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(57) ABSTRACT 

An improved process for the preparation of nanostructured 
metal species-based films in a flame aerosol reactor is pro 
vided. The process comprises combusting vaporized metal 
precursor, vaporized fuel and vaporized oxidizer streams to 
form metal species-based nanoparticles in a flame that are 
deposited onto a temperature controlled Support Surface and 
sintered to form the metal species-based nanostructured film. 
Improved nanostructured photo-watersplitting cells having a 
Sunlight to hydrogen conversion efficiency of from about 
10% to about 15%, dye sensitized solar cells having a sunlight 
to electricity conversion efficiency of from about 10% to 
about 20%, and nanostructured pfnjunction Solarcells having 
a sunlight to electricity conversion of from about 10% to 
about 20% are provided. Each cell type comprises a nano 
structured metal oxide film having continuous individual 
columnar structures having an average width (w) and grain 
size criterion (X) wherein w/10 is greater than X. 
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FIG. 9A 
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FIG. 28 

EXTERNAL CIRCUIT 

ODD 
PHOTOCURRENTJ 

2H2O 
AQUEOUS 
ELECTROLYTE 

NANOSTRUCTURED COLUMNAR COUNTERELECTRODE 
FILM (PHOTOANODE) (CATHODE) 

  

  

    

  

  



US 2010/0307593 A1 Dec. 9, 2010 Sheet 42 of 43 Patent Application Publication 

X X XXX 

TTE O RHW/TOS CIEZI LISNES EXC] 

(HEAVT 
0NI LONGINOO-NOHLOETE) ZOLL HWNWITTOO (HEXVI ?NIGHOS8V IHÐII) BAG SINV?JO 000 

(HEAVT 
?NI LODGINOO-HTOH) E LÅTORI LOETE XOG]ER. 

  

  

  

  



US 2010/0307593 A1 Dec. 9, 2010 Sheet 43 of 43 Patent Application Publication 

FIG. 30 

ay 

  

  



US 2010/0307593 A1 

SYNTHESIS OF NANOSTRUCTURED 
PHOTOACTIVE FILMS WITH CONTROLLED 
MORPHOLOGY BY A FLAME AEROSOL 

REACTOR 

FIELD OF THE INVENTION 

0001. The present invention generally relates to a single 
step process for the preparation of photoactive films using a 
flame aerosol reactor. The present invention also generally 
relates to films having morphology resulting in high Solar 
conversion efficiencies. 

BACKGROUND OF THE INVENTION 

0002. In recent years, solar cells for the conversion of 
photons into electric energy have drawn attention as an alter 
native energy source in response to concerns about environ 
mental problems and energy depletion associated with fossil 
fuels. 
0003. One of the major obstacles to widespread harvesting 
of Solar energy is the high production cost of silicon-based 
Solar cells. Low cost alternatives include dye-sensitized Solar 
(“DSS) cells and photocatalytic watersplitting (“PWS) 
cells. Both types of cells use a photoelectrical process com 
prising a photocatalyst, typically immobilized as a film, to 
covert Solar energy into a more usable form. DSS cells gen 
erate an electric current and PWS cells generate hydrogen 
gaS. 
0004 Photovoltaic film fabrication has been an active area 
of research for several decades and a number of methods have 
been developed. Two methods, chemical vapor deposition 
(“CVD) and combustion chemical vapor deposition 
(“CCVD), produce vaporized metal species that condense 
on a substrate to form nanoparticles. Problematically, CVD 
and CCVD generally involve multi-step processes, such as 
deposition followed by sintering, that can take from several 
hours to days to complete, and metal species particle size and 
nanostructured morphology are difficult to control. Those 
methods are not well suited to the inexpensive industrial 
scaleup that would be required for widespread implementa 
tion. 
0005. A need exists for low cost methods for the prepara 
tion of nanostructured films having high Surface area and 
having tailored morphological characteristics Suitable for 
applications in catalytic reactors and photovoltaic films. 

SUMMARY OF THE INVENTION 

0006 Among the various aspects of the present invention 
is the provision of an improved process for the preparation of 
metal species-based nanostructured films in a flame aerosol 
reactor, improved nanostructured photo-watersplitting cells, 
improved dye sensitized solar cells and improved nanostruc 
tured pfnjunction Solar cells. 
0007 Briefly, therefore one aspect of the present invention 

is a process for the preparation of a metal species-based 
nanostructured film in a flame aerosol reactor. The method 
comprises introducing a vaporized metal precursor stream, a 
vaporized fuel stream and a vaporized oxidizer stream and 
combusting the streams in a flame to form metal species 
based nanoparticles in the flame region. The metal species 
based nanoparticles are deposited onto a Support Surface 
wherein the temperature of the surface is controlled. The 
metal species-based nanoparticles are sintered to form the 
metal species-based nanostructured film. 
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0008. The present invention is further directed to a process 
for the preparation of a metal species-based nanostructured 
film in a flame aerosol reactor. The method comprises intro 
ducing a vaporized metal precursor Stream and a vaporized 
fuel stream into the reactor and combusting the streams in a 
flame to form in the flame region metal species-based nano 
particles comprising Zero Valent metal. The metal species 
based nanoparticles are deposited onto a Support Surface 
wherein the temperature of the surface is controlled. The 
metal species-based nanoparticles are sintered to form the 
metal species-based nanostructured film. 
0009. The present invention is further directed to a nano 
structured photo-watersplitting cell for the production of 
hydrogen. The cell comprises a photoanode comprising a 
Support and a nanostructured metal oxide film disposed on at 
least one surface of the support. The film predominantly 
comprises a columnar morphology characterized as having 
continuous individual columnar structures oriented approxi 
mately normal to the Support wherein the columnar structures 
have an average width, W, and a grain size criterion, X, and 
wherein w/10 is greater than X. The cell further comprises a 
counter electrode. The nanostructured photo-water splitting 
cell has a Sunlight to hydrogen conversion efficiency of from 
about 10% to about 15%. 

