by 1gniting a
tuel with an oxidant. This done by adding an excess of fuel or
any other hydrocarbon to the flame with respect to the sto-
ichiometric amount given the oxygen flow rate into the flame.
The excess carbon nucleates to form particles commonly
visualized as soot from a candle. The fuel can contain a
mixture comprising a hydrocarbon (e.g., one or more of an
alkane, such as propane, butane, an alkene, such as ethylene,
an alkyne, such as acetylene, etc.) and optionally an inert gas
(e.g., argon). The fuel can also contain an oxidant, such as
oxygen. Alternatively, the oxidant can be supplied separately
to the tuel. When the fuel mixture 1s rich 1 hydrocarbon
relative to oxidant, then all of the oxidant 1s consumed thereby
leaving an oxidant deficient environment, which can be useful
as a reducing environment for certain applications. Flame
spray pyrolysis involves spraying solution droplets through
an established flame 1n order to initiate droplet breakup, dry-
ing, and possibly thermal decomposition in the high-tempera-
ture environment. The resulting aerosol can then be collected
such as by filtration, impaction, electrophoresis, thermo-
phoresis or deposited as a film on a substrate that can be used
in a device.

[0047] Passing the mixed aerosol through a porous sub-
strate (having pore size of less than about 1 micron) results 1n
a uniform well-mixed film comprised of the particles formed
in each aerosol prior to mixing. For particles smaller than
about 100 nm in diameter, the dominant mode of collection by
the filter 1s believed to be diffusion, which results 1n a uniform
deposition pattern if the aerosol mass tlow through the filter 1s
uniform. This may be contrasted with particle collection by
impaction, such as by impinging an aerosol jet onto a flat
substrate, which results in deposition patterns on the substrate
that are sensitive to the particle size and density. This mode of
collection will not result 1n a well-mixed film, as particles will
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separate based on their inertia. However particle collection by
impaction can be used to form well-mixed multicomponent
nanoparticle maternials 1f the aerosol concentration is sudfi-
ciently high to enable efficient agglomeration of the mixed
aerosol particles, such that large agglomerates comprising a
mixture of the aerosol components are formed 1n the carrier
gas and subsequently impacted onto a substance.

[0048] In another aspect of the present disclosure, well-
mixed multicomponent nanoparticle films can be formed
onto a moving substrate by multiple flames oriented towards
the substrate. Each time the substrate passes over a flame, a
small mass (for example, less than a monolayer) 1s collected
on the substrate. Repeatedly passing the substrate over mul-
tiple flames, each forming different types of nanoparticles,
results in a well-mixed multicomponent film. The flames may
be Bunsen flames or premixed stagnation tlames.

[0049] In an embodiment of the present disclosure, a mul-
ticomponent composite material can be prepared by combin-
ing an aerosol of lithium active compound particles, e.g.
lithium 1ron phosphate particles, or precursors thereof with an
aerosol of carbon particles to form the composite. An aerosol
of Iithium active compounds can be formed, for example, by
atomizing a precursor solution of the lithium active com-
pound which can be prepared by combining various lithtum
and metal compounds and salts thereof 1n a medium. For
example a lithium iron phosphate precursor can be prepared
from a number of precursors, including lithium precursors
such as lithium acetate, lithium hydroxide, lithium nitrate,
lithium oxalate, lithium oxide, lithium phosphate, lithium
dihydrogen phosphate, lithium carbonate, 1iron precursors
such as 1ron sulfate, 1ron acetate, 1ron (I1I) oxalate, 1ron (111)
citrate, iron (II) chloride, phosphate precursors such as phos-
phoric acid, P,O., etc.