0010. The present invention is further directed to a nano 
structured dye-sensitized Solar cell comprising an electron 
conducting layer comprising a Support and a nanostructured 
metal oxide film disposed on at least one Surface of the Sup 
port. The film predominantly comprises a columnar morphol 
ogy characterized as having continuous individual columnar 
structures oriented approximately normal to the Support 
wherein the columnar structures have an average width, w, 
and a grain size criterion, X, and wherein w/10 is greater than 
Xs. The cell further comprises a light absorbing layer and a 
hole-conducting layer. The nanostructured dye-sensitized 
Solar cell has a Sunlight to electricity conversion efficiency of 
from about 10% to about 20%. 
0011. The present invention is further directed to a nano 
structured pfnjunction Solar cell comprising an n-type oxide 
semiconductor layer comprising a Support and a nanostruc 
tured metal oxide film disposed on at least one surface of the 
Support, the film predominantly comprising a columnar mor 
phology characterized as having continuous individual 
columnar structures oriented approximately normal to the 
Support wherein the columnar structures have an average 
width, W, and a grain size criterion, X, and wherein W/10 is 
greater than Xs. The cell further comprises a p-type oxide 
semiconductor layer comprising a Support and a nanostruc 
tured metal oxide film disposed on at least one surface of the 
Support, the film predominantly comprising a columnar mor 
phology characterized as having continuous individual 
columnar structures oriented approximately normal to the 
Support wherein the columnar structures have an average 
width, W, and a grain size criterion, X, and wherein W/10 is 
greater than Xs. The nanostructured pfnjunction Solarcell has 
a sunlight to electricity conversion of from about 10% to 
about 20%. 

0012. Other objects and features will be in part apparent 
and in part pointed out hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a schematic illustration of a flame aerosol 
reactor of the present invention. 
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0014 FIG. 2 is a scanning electron micrograph of a tita 
nium dioxide film having a sintered column morphology and 
an illustration of typical columns where “w” is column width 
and “h” is column height. 
0015 FIG.3 is an illustration of grain size and a transmis 
sion electron microscopy image indicating the measurement 
of the grain size of a titanium dioxide particle of the present 
invention. 
0016 FIG. 4 depicts films prepared by the flame aerosol 
reactor of the present invention where FIG. 4A is a schematic 
illustration of columnar morphology formation on high tem 
perature glass Substrate, FIG. 4B is a scanning electron 
micrograph image of a side view of titanium dioxide films 
having columnar morphology, FIG. 4C is a scanning electron 
micrograph image of a highly crystalline titanium dioxide 
single column and FIG. 4D is a transmission electron micros 
copy image for columnar titanium dioxide showing diffrac 
tion from the 103 and 101 planes of anatase. 
0017 FIG. 5 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing columnar morphology. 
0018 FIG. 6 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing columnar morphology. 
0019 FIG. 7 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing columnar morphology. 
0020 FIG. 8 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing columnar morphology. 
0021 FIG. 9 depicts films prepared by the flame aerosol 
reactor of the present invention where FIG. 9A is a schematic 
illustration of granular morphology formation on low tem 
perature glass Substrate, FIG. 9B is a scanning electron 
micrograph of a side view of titanium dioxide films having 
granular morphology, FIG. 9C is a transmission electron 
microscopy image of a granular titanium dioxide fractal and 
FIG.9D is an image of titanium dioxide polycrystalline elec 
tron diffraction rings corresponding to the 101,004, 200, 
105 and 205 reflections of anatase, moving from the center 
of the ring outwards. 
0022 FIG. 10 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing granular morphology. 
0023 FIG. 11 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing granular morphology. 
0024 FIG. 12 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing granular morphology. 
0025 FIG. 13 is a scanning electron micrograph of a side 
view of a titanium dioxide film of the present invention hav 
ing granular morphology. 
0026 FIG. 14 is a schematic illustration of nanoparticle 
aerosol dynamics in a flame aerosol reaction for titanium 
isopropoxide metal precursor where t is the characteristic 
reaction time for the reaction of the precursor, t is the 
nanoparticle residence time in the flame, t is the particle 
particle characteristic collision time and t, is the particle 
sintering time, CVD is chemical vapor deposition, IPD is 
individual particle deposition and APD is aggregate particle 
deposition. 
0027 FIG. 15 depicts a transmission electron microscopy 
image and particle size distributions where FIG. 15A is a 
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transmission electron microscopy image of titanium dioxide 
particles in a flame aerosol reactor of the present invention 
having an aerosol phase prepared at a titanium isopropoxide 
metal precursor feed rate of 0.069 millimols per hour, FIG. 
15B is an illustration of the titanium dioxide particle size 
distribution from transmission electron microscopy images, 
and FIG. 15C is a titanium dioxide aerosol phase particle size 
distribution measured by Scanning mobility particle spec 
trometry (SMPS). D, refers to the average particle size. 
0028 FIG. 16 depicts a transmission electron microscopy 
image and particle size distributions where FIG. 16A is a 
transmission electron microscopy image of titanium dioxide 
particles in a flame aerosol reactor of the present invention 
aerosol phase prepared at a titanium isopropoxide metal pre 
cursor feed rate of 0.55 millimols per hour, FIG. 16B is an 
illustration of the titanium dioxide particle size distribution 
from transmission electron microscopy images, and FIG.16C 
is a titanium dioxide aerosol phase particle size distribution 
measured by Scanning mobility particle spectrometry 
(SMPS). D, refers to the average particle size. 
0029 FIG. 17 depicts scanning electron micrograph side 
view images where FIG. 17A is a scanning electron micro 
graph side view image of titanium dioxide prepared in a flame 
aerosol reactor of the present invention at a titanium isopro 
poxide metal precursor feed rate of 0.069 millimols per hour 
for 180 seconds and imaged at high resolution and FIG. 17B 
is a scanning electron micrograph side view image of titanium 
dioxide prepared at antitanium isopropoxide metal precursor 
feed rate of 0.55 millimols per hour for 180 seconds and 
imaged at low resolution (b1) and at an isopropoxide metal 
precursor feed rate of 0.55 millimols per hour for 180 seconds 
and imaged at high resolution (b2). 
0030 FIG. 18 is an illustration of titanium dioxide film 
grain size in nm versus titanium isopropoxide metal precursor 
feed rate for a fixed feed time of 180 seconds. The point 
labeled 4a corresponds to the film depicted in FIG. 17(a) and 
the point labeled 4b corresponds to the film depicted in FIGS. 
17(b1) and (b2). 
0031 FIG. 19 are scanning electron micrograph side view 
images of titanium dioxide films of the present invention 
prepared in a flame aerosol reactor at a titanium isopropoxide 
metal precursor feed rate of 0.14 millimols per hour for 120 
seconds (FIG. 19A), 240 seconds (FIG. 19B), and 960 sec 
onds (FIG. 19C). 
0032 FIG. 20 is an illustration of titanium dioxide film 
thickness in nm versus deposition time for titanium isopro 
poxide metal precursor feed rates 0.069 millimols per hour, 
0.14 millimols per hour, and 0.27 millimols per hour. The 
point labeled 6a corresponds to the film depicted in FIG. 
19(a) (0.14 millimols per hour titanium isopropoxide metal 
precursor for 120 seconds); the point labeled 6b corresponds 
to the film depicted in FIG. 190b) (0.14 millimols per hour 
titanium isopropoxide metal precursor for 240 seconds); and 
the point labeled 6c corresponds to the film depicted in FIG. 
19(c) (0.14 millimols per hour titanium isopropoxide metal 
precursor for 960 seconds). 
0033 FIG. 21 is an illustration of photocurrent in nano 
amperes for titanium dioxide films of the present invention 
prepared in a flame aerosol reactor for various titanium iso 
propoxide metal precursor feed rates at a fixed feed time of 
180 seconds. 
0034 FIG. 22 is an illustration of photocurrent in nano 
amperes for titanium dioxide films of the present invention 
having various film thicknesses in nm that were prepared in a 
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flame aerosol reactor at a titanium isopropoxide metal pre 
cursor feed rate of 0.15 millimols per hour. 
0035 FIG. 23 is a schematic illustration of a second 
embodiment of a flame aerosol reactor of the present inven 
tion. 
0036 FIG. 24 is a schematic illustration of watersplitting 
performance in mA/cm for various film thicknesses for 
columnar morphology films of the present invention wherein 
titanium dioxide was deposited onto a substrate at a burner to 
substrate distance of 1.7 cm. 
0037 FIG. 25 is an illustration of watersplitting perfor 
mance in mA/cm for various film thicknesses for granular 
morphology films of the present invention wherein titanium 
dioxide was deposited onto a substrate at a burner to substrate 
distance of 4.1 cm. 
0038 FIG. 26 is an illustration of photocurrent perfor 
mance in mA/cm for various film thicknesses for columnar 
morphology films of the present invention wherein titanium 
dioxide was deposited onto a substrate at a burner to substrate 
distance of 1.7 cm. 
0039 FIG. 27 is an illustration of photocurrent perfor 
mance in mA/cm for various film thicknesses for granular 
morphology films of the present invention wherein titanium 
dioxide was deposited onto a substrate at a burner to substrate 
distance of 4.1 cm. 
0040 FIG. 28 is a schematic illustration of a photo-water 
splitting cell of the present invention. 
0041 FIG.29 is a schematic illustration of a dye sensitized 
solar cell of the present invention. 
0042 FIG. 30 is a schematic illustration of a p?njunction 
oxide solar cell of the present invention. 
0043 Corresponding reference characters indicate corre 
sponding parts throughout the drawings. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0044) The present invention is directed to a controlled, 
single step, flame aerosol reaction process for the preparation 
of photovoltaic films comprising a photocatalyst. The present 
invention is further directed to photovoltaic films having high 
efficiency for the conversion by the photocatalyst of ultravio 
let (“UV) light into electrical current and hydrogen by water 
splitting. 
0045. In accordance with the present invention, it has been 
discovered that gaseous metal precursor, fuel and an oxidizer 
can be combusted in a flame aerosol reactor to generate metal 
species-based nanoparticles in an aerosol phase in the flame 
region, the nanoparticles then being deposited onto a tem 
perature controlled substrate via thermophoresis to yield 
nanoparticle films of desired morphology. The present 
mechanism is different from CVD and CCVD processes 
known in the art where nanoparticles instead form on the 
substrate from a vapor phase. It has further been discovered 
that the size of the particles as they arrive at the substrate can 
be controlled by varying the metal precursor feed rate. It has 
still further been discovered that substrate temperature can 
control the nanoparticlesintering rate and the resultant crystal 
phase of the film. Nanoparticle deposition and sintering can 
be done simultaneously thereby providing a single step film 
fabrication process. 
0046. In accordance with the present invention, it has been 
further discovered that the nanoparticles of the present inven 
tion can be used in the preparation of nanostructured photo 
water splitting cells for the production of hydrogen, the cells 
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having a Sunlight to hydrogen conversion efficiency of from 
about 10% to about 15%; in the preparation of nanostructured 
dye-sensitized solar cells having a Sunlight to electricity con 
version efficiency of from about 10% to about 20%; and in the 
preparation of nanostructured pfnjunction Solar cells having 
a sunlight to electricity conversion efficiency of from about 
10% to about 20%. 

0047 Flame aerosol reactors ("FLAR') in combination 
with a cooled substrate is an effective way to synthesize metal 
species-based nanostructured films in single-step processes 
that allow rapid processing. Through the control of process 
variables such as, for example, formed nanoparticle particle 
size and substrate temperature, FLAR can be used to tailor 
film architecture and morphology to meet the needs of spe 
cific applications. The controlled morphology of nanoparticle 
films produced in the FLAR can generally take on two forms, 
granular and columnar. 
0048 FIG. 1 illustrates an example of one FLAR embodi 
ment of the present invention. The FLAR comprises a metal 
precursor feed line 3 for Supplying a metal precursor stream 2 
from a source 1 to the burner 15, a fuel feed line 7 for 
supplying a fuel stream 6 from a source 5 to the burner 15 and 
an oxidizer feed line 12 for supplying an oxidizer stream 11 
from a source 10 to the burner 15. Vaporized fuel and vapor 
ized oxidizer are combusted in the burner 15 to form a flame 
20 in the combustion Zone 30 located between the distal end 
of the burner 17 and the exposed surface 37 of the substrate 
35. One Surface 39 of the Substrate 35 is in director indirect 
contact with a surface 41 of cooled heat sink 40 for control of 
the temperature of substrate surface 37. Metal species-based 
nanoparticles 25 form in the combustion Zone 30 and are 
deposited as a film 38 on substrate surface 37. In some 
embodiments, one or more thermal resistance devices 42 can 
be inserted between substrate surface 39 and cooled heat sink 
surface 41. 