[0050] For example, solid lithium iron phosphate may be
formed 1n an aqueous solution by combining lithtum carbon-
ate or lithtum acetate with phosphoric acid, and 1ron (II)
chloride or 1ron (II) oxalate. Under neutral stoichiometric
conditions, LiFePO, precipitates as a greenish solid having
olivine crystal structure. However, the precipitation may be
suppressed by making the solution acidic. The pH of the
solution can be adjusted by adding such acids as HCI, nitric
acid, sulfuric acid, acetic acid, etc. Such an acidic solution can
be atomized and formed into lithium 1ron phosphate by
atomization, spray pyrolysis, etc. In one aspect of the present
disclosure, an aerosol of lithium 1ron phosphate 1s formed by
atomizing an acidic solution of lithtum iron phosphate pre-
cursor by ultrasonic atomization, venture atomization, etc.
The aerosol can be subsequently carried to a tflame produced
by the combustion of a hydrocarbon (e.g., one or more of an
alkane, alkene and alkyne) and oxidant (e.g., oxygen), by a
carrier gas, which may be an ert gas (e.g., nitrogen, argon,
etc.) or fuel.

[0051] The flame can provide heat for micro-explosion of
the aerosol droplets and evaporation of the solvent to form
nanoparticles of lithium iron phosphate. The flame can also
be made rich with hydrocarbon fuel to form carbon nanopar-
ticles for combining with the resulting lithtum iron phosphate
nanoparticles which can then be co-deposited or collected. An
advantage of using a tlame rich with hydrocarbon fuel 1s that
1s will maintain a reducing environment, so that the collected
lithium 1ron phosphate does not oxidize to Fe (111), and so that
any 1ron that has oxidized to Fe(Ill) in the flame can be
subsequently reduced back down to Fe(II).
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[0052] A straight forward way to collect the aerosol par-
ticles 1s to pass the flow through a carbon filter, which itself
can serve as a lithium 1on battery cathode. In this way, lithium
active compound particles and carbon nanoparticle produc-
tion, mixing, and collection onto a battery electrode 1s accom-
plished 1n a single process. For example, a cathode electrode
can be made by depositing a composite comprising a plurality
of lIithium active compound particles imntimately and ran-
domly mixed with a plurality of carbon particles on to an
appropriate substrate, e.g., a substrate containing carbon and/
or a fluormated polymer such as polyvinylidene fluoride
(PVDF) and metal foil. Advantageously, the plurality of
lithium active compound particles and carbon particles have
an average size ol less than 200 nm. In an embodiment of the
present disclosure, the lithium active compound particles
comprise lithtum 1ron phosphate and have an average size of
less than 100 nm and the plurality of carbon particles have an
average size of less than 50 nm.

[0053] In an aspect of the present disclosure, apparatuses
are described that can form multicomponent materials,
including materials 1n the form of films, comprising a mixture
of at least two sets of nanoparticles. For example, apparatuses
can comprise a plurality of atomizers and/or a plurality of
burners for forming compositionally distinct particles and/or
particles having distinct average sizes. The apparatuses of the
present disclosure are not limited to forming materials with
compositionally distinct particles but in certain embodiments
can also form particles having distinct averages sizes.

[0054] In one embodiment of the present disclosure, an
apparatus for forming multicomponent materials comprises:
means for forming a first aerosol; means for forming a second
aerosol; and means for combining the first acrosol and second
aerosol to form a plurality of first particles from the first
aerosol and a plurality of second particles from the second
aerosol. The apparatus 1s configured so that the plurality of
first particles and the plurality of second particles have an
average size of less than about 500 nm, e.g., less than about
200 nm, and/or the plurality of first particles are composition-
ally distinct from the plurality of second particles.

[0055] An apparatus for combining distinct aerosols can
include a first burner or atomizer for forming a first aerosol; a
second burner or atomizer forming a second aerosol; a cham-
ber 1 fluid commumnication with the first and second burners
or atomizers for recewving and mixing the first and second
aerosols; and an exit port connected to the chamber for allow-
ing the aerosols to escape the chamber, wherein the first
burner or atomizer 1s capable of either: (a) forming an aerosol
that 1s compositionally distinct from the aerosol formed from
the second burner or atomizer or (b) forming an aerosol that
has an average size that 1s distinct from the aerosol formed
from the second burner or atomizer. The designation of first or
second 1s for convenience and does not limit the nature of the
particles or structure of the apparatus. Advantageously, the
apparatuses can include chambers and/or exit ports in the
form of a slot, and/or burners and/or atomizers having nozzles
or apertures 1n the form of a slot, 1.¢., an elongated aperture.