0049. In some embodiments, burner 15 can comprise one 
or a plurality (not depicted) of metal precursor feed lines 3. 
fuel feed lines 7 and/or oxidizer feed lines 12. In other 
embodiments, the fuel 6 and oxidizer 11 can be optionally 
admixed and introduced to burner 15 as an admixture through 
one or a plurality offeed lines (not depicted). In other embodi 
ments, the metal precursor 2 and fuel 6 can be optionally 
admixed and introduced to burner 15 as an admixture through 
one or a plurality offeed lines (not depicted). In other embodi 
ments, the metal precursor 2 and oxidizer11 can be optionally 
admixed and introduced to burner 15 as an admixture through 
one or a plurality offeed lines (not depicted). In other embodi 
ments, the metal precursor 2, fuel 6 and oxidizer 11 can be 
optionally admixed and introduced to burner 15 as an admix 
ture through one or a plurality offeed lines (not depicted). In 
yet other embodiments (not depicted), an inert gas can be 
added to the metal precursor stream 2 as a carrier or dilution 
gas, to the fuel stream 6 as a carrier or dilution gas, to the 
oxidizer stream 11 as a carrier or dilution gas, and/or to the 
burner 15 as a dilution gas. In still other embodiments (not 
depicted), a flow control device. Such as a control valve, can 
be place in the metal precursor feed line(s)3, fuel feed line(s) 
7 and/or oxidizer feed line(s) 12 to regulate the flow of the 
metal precursor stream(s) 2, the fuel stream(s) 6 and/or oxi 
dizer stream(s) 11 to the burner 15. 
0050 Preferred metal precursors include essentially any 
metal compound that can be volatilized and oxidized, 
nitrided, hydrolyzed, or otherwise reacted in a high tempera 
ture flame environment. Examples of volatile metal com 
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pounds non-exclusively include metal alkyls, metal olefin 
complexes, metal hydrides, metal halides, metal alkoxides, 
metal oxides, metal formates, acetates, oxalates, and esters 
generally, metal glycolates, metal glycolato alkoxides, com 
plexes of metals with hydroxyalkylamines, etc. Examples of 
typical metal precursors include titanium isopropoxide 
(“TTIP), ferrocene and iron pentacarbonyl. All such com 
pounds useful in the present process are termed “metal pre 
cursors.” Volatile metal compounds are defined as solid or 
liquid compounds capable of passing into the vapor state at a 
temperature within the scope of the present invention. In 
Some embodiments, the Volatile metal compounds are heated 
and pass into a carrier gas stream for delivery to the burner. 
The carrier gas can be an inert gas, a fuel gas (described 
below), an oxidizer gas (described below) or combinations 
thereof. Heat can be supplied to the volatile metal compounds 
indirectly such as by heating the container in which it is stored 
or by heating a recirculating slip stream, or directly Such as by 
heating the carrier gas and passing it over or bubbling it 
through the Volatile metal compound. 
0051 Preferred metals are those of the main groups 3 to 5 
of the periodic table of the elements, the transition metals, and 
the "inner transition metals. i.e. lanthanides and actinides. 
"Metals” as used herein includes those commonly referred to 
as semi-metals, including but not limited to boron, germa 
nium, silicon, arsenic, tellurium, etc. Metals of Groups 1 and 
2 may also be used, generally in conjunction with a further 
metal from one of the aforementioned groups. Non-metal 
compounds such as those of phosphorous may also be used 
when a metal is used, e.g. to prepare mixed oxides or as 
dopants. In many cases, a predominant metal compound Such 
as a tin or silicon compound is used, in conjunction with less 
than about 10 mol percent of another metal. Such as a transi 
tion or inner-transition metal, to provide doped particles with 
unusual optical, magnetic, or electrical properties. Some pre 
ferred metals include silicon, titanium, Zirconium, aluminum, 
gold, silver, platinum and tin. 
0052 Metal species-based nanoparticles generated in the 
FLAR from metal precursor compounds may be a Zero valent 
metal, an oxide or hydroxide thereof, a carbide, boride, phos 
phide, nitride or other species, or mixture thereof. Preferred 
metal species are Zero Valent metals, metal oxides, or metal 
nitrides, more preferably zero valent metals and/or metal 
oxides. Representative metal compounds useful as photocata 
lysts of the present invention include anatase, rutile or amor 
phous metal oxides such as titanium dioxide (TiO), Zinc 
oxide (ZnO), tungsten trioxide (WO), ruthenium dioxide 
(RuO2), silicon oxide (SiO), silicon dioxide (SiO), iridium 
dioxide (IrO), tin dioxide (SnO), strontium titanate (Sr 
TiO), barium titanate (BaTiO), tantalum oxide (TaOs), 
calcium titanate (CaTiO), iron (III) oxide (FeO), molyb 
denum trioxide (MoC), niobium pentoxide (NbOs), indium 
trioxide (In O), cadmium oxide (CdO), hafnium oxide 
(H?O), Zirconium oxide (ZrO2), manganese dioxide 
(MnO), copper oxide (Cu2O), Vanadium pentoxide (VOs). 
chromium trioxide (CrO), yttrium trioxide (YO), silver 
oxide (AgO), or Ti ZrO2 wherein X is between 0 and 1: 
metal sulfides such as cadmium sulfide (CdS), Zinc sulfide 
(ZnS), indium sulfide (InS), copper Sulfide (CuS), tung 
sten disulfide (WS), bismuth trisulfide (BiS), or zinc cad 
mium disulfide (ZnCdS); metal chalcogenites such as Zinc 
selenide (ZnSe), cadmium selenide (CdSe), indium selenide 
(InSes), tungsten selenide (WSes), or cadmium telluride 
(CdTe); metal nitrides such as silicon nitride (SiN. SiNa) and 
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gallium nitride (GaN); metal phosphides such as indium 
phosphide (InP), metal arsenides such as gallium arsenide 
(GaAs); semiconductors such as silicon (Si), silicon carbide 
(SiC), diamond, germanium (Ge), germanium dioxide 
(GeO) and germanium telluride (GeTe); photoactive 
homopolyanions such as WoO'; photoactive heteropoly 
ions such as XM2Oao" or X-MsC27 wherein X is Bi, Si, 
Ge. Por As, M is Mo or W. and n is an integer from 1 to 12: 
polymeric semiconductors such as polyacetylene; and mix 
tures thereof. Transition metal oxides Such as titanium diox 
ide and zinc oxide are preferred because they are chemically 
stable, non-toxic, inexpensive and exhibit high photocatalytic 
activity. 
0053. The fuel is any material which can be vaporized and 
oxidized under the flame conditions. Fuels include, without 
limitation, hydrogen; hydrocarbons such as methane, ethane, 
ethene, propane, propene and acetylene; hydrocarbonoxy 
compounds such as lower alcohols, ketones, etc.; and Sodium. 
Combinations of gases, particularly combinations of hydro 
gen and lower alkanes may be useful in many applications. 
Sodium is useful when films comprising non-oxidized metal 
species-based nanoparticles (e.g., Zero Valent metals) are 
required. A molar excess of fuel gas to metal precursor com 
pound is preferred, for example a molar ratio range of about 
100:1 to about 100,000:1, about 1000:1 to about 50,000:1 or 
even about 1,000:1 to about 20,000:1. 
0054 Typical oxidizers suitable for the practice of the 
present invention include, without limitation, air, oZone, oxy 
gen, fluorine, Sulfur, chlorine, bromine and iodine. Oxygen is 
preferred when films comprising oxidized metal nanopar 
ticles are required. In some embodiments, mixtures of gases 
can be used, for example, chlorine, fluorine or OZone in com 
bination with oxygen or air. In general, a stoichiometric 
excess of oxidizer to fuel is preferred with a ratio of about 
1.1:1 to about 2:1 preferred. 
0055. In general, the substrate (also termed support) can 
be any material that will not melt and will maintainstructural 
integrity at the metal species-based nanoparticle deposition 
temperature used in the process. Suitable substrates include 
without limitation silica fibers, silicon, quartz, stainless steel, 
steel, glass, aluminum, ceramic and ceramic fibers. The Sub 
strates can be optionally coated prior to metal species depo 
sition. Examples of Substrates include, without limitation, 
polished silicon and aluminosilicate glass coated with indium 
tin oxide. 

0056 Combustion takes place in a single or multi-element 
diffusion flame burner. 

0057. In some embodiments, the burner comprises an 
array of closely spaced passages for introduction of fuel gas, 
oxidizer gas and vaporized metal precursor. In a typical 
arrangement, the passages are separated only by passage 
walls that are of sufficient thickness to maintain the mechani 
cal integrity of the burner in view of the flame temperature. 
The burner passages preferably have regular geometric cross 
sections, for example circular, triangular, Square, hexagonal, 
etc. In other embodiments, the fuel gas passages can be mani 
folded together as are the oxidizing gas passages and metal 
precursor passages. In other embodiments, the manifolded 
passageways are in a plurality of groups. In yet other embodi 
ments, the passageways are individually Supplied. In large 
devices, it may be preferable to provide for a multiplicity of 
burner arrays which can be stacked parallel to each other to 
provide a large burner surface. In other embodiments, the fuel 
gas and oxidizer gas passageways can be configured in a 
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regular array across the Surface of the burner Such that fuel gas 
passageways are surrounded by oxidizer gas passageways, or 
oxidizergas passageways are Surrounded by fuel gas passage 
ways. The spacing of the metal precursor feeds is also, in 
general, geometrically repetitive. 
0058. The surface of the burner is preferably substantially 
planar. In the case of Smaller burners (e.g., those with less 
than about 25 cm of surface area) having an array of feed 
lines, the flame temperature profile may decrease in tempera 
ture near the edges of the burner. In those areas, it may be 
desirable to raise the height of the passageways above the 
plane of those in the middle of the device to achieve a more 
one-directional temperature profile. Thus, in cross-section, 
the Surface may be somewhat of a shallow elliptical, para 
bolic, hyperbolic, or other shape, with passageways in the 
middle of the device having a lower elevation than those near 
the edges. 
0059. In embodiments where single fuel gas, oxidizer gas 
and vaporized metal precursor lines are used, the burner can 
comprise a series of concentric tubes having an arrangement 
where a first, innermost tube is used for the introduction of the 
fuel gas, oxidizer gas, metal precursor, an optional inert gas, 
or mixtures thereof, a second tube, annular and concentric to 
the first tube, for the introduction of the fuel gas, oxidizergas, 
metal precursor, an optional inert gas, or mixtures thereof. 
and a third tube annular and concentric to the second tube for 
the introduction of introduction of the fuel gas, oxidizer gas, 
metal precursor, an optional inert gas, or mixtures thereof, 
wherein at least one fuel gas, one oxidizer gas and one metal 
precursor are introduced. 
0060. In some embodiments, the fuel gas, oxidizer gas and 
metal precursor are introduced to the burner unmixed. In Such 
embodiments, the metal precursor is preferably introduced 
with an inert carrier gas. Inert gases include, for example, 
helium, argon and nitrogen. 
0061. In other embodiments, the metal precursor may be 
mixed with either or both of the fuel gas and the oxidizer gas 
in order to maximize Stoichiometric homogeneity to yield 
uniform nanoparticles. For Zero valent or low valent oxida 
tion states, the metal precursor can be mixed with the fuel gas. 
For higher oxidation states, the metal precursor can be mixed 
with the oxidizing gas. Mixing may be accomplished by 
vaporizing the metal precursor into a fuel gas or oxidizer gas 
carrier stream or by combining a vaporized metal gas stream 
with a fuel gas or oxidizer gas stream. 
0062. In the process of the present invention, metal spe 
cies-based nanoparticles are formed in a FLAR by thermal 
reaction. When an oxidizing gas is present, metal oxide nano 
particles are formed by thermal oxidation. In the absence of 
an oxidizing gas, such as when the fuel is sodium, Zero 
Valence metal nanoparticles can be formed. The metal spe 
cies-based nanoparticles are then deposited from the hot 
flame region onto a cooled Substrate as a film via thermo 
phoresis. The films typically exhibit two morphologies. The 
first is a well sintered columnar structure. The second is a 
particulate morphology caked onto the Substrate. 
0063 Columnar morphology is defined by two criteria; 
shape and crystallinity. The shape criterion is that of a col 
umn, i.e., continuous individual structures that are oriented 
roughly normal to the substrate, as illustrated in FIG. 2. The 
columns are approximately normal to the Substrate in that, for 
example, at least about 80% or at least about 90% of the 
structures have a central axis which is normal t20 degrees. 
Those structures have an average width, W, and height, h, 
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where the shape criteria is how. Columnar morphology is 
typically characterized by low Surface area and Superior elec 
tronic properties. Columnar titanium dioxide is depicted in 
the scanning electron micrograph (“SEM) image of FIG. 2. 
The crystalline criterion is based on grain size. Grain size is 
the characteristic dimension, or size, associated with a region 
of the same crystalline structure and orientation in space, 
illustrated in FIG. 3. Grain size can be measured by several 
methods known in the art, including X-ray diffraction (XRD) 
and transmission electron microscopy (TEM). The grain-size 
(X) criterion for the columnar morphology is w/10>X. In 
Some embodiments, the nanostructure morphology is pre 
dominantly columnar where the nanoparticles have an aver 
age particle size of less than about 20 nanometers and the 
columns have a short range crystalline order of about 1 to 
about 50 nanometers (“nm'). The morphology is predomi 
nantly columnar when, for example, at least about 80% or at 
least about 90% of the deposited metal species-based nano 
particles constitute columns. Columnar morphology gener 
ally results when relatively small nanoparticles are deposited 
onto a cooled, but relatively high temperature, Substrate 
wherein the nanoparticles are restructured by sintering to 
form columns. Columnar film formation for titanium dioxide 
is illustrated in FIG. 4 along with SEM side-view images of 
columnar morphology and SEM images of a highly crystal 
line single column. Also depicted in FIG. 4 is a TEM image 
for a highly crystalline single column showing diffraction 
from the 103 and 101 planes of anatase. Columnar mor 
phology is also depicted in the SEM images in FIG.5 through 
FIG 8. 