[0056] FIG. 1 1illustrates apparatus 100 that can be used to
form multicomponent particle materials and films. The con-
duits and lining of apparatus 100 can be any material, such as
those that do not substantially intertere with the formation of
the particles including glass and stainless steel, etc. As shown
in this illustration, aerosol film generator 100 can be used to
form multicomponent films or powders on to a substrate 102,
¢.g. a carbon filter, by forming and combining several aero-
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solized components which exit chamber 112 through exit port
126, which can be 1n the form of a slot. In the present 1llus-
tration, first atomizer 104 forms first acrosol 106 for forming,
a plurality of first particles and second atomizer 108 forms
second aerosol 110 for forming a plurality of second particles.
The designation of first or second 1s for convenience and does
not limait the nature of the particles or structure of the appa-
ratus. Atomizers 104 and 108 can be any atomizers such as
commercially available atomizers or can be fabricated as a
venturi atomizer that can be used to form aerosolized par-
ticles. Atomizers 104 and 108 can have nozzles 1n the form of
a slot.

[0057] First and second atomizers (104, 108) are in fluid
communication with chamber 112. In this embodiment
chamber 112 1s a tube connecting first atomizer 104 to second
atomizer 108. However, Chamber 112 can be 1n the form of a
slot. Chamber 112 connects the atomizers and allows mixing
of the aerosols. As shown 1n FIG. 1, chamber 112 1s 1n fluud
connection to a heating element 114. In this embodiment,
heating element 114 comprises conduit 116 1n fluid commu-
nication and connected to chamber 112 which carries a gas,
¢.g. an 1ert gas such as argon or nitrogen, which 1s heated by
passing through conduit 116 which 1s heated by heating tape
118 contacting the conduit. The heating element can be used
to dry any atomized liquid, 1.e., the first and/or second aero-
sols, and/or to mimimize or prevent recondensation of any
liquid from the first and/or second aerosol. Preferably, cham-
ber 112 and conduit 116 are constructed of stainless steel.
Vents 120 and 122 can be used to control the pressure mnside
chamber 112 as, for example, when the pressure drops across
a porous substrate with increased loading. In this embodiment
vent 122 1s connected to pump 124 for further control of the
pressure within chamber 112 and/or the rate at which the
aerosols leave exit port 126.

[0058] FIG. 3 1llustrates another apparatus that can be used
in the formation of multicomponent particle materials and
f1lms. As shown 1n this 1llustration, apparatus 300 can be used
to form multicomponent {ilms on to substrate 302 by forming
and combining several aerosolized components. In the
present illustration, first acrosol 304 1s formed from first
atomizer 306. Second atomizer 308 can be used to form
second aerosol 310. Atomizers 306 and 308 can be any atom-
izers such as commercially available atomizers. First and
second aerosols (304, 310) are mixed in mixing tub 312.
Mixing conduit 312 1s in fluid communication with the first
and second aerosol. As shown 1n FIG. 3, third aerosol 314 can
be formed from flame nozzle 316. In this embodiment, flame
nozzle 316 can form an aerosol of carbon nanoparticles by
1gniting a mixture comprising a hydrocarbon (e.g., one or
more ol an alkane, such as propane, butane, alkene, such as
cthylene, alkyne, such as acetylene, etc.) with and oxidant
(e.g., air, oxygen) and optionally with an mert gas (e.g.,
argon).

[0059] When fuel and carrier gas are rich 1n a hydrocarbon,
the combustion products of the hydrocarbon includes carbon
particles produced at flame which can intimately and ran-
domly mix with aerosol. Further under such conditions, the
mixing conduit 1s substantially free of oxidant because any
oxidant, e.g., oxygen, 1s consumed during the combustion of
the fuel. When an aerosol from an atomizer 1s introduced to
the mixing conduit under such conditions and is carried by a
gas substantially free of oxidants, e€.g., such as by a nitrogen
stream or even a hydrocarbon stream, the conduit comprises
a reducing environment for the aerosol.
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[0060] The heat from the combusted gases can be used to
dry first and second aerosols 304, 310. Particles from aerosols
304 and 310 can then be collected through exit port 320 as
well mixed nanoparticles. In this embodiment, the particles
from the aerosols are collected on substrate 302.