0064 Granular morphology generally comprises metal 
species-based nanoparticles caked onto a Substrate. Granular 
morphology generally results when relatively large nanopar 
ticles are deposited onto a relatively low temperature sub 
strate to form fractal structures that undergo minimal restruc 
turing after deposition. The average particle size range is from 
about 10 nm to about 100 nm. In general, the grain size is less 
than about three times the size of the metal species-based 
nanoparticles before deposition. Granular films are charac 
terized by a high Surface area and Superior reactive properties. 
Granular film formation on a low temperature glass Substrate 
is illustrated in FIG.9A. Also depicted in FIG.9B is a SEM of 
a side view of a titanium dioxide film having granular mor 
phology. Depicted in FIG.9C is a TEM image of a granular 
titanium dioxide fractal. Finally depicted in FIG.9D is a TEM 
image of titanium dioxide polycrystalline electron diffraction 
rings corresponding to the 101, 004, 200. 105 and 
205 reflections of anatase, moving from the center of the 
ring outwards. Granular morphology is also depicted in the 
SEM images in FIG. 10 through FIG. 13. 
0065 Based on experimental evidence to date, it is 
believed that crystalline morphological characteristics Such 
as crystal phase and grain size is generally determined by 
aerosol phase dynamics and the metal species-based nano 
particle sintering behavior on the Substrate. 
0.066 Aerosol phase behavior, such as chemical reaction 
of the precursor and aerosol dynamics, can affect the film 
morphology as indicated in FIG. 14. If the characteristic 
reaction time for the reaction of the precursor (“t) is larger 
than the nanoparticle residence time in the flame (“t) then 
a CCVD or CVD process would be expected. This would 
result in metal precursor vapor molecules being transported to 
the Substrate and reacting on and/or in the Substrate to form 
metal oxide on the film (in the case of an oxidizing gas). 
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Alternatively, if t is less than t then the precursor will 
react in the flame to form metal oxide nanoparticles that are 
thereafter deposited on the substrate. If the particle sintering 
time (“t) is smaller than the collision time (“t) then 
nearly spherical nanoparticles will result from the aerosol 
phase growth process. 
0067 Sintering generally results in two small particles 
combining to form a larger structure with a volume approxi 
mately equal to the sum of the two initial volumes. For slow 
sintering dynamics, films predominantly having granular 
morphology are typically formed. Alternatively, For rapid 
sintering dynamics, films predominantly having columnar 
morphology are typically formed. Sintering is a Surface ten 
sion driven Solid State diffusion process, and is generally a 
function of both initial particle diameter and temperature (see 
A. Kobata, K. Kusakabe and S. Morooka, Growth and Trans 
formation of TiO2 Crystallites in Aerosol Reactor, AIChE J. 
37, pp. 347-359, (1991); and K. Cho and P. Biswas, Sintering 
rates for pristine and doped titanium dioxide determined 
using a tandem differential mobility analyzer system, Aerosol 
SciTech, 40, pp. 309-319, (2006)). Without being bound to 
any particular theory, it is believed that the characteristic time 
for two particles of the same initial diameter to completely 
sinter into an equivalent-volume sphere, Scales with initial 
diameter to the fourth power and exponentially decreases 
with increasing temperature. Thus, for Smaller particles and 
higher temperatures, sintering is rapid; and for larger particles 
and lower temperatures, sintering is slow. Therefore, arrival 
size of particles at the substrate and the substrate temperature 
are two parameters that can be varied to influence the film 
morphology. Particle size, in turn, is a function of various 
process parameters and the interaction of those process 
parameters. Process parameters include the metal precursor 
compound, metal precursor feed rate, the fuel Source, the 
oxidizer Source, the flame temperature, residence time of 
formed metal nanoparticles in the flame region and distance 
from the flame to the substrate. 
0068. The flame temperature may be adjusted by varying 
the fuel gas, by varying the ratio of fuel gas to oxidizer gas 
(i.e., flame stoichiometry), by introducing a non-reactive (i.e., 
inert gas) into one or more of the fuel gas, oxidizer gas or 
metal precursor streams, or by combinations thereof. For 
example, a hydrocarbon fuel gas typically produces a cooler 
flame than does hydrogen or Sodium. In some embodiments, 
a hydrocarbon fuel gas can be admixed with hydrogen. The 
presence of non-reactive gases will act to reduce flame tem 
perature. Flame temperature can vary from about 200° C. to 
about 5000°C., from about 300° C. to about 4000° C. or even 
from about from about 300° C. to about 4000° C. Depending 
on the identity of the metal species-based nanoparticle, the 
temperature can be, for example, about 500°C.,600°C., 700° 
C., 800° C.,900° C., 1000° C., 1100° C., 1200° C., 1300° C., 
1400° C., 1500° C., 1600° C. 1700° C., 1800° C., 1900° C., 
2000° C., 2100° C., 2200° C. 2300° C., 2400° C., 2500° C., 
2600° C., 2700° C., 2800° C., 2900° C., 3000° C., 3100° C., 
3200° C., 3300° C., 3400° C., 3500° C., 3600° C., 3700° C., 
3800° C., 3900° C. or even 4000° C. or more. In the case of 
titanium dioxide nanoparticles, a temperature between about 
2500° C. and about 3500° C. is preferred. 
0069. The temperature of the substrate can also affect 
sintering rate. Experimental evidence to date indicates that at 
low temperatures granular films are formed due to the low 
sintering rate amongst the deposited particles. At higher Sub 
strate temperatures, will sintered columnar films can be 
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obtained. At very high temperatures the films can anneal out 
resulting in the collapse of formed columnar structures. Sub 
strate temperature can be controlled by various means. As 
depicted in FIG. 1, one surface 39 of the substrate 35 is in 
director indirect contact with a surface 41 of cooled heat sink 
40 for control of the temperature of substrate surface 37. In 
Some embodiments, the temperature of Surface 41 can be 
controlled by recirculating a cooling fluid Such as water, 
glycol, brine or the like through heat sink 40. Athermocouple 
(not depicted in FIG. 1) can be used to monitor the tempera 
tureator near surface 41 orator near substrate surface 39. The 
thermocouple can be integrated with a cooling fluid flow 
control means, such as a valve, to form a temperature control 
loop for the maintenance of Substrate temperature at a prese 
lected setpoint. In other embodiments, substrate surface 39 
can be controlled by passing a gas, such as air, over the 
Surface. In yet other embodiments, one or more thermal resis 
tance devices 42 can be inserted between substrate surface 39 
and cooled heat sink surface 41. Selection of a thermal resis 
tance device depends on the desired substrate surface 37 
temperature. Typical devices include heat-treated glass, stain 
less steel and aluminum. Depending upon the identity of the 
metal species-based nanoparticle deposited on the Substrate 
and the desired morphology, the Substrate temperature can be 
controlled in the range of about 20°C. to about 2000°C., for 
example, about 20°C., 50° C., 100° C., 150° C., 200° C.,250° 
C., 300° C., 350° C., 400° C. 450° C.,500° C., 550° C., 6500 
C., 700° C., 750° C., 800° C.,850° C.,900° C.950° C., 10000 
C., 1050° C. 1100° C. 1150° C. 1200° C. 1250° C., 13000 
C., 1350° C., 1400° C., 1450° C. 1500° C., 1550° C., 1600° 
C., 1650° C. 1700° C. 1750° C., 1800° C., 1850° C., 1900° 
C., 1950° C. or even about 2000° C. In the case of titanium 
dioxide, a substrate temperature range of about 20° C. to 
about 350° C. will generally yield a granular type film while 
substrate temperatures in excess of 350° C. will generally 
yield a columnar type film. 
0070 Metal precursor feed rate affects nanoparticle film 
morphology through the relationship to formed nanoparticle 
size. For a given Substrate temperature, sintering dynamics 
are influenced by the size of the nanoparticles as they arrive at 
the substrate. Small nanoparticles tend to sinter at a faster rate 
than do larger nanoparticles. High metal precursor feed rates 
produce large metal species-based nanoparticles and low 
metal precursor feed rates produce Small metal species-based 
nanoparticles. Large nanoparticles favor the formation of 
granular type films whereas Small nanoparticles favor the 
formation of columnar type films. However, given sufficient 
sintering time, even large nanoparticles can form columnar 
films. Metal species-based nanoparticles having an average 
size of less than about 100 nm, less than about 50 nm or even 
less than about 20 nm are preferred for columnar films. In 
Some embodiments, two or more metal species-based nano 
particles combine to form an aggregate before deposition 
onto the substrate. 