[0061] FIG. 4. Illustrates another apparatus for preparing
multicomponent particle materials. Apparatus 400 includes
Bunsen burner 402 for generating an aerosol of carbon nano-
particles 404 that can be formed by combusting hydrocar-
bons, which are collected on plate 406 rotated by spindle 408
attached to a motor (now shown for illustrative convenience)
for rotating spindle 408 and plate 406. The apparatus further
includes burner 410 for generating stagnation flame 412
which can produce additional nanoparticles. By this appara-
tus, a plurality of first particles can be generated by Bunsen
burner 402 and a plurality of second particles can be gener-
ated by stagnation burner 410. These particles are collected
and mixed while being deposited on plate 406 and the formed
material can then be removed from the plate.

[0062] FIG. 6 1s a schematic illustration of a burner set up
using a plurality of burners (shown in FIG. 6 as burners 602,
604, 606) that can be used to form one or more multicompo-
nent films on a substrate. Each burner can be configured to
form more than type of aecrosol against substrate 608. In this
example, burner 602 1s configured as an aerodynamically
shaped slot but any one or multiple burner configuration can
be used. For example, a stagnation flame can be formed
through a suitably shaped burner, such as an acrodynamic
nozzle, tubular or slot burner. Each burner 1s used to form a
stagnation flame (not shown for illustrative convenience)
which can be stabilized by substrate 608 which can be mov-
ably positioned over each burner so as to form a continuously
moving substrate. Inthis example, substrate 608 stabilizes the
plurality of stagnation flames and 1s in the form of a long
sheet; however, other substrate forms can be used depending
on the positioning of the burners, e.g., a disc can be used with
multiple burners arranged 1n a circle. As shown 1n FIG. 6,
substrate 608 1s moved over the burners by rotating drums
610. In FIG. 6, drum 610 1s directly over a burner with the
substrate there between. While 1t may be advantageous to
have the drums more or less directly over the burners, as for
example, to aid in cooling the substrate, the drums need notbe
so positioned. Some or no drums may be over the burners.

[0063] The arrangement 1n FIG. 6 provides several advan-
tages. By using a plurality of burners, the substrate tempera-
ture can be maintained at a lower temperature by moving the
substrate against the multiple flames at a faster rate that 1t
would need to pass against a single burner to maintain the
same rate ol deposition of material on the substrate. Use of
multiple burners also permits faster deposition ol materials on
the substrate. Moreover, by using a plurality of burners, each
burner and stagnation flame can be individually configured to
deposit compositionally distinct particles and/or particles
having distinct average sizes on to the moving substrate. Each
burner can be individually configured to produce any stagna-
tion flame and to produce either the same or different particles
on the moving substrate. The formed particles can then be
removed from the substrate and used as a multicomponent
particle material or film.

[0064] FIG. 8 1s a schematic illustration of another appara-
tus for forming multicomponent materials. As shown 1n this
illustration, apparatus 800 includes conduit 802 for carrying
tuel 804, e¢.g., a hydrocarbon and/or a hydrocarbon with an
oxidant and/or with a carrier gas, through port 806 which 1s 1n
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fluid communication with conduit 802. Fuel 804 1s carried
along conduit 802 to aperture 812 which contains a porous
plug (which could alternatively be a screen mesh and to
chamber 806 where it 1s mixed with carrier gas 808 which 1s
introduced to chamber 806 through port 810. In this embodi-
ment, conduit 802 and aperture 812 are included within
chamber 806 and chamber 806 also contains flow straighten-
ing element 814, which can be made of a porous material such
as compressed brass. Flow straightening element 814 1s used
to distribute the tlow of carrier gas 808 to chamber 806. Flow
straightening element 814 can be flush with the top of conduit
802 or can be some distance below the top of conduit 802.