0071 Film thickness can be controlled by metal precursor 
feed rate, deposition time, and combinations thereof. A film 
thickness of from about 10 nm to about 1 mm is preferred with 
narrower preferred ranges primarily being dictated by the 
intended use. For instance, for optoelectrical films a thickness 
of from about 10 nn to about 20 micrometers ("um') is pre 
ferred. For a catalytic films a thickness of from about 1 um to 
about 1000 um is preferred. 
0072 The nanostructured films of the present invention 
are useful for the preparation of high efficiency photo-water 
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splitting cells for the preparation of hydrogen gas and for the 
preparation of high efficiency dye-sensitized Solar cells and 
p/njunction oxide Solar cells. 
0073. In some embodiments, depicted in FIG. 28, photo 
watersplitting cells are prepared from the nanostructured 
films of the present invention. The cell comprises a substrate 
with a nanostructured film having columnar morphology that 
functions as a photoanode, a counter electrode (cathode) and 
an external circuit. The film is illuminated by sunlight and 
uses the energy in the Sunlight to split water into hydrogen and 
oxygen. It is expected that photoelectrodes based the colum 
nar morphology will achieve Sunlight-to-hydrogen conver 
sion efficiencies of approximately 10%, 11%, 12%, 13%, 
14% or even 15%. 
0074. In other embodiments, depicted in FIG. 29, dye 
sensitized Solar cells are prepared from the nanostructured 
films of the present invention that convert sunlight to electric 
ity at high efficiency. The cells comprise an electron conduct 
ing layer formed from the columnar films of the present 
invention, a light absorbing layer such as an organic dye, and 
hole-conducting layer (redox electrolyte). Sunlight is har 
Vested in the light absorbing layer, which then injects elec 
trons into the electron-conducting layer and holes in the hole 
conducting layer. One or all of the layers can be formed from 
the columnar films of the present invention. Sunlight-to-elec 
tricity conversion efficiencies of 10%, 11%, 12%, 13%, 14%, 
15%, 16%, 17%, 18%, 19% or even 20% are expected. 
0075. In yet other embodiments, depicted in FIG. 30, p?in 
junction solar cells could be prepared from the nanostruc 
tured films of the present invention that convert sunlight to 
electricity at high efficiency. The cells comprise two layers, 
an n-type oxide semiconductor layer (e.g. TiO) where elec 
trons are the mobile charge-carrier, and a p-type (e.g. NiO) 
layer where holes are the mobile charge carrier. There is a 
depletion Zone between the two layers that drives charge 
carriers to the interface, thus driving electricity through the 
external circuit. This design is similar to conventional silicon 
Solar cells. The p and in layers can be formed from semicon 
ductors formed from the columnar metal oxides of the present 
invention. Such devices are expected to convert Sunlight to 
electricity with an efficiency of 10%, 11%, 12%, 13%, 14%, 
15%, 16%, 17%, 18%, 19% or even 20%. 
0076. Having described the invention in detail, it will be 
apparent that modifications and variations are possible with 
out departing from the scope of the invention defined in the 
appended claims. 