[0065] An 1gnition source (not shown for illustrative con-
venience) 1s used to 1ignite Tuel 804 at aperture 812 above tlow
straightening element 814 in chamber 806 to form flame 816.
Carrier gas 808 can be air or another oxidant and can contain
one or more nert gases, €.g., nitrogen, argon, etc. When fuel
804 contains suilicient oxidant for combustion, carrier gas
808 can be composed substantially of one or more inert gases.
When fuel 804 does not contain suilicient oxidant for com-
bustion, carrier gas 808 can contain an oxidant, e.g., oxygen.

[0066] As shown in FIG. 8, apparatus 800 further includes
conduit 820 i flmd communication with atomizer 822
through port 824 for carrying an acrosol 826 to chamber 806
and through exit port 830 as particles 832. In this embodi-
ment, conduit 820 1s within conduit 802. As shown 1n this
embodiment, port 828 of condut 820 1s flush with aperture
812 but 1t can be some distance above or below 1t.

[0067] By the configuration shown in this embodiment,
acrosol 826 passes through flame 816 1n to chamber 806.
When aerosol 826 passes through flame 816 1t1s subject to the
heat and to the combustion products produced 1n the flame.
When fuel 804 and carrier gas 808 are rich 1n a hydrocarbon,
the combustion products of the hydrocarbon includes carbon
particles produced at flame 816 which can mtimately and
randomly mix with aerosol 826. Further under such condi-
tions, chamber 806 1s substantially free of oxidant because
any oxidant, e.g., oxygen, 1s consumed during the combustion
of the fuel. When aerosol 826 1s introduced to chamber 806
under such conditions and 1s carried by a gas substantially
free of oxidants, e.g., such as by a nitrogen stream or even a
hydrocarbon stream, chamber 806 comprises areducing envi-
ronment for acrosol 826 because of the lack of oxygen and/or
the availability of carbon which can react with oxidized com-
ponents. The aerosol and any carbon particles produced by
combustion of fuel 804 are carried down chamber 806 by
carrier gas 808 to exit port 830 where the particles can be
collected such as by filtration, impaction, electrophoresis,
thermophoresis or deposited as a film on a substrate that can
be used 1n a device. Further, aerosol 826 and particles formed
therefrom can be heated by the combustion of fuel 804 and/or
chamber 806 which can also be heated by the combustion of
tuel 804 and/or an external heater not shown. Chamber 806
can be made of such a length so that acrosol 826 and particles
formed therefrom and production products from the flame
have a particular residence time 1n the environment of cham-
ber 806 such as to anneal and/or reduce particles formed from
aerosol 826. In one embodiment, chamber 806 1s at least one
meter 1n length.

[0068] Apparatus 800 can be made of any materials that do
not substantially interfere with the operation of the apparatus
or constituent parts. For example, conduit 820 can be made of
glass or stainless steel, etc.; conduit 802 and porous plug 1n
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aperture 812 can be made of aluminum, brass, steel, etc.;
chamber 806 and ports 806, 810, 824 can be made of alumi-
num, steel, etc.

[0069] FIG. 9 1s a top view of an apparatus for forming
multicomponent materials. As shown in this illustration,
apparatus 900 includes chamber 902, burner 904 and conduait
port 906 which are in the shape of a slot, 1.e., an elongated
aperture. When 1n operation, burner 904 can produce a flame
that 1s 1n the shape of a slot which can then impinge a carrier
gas flowing through or around the slot flame. The slot flame
can also be configured to impinge a substrate. In this embodi-
ment, conduit port 906 1s contained within burner 904 but 1t
can be located outside burner 904. Conduit port 906 can be
used to introduce an aerosol to chamber 902. Any of the
forgoing illustrated apparatuses can have a chamber, burner,
and/or atomizer 1n the shape of a slot. An advantage of a slot
burner and/or chamber 1s that particles produced therefrom
and therein can cover and deposit on to a larger area to make
thin films of well mixed particles.

EXAMPLES

[0070] The following examples are intended to further
illustrate certain preferred embodiments of the invention and
are not limiting 1n nature. Those skilled 1n the art will recog-
nize, or be able to ascertain, using no more than routine
experimentation, numerous equivalents to the specific sub-
stances and procedures described herein.

[0071] Inanexample of forming multicomponent nanopar-
ticle films, solid acid fuel cell anodes were produced on
carbon substrates, such as Toray paper available from Fuel
Cell Scientific, LLC. Such anodes comprise mixed nanopar-
ticles films composed of solid acid nanoparticles, e.g., cestum
dihydrogen phosphate (CDP), conductive nanoparticles, e.g.
carbon nanoparticles (C), and electrocatalyst nanoparticles
¢.g., platinum nanoparticles (Pt).

[0072] Using an apparatus as illustrated in FIG. 1, a range
of films having varying C/CDP/Pt mass ratios, CDP particle
size, and total mass were formed. The features of these
samples included: 1) films having well mixed particles, and 2)
f1lms having tunable grain sizes that can be fabricated with an
average size ol as small as about 10 nm and as large as about
500 nm. A sample electron micrograph image of a multicom-
ponent C/CDP/Pt particle film 1s shown in FIG. 2. Example
parameters used in the formation of such multicomponent
films using an apparatus as illustrated 1n FIG. 1 are as follows.
An aqueous CDP solution having a concentration of about 0.5
mg/mlL was prepared by reacting cesium carbonate (available
from Alfa Aesar) and ortho phosphoric acid (available from
Alfa Aesar). The aqueous CDP solution was atomized 1n a
first atomizer at a rate of about 0.4 ml/min. The resulting
droplets were further fragmented in the hot gas from the
heating column having a temperature of about 250 degrees
Celstus. The resulting dry CDP particles had a mean diameter
of roughly 50 nm.

[0073] A mixed suspension ol about 40 nm acetylene black
particles (Aldrich) and about 20 nm platinum particles (avail-
able from Alfa Aesar) was prepared in approximately 100%
pure cthanol (available from Pharmco-Aaper, grade ACS/
USP). The mass concentrations of carbon and platinum were
about 0.5 mg/mL and 2.0 mg/mL, respectively. The suspen-
sion was atomized in a second atomizer at a rate of about 1
ml/min. After about a 10 minute deposition onto a 1 inch
diameter piece of carbon filter, the resulting dark, flufly, uni-
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form film weighed about 3.2 mg. Energy-dispersive X-ray
analysis of the film yield a carbon/CDP/platinum mass ration
of about 2/3/3.

[0074] The first and second atomizers used 1n the previous
example were made from a drug delivery system for asthma,
available from Southeast Medical Supply, that were modified
to 1increase the liquid reservoir volume and supply gas pres-
sure. The atomizers were modified by cutting and drlling
holes 1nto the body of the liquid reservoir and fitting tubing on
the 1nlet and outlet of the reservoir. The entire assembly was
subsequently placed into a larger glass reservoir fitted with
flow teedthroughs for the inlet and outlet. The larger reservoir
was l1lled with the solution or suspension to be atomized, and
the holes cut 1into the original reservoir allowed the liquid to
pass 1nto the atomization region. These modifications
allowed for a larger volume of liquid to be atomized.

[0075] Using an apparatus as 1illustrated in FIG. 3, addi-
tional multicomponent particle films were prepared. For
example, solid acid CDP particles were produced by solution
atomization of a CDP/water solution having a concentration
of about 0.5 mg/ml. which was prepared by combining
cesium carbonate (available from Alfa Aesar) and orthophos-
phoric acid (available from Alfa Aesar). The CDP water solu-
tion was atomized with the custom atomizer described in the
previous example. Platinum (Pt) nanoparticles having a
diameter of about 20 nm were aerosolized by atomizing a
suspension of Pt powder 1n ethanol using a Model 3076
solution atomizer available from TSI, Inc. The aerosols from
the atomization of CDP/water solution and platinum suspen-
sion was combined and dried with heat from a lean premixed
flame. The lean premixed flame was formed by combusting a
mixture of ethylene and air at an equivalence ratio of less than
unity. The aerosolized components were mixed 1n the gas
phase and then collected onto a carbon filter.

[0076] In a separate sample preparation, carbon nanopar-
ticles were combined with the CDP and Pt aerosols prepared
in the previous example. The carbon particles were formed
with a Bunsen burner by making the Bunsen burner combust
a fuel that was more rich 1n hydrocarbon by 1gniting a hydro-
carbon rich mixture of ethylene, oxygen, and argon. The
Bunsen burner thus produced carbon particles that were com-
bined with CDP and Pt particles from the two atomizers 1n the
apparatus. The Bunsen burner in this example thus served the
dual purpose of drymg the atomized droplets of the CDP
solution and Pt suspension, and forming the carbon particles.

[0077] Example parameters used in the formation of a mul-
ticomponent C/CDP/Pt film using an apparatus as 1llustrated
in FIG. 3 are as follows. An aqueous CDP solution having a
concentration of 4 mg/ml. was atomized 1n at a rate of 0.4
ml./min, forming CDP particles having a mean diameter of
roughly 200 nm. A suspension of about 20 nm platinum
particles 1n ethanol having a mass concentration of about 1.3
mg/mlL was atomized 1n at a rate of about 0.2 mL/min. The
flame was produced from a premixed tlow of about 0.2 L/min
of ethylene and about 1.4 L/min of air. After a 1 hour depo-
sition onto a 1 inch diameter piece of carbon filter, the result-
ing film was a well-mixed black, flufly film that weighed
about 100 mg. The components weighed as follows: about 41
mg ol carbon; about 50 mg of CDP; and about 9 mg of
platinum.

[0078] Using an apparatus as illustrated 1in FIG. 4, a multi-
component nanoparticle film of titania and carbon was pre-
pared. In this example, titania particles having an average size
of about 10 nm were produced 1n stagnation flame 412 from




US 2013/0043437 Al

burner 410 by imjecting and vaporizing titanium 1sopropoxide
(available from Alfa-Aesar) into the combustible ethylene/
oxygen/argon mixture by use of a syringe pump through a
needle. Carbon particles 404 having an average agglomerate
s1ze of about 50 nm were produced from burner 402 from a
flame by combusting an ethylene/air mixture having an
equivalence ratio of greater than 1.8. The multicomponent
nanoparticle film of titanmia and carbon was produced on a
glass substrate fixed to rotating plate 406. As shown in the
clectron micrograph image of FIG. 5, the multicomponent
film 1s a well-mixed film composed of titania and carbon
nanoparticles.

[0079] FIG. 7 illustrates the distribution of a mixed aerosol
containing carbon and CDP particles. The carbon particles
were formed by a fuel-rich premixed ethylene/oxygen flame
having an equivalence ratio of 2.0. The CDP particles were
formed by solution atomization, wherein a 0.5 mg/mlL aque-
ous CDP solution was atomized, and the resulting acrosolized
droplets mixed with the hot gas (about 2350 degrees Celsius)
contaiming the carbon particles formed in the flame. The
particle size distribution was determined by a scanming
mobility particle sizer (nano-SMPS analyzer model
3936N25, available from TSI, Inc. As shows 1n the figure, the
flame-generated carbon particles exhibit a large peak near
about 10 nm and the CDP particles exhibit a smaller broader
peak near about 50 nm.

[0080] Using an apparatus as illustrated 1n FIG. 8, a com-
posite comprising a plurality of lithium iron phosphate par-
ticles and a plurality of carbon was prepared. The composite
was prepared by combining an aerosol of lithium 1ron phos-
phate nanoparticles with an aerosol of carbon particles 1n a
chamber having a reducing environment.

[0081] Imtially, an acidic aqueous precursor solution was

prepared by combining about 3.69 g of L1,CO, (available
from Alfa Aesar) with 19.28 g of FeCl,(4H,O) (available

from Alfa Aesar) with 7 mL of H,PO,, (available from Alfa
Aesar) with 200 mL of distilled water. The pH of the solution
was adjusted by adding 5 mL of HCI.

[0082] The precursor solution was atomized 1n the atomizer
at a rate of about 0.1 mL/min with a stream of nitrogen gas.
The atomizer that was used 1n this experiment was a TSI
Model 3076 atomizer which provided acrosolized droplets of
approximately 4 microns. Carbon particles were produced by
combusting a mixture comprising propane and air at a ratio of
about 1:22 by volume.

[0083] The aerosolized precursor solution was passed
through the flame used to produce the carbon particles caus-
ing a further reduction in the size of the of the aerosol and
subsequently produced lithium iron phosphate particles pos-
s1bly due to microexplosion of the droplets as they entered the
flame forming smaller satellite droplets, and drying of the
satellite droplets.

[0084] The dried lithium iron phosphate/carbon aerosol
mixture was carried through a conduit under temperatures
exceeding 200 C due to the heat produced by the flame. The
heat combined with the carbon-rich and oxygen-deficient
environment provides a reducing environment for minimiz-
ing the presence of Fe(I11I). The HCl acid added to the solution
remained 1n the gas phase and was carried out of the system
with the flow.

[0085] Themulticomponent acrosol itself may be collected
by impaction, interception, diffusion, electrostatic precipita-
tion, or thermophoresis. A simple way to collect the aerosol
particles 1s to pass the flow through a carbon filter, which itself
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may serve as a lithium 1on battery cathode. In this way, the
lithium 1ron phosphate and carbon nanoparticle production,
mixing, and collection onto a battery electrode 1s accom-
plished 1n a single process.

[0086] Only the preferred embodiments of the present
invention and examples of its versatility are shown and
described 1n the present disclosure. It 1s to be understood that
the present invention 1s capable of use in various other com-
binations and environments and i1s capable of changes or
modifications within the scope of the mventive concept as
expressed herein. Thus, for example, those skilled 1n the art
will recognize, or be able to ascertain, using no more than
routine experimentation, numerous equivalents to the specific
substances, procedures and arrangements described herein.
Such equivalents are considered to be within the scope of this
invention, and are covered by the following claims.

1-15. (canceled)

16. An apparatus for combining distinct aerosols, the appa-
ratus comprising a first burner or atomizer for forming a first
aerosol; a second burner or atomizer forming a second aero-
sol; a chamber 1n fluild communication with the first and
second burner or atomizer for receiving and mixing the first
and second aerosols; and an exit port connected to the cham-
ber for allowing the aerosols to escape the chamber, wherein
the first burner or atomizer 1s capable of either: (a) forming an
acrosol that 1s compositionally distinct from the aerosol
formed from the second burner or atomizer or (b) forming an
aerosol that has an average size that 1s significantly different
from the aerosol formed from the second burner or atomizer.

17. The apparatus according to claim 16, wherein the appa-
ratus comprises a first burner for forming the first acrosol and
a second atomizer forming the second aerosol.

18. The apparatus according to claim 16, wherein the first
or second burner or atomizer has a nozzle or aperture in the
form of a slot.

19. The apparatus according to claim 16, wherein the
chamber or exit port 1s configured 1n the form of a slot.

20. The apparatus according to claim 16, wherein the first
and second burner or atomizer and the chamber and exit port
are configured 1n the form of a slot.

21. A process of forming lithium active compound par-
ticles, the process comprising: forming an aerosol 1n a cham-
ber from an aqueous medium of a lithium active compound or
a precursor thereof; and exposing the aerosol to a flame 1n the
chamber which 1s substantially free of oxidants to form
lithium active compound particles.

22. The process according to claim 21, wherein the aerosol
1s an aerosol of lithtum 1ron phosphate or precursor thereof.

23. The process according to claim 21, wherein the aque-
ous medium of the lithium active compound or precursor
thereof 1s formed from any one of lithitum acetate, lithium
hydroxide, lithium mitrate, lithium oxalate, lithium oxide,
lithium phosphate, lithium dihydrogen phosphate, lithium
carbonate, 1ron sulfate, 1ron acetate, iron oxalate, iron citrate,
or 1ron chlonde.

24. The process according to claim 21, further comprising
collecting the lithium active compound particles as a film on
a substrate.

25. The process according to claim 21, further comprising,
forming a second aerosol of carbon particles 1n the chamber;
and combining the lithium active compound particles with the
carbon particles 1n the chamber to form a composite materal.
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26. The process according to claim 25, wherein the carbon
particles are formed by atomizing a suspension of carbon
particles 1n a liguid medium.

277. The process according to claim 21, further comprising,
mixing carbon with the lithium active compound particles
and depositing the mixture on a substrate to form a cathode

electrode.
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