EXAMPLES 

0077. The following non-limiting examples are provided 
to further illustrate the present invention. 

Example 1 

0078. The experimental apparatus comprised a precursor 
feed system, a FLAR and a temperature controlled deposition 
substrate as generally depicted in FIG.1. The precursor feed 
system comprised a bubbler containing titanium isopro 
poxide (TTIP, Aldrich: 205273, 97% purity) through which 
argon (Grade 4.8) was bubbled at varying flow rates. The 
temperature of the bubbler was maintained at 30°C. To pre 
vent condensation of the TTIP, the lines leading up to the 
flame reactor were heated to approximately 50° C. The TTIP 
feed rate was calculated based on the Saturation pressure and 
was assumed to be proportional to the argon flow rate through 
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the bubbler. An additional argon line was added so the total 
argon flow rate could be held constant at 2.0 Lpm (liters per 
minute at STP) while varying the flow through the bubbler. 
The FLAR was a premixed methane-oxygen burner made of 
a 0.95 cm (3/8 inch) O.D. stainless steel tube into which was 
placed three 0.32 cm (/8 inch) tubes designed to achieve an 
optimal outlet velocity (about 450 cm/s) through a 0.16 cm 
area which prevented flame blow off and extinction. The 
methane flow rate was fixed at 0.5 Lpm and the oxygen flow 
rate was fixed at 1.5 Lpm, above the stoichiometric value of 
1.0 Lpm for complete combustion. The additional oxygen 
was provided to ensure complete oxidation of TTIP to pro 
duce stoichiometric TiO. All gas flow rates were controlled 
by digital mass flow controllers (MKS Instruments, Wilming 
ton Mass.), and the four gas streams were combined and sent 
through the burner to the flame region. 
007.9 The flame temperature distribution was measured 
using a type R thermocouple (Pt—Rh:Pt 2 mm bead) and 
corrected for radiation from the thermocouple bead. The aver 
age flame temperature was 1927°C.-100° C. A temperature 
controlled substrate was used onto which the titanium dioxide 
particles formed in the flame were deposited. The substrate 
was a square piece of optically polished silicon, 1.5 cm on a 
side. The silicon substrate was attached to a water-cooled heat 
sink to control the temperature of the substrate and the result 
ant crystal phase of the film (anatase versus rutile). Intimate 
thermal contact was established between the substrate and 
heat sink by applying a small amount of silver thermal paste 
(Arctic Silver, Visalia Calif.). 
0080. The substrate temperature was approximately 427 
C., as measured by a small-bead type K thermocouple 
cemented to the substrate surface, when the silicon substrate 
was pasted directly to the heat sink. The thermal resistance of 
the Substrate to heat-sink interface was increased by inserting 
an intermediate piece of high-temperature glass (Ace-Glass, 
Vineland N.J.) between the substrate and the heat sink. Under 
those conditions, the resulting temperature of the Substrate 
was 637° C. An even higher temperature was achieved by 
inserting a second piece of glass which increased the Sub 
strate temperature to approximately 807°C. However, unless 
otherwise stated, only one intermediate piece of glass was 
used and particles were deposited at a Substrate temperature 
of 637 C. 

I0081 Particles in the aerosol phase in the flame region 
(i.e., before deposition onto the substrate) were characterized 
by measurements by TEM (JEOL 1200 120 kV) and online 
scanning mobility particle spectrometry (SMPS) (Platform 
3080, Nano-DMA 3085, TSI Corp., Shoreview Minn.). TEM 
and SMPS measured two different particle size distributions. 
From TEM images, the primary particle size distribution was 
obtained, which is a characteristic for dynamic processes 
such as sintering. The SMPS measured the mobility equiva 
lent aerosol size distribution. The mean size measured by the 
SMPS could be larger than the primary particle size, espe 
cially if agglomeration is prevalent in the system. 
I0082. After substrate deposition, the TiO films where 
characterized by SEM (Hitachi model S-4500 field emission 
electron microscope operating at 15 kV) to determine film 
thickness and morphology. For thickness measurements, the 
silicon substrates were cleaved down the middle of the film 
and attached vertically to the SEM specimen mount. The 
films were then imaged along a line of sight parallel to the 
Substrate Surface to obtain side view images. The crystalline 



US 2010/0307593 A1 

phase and grain size of the films were determined using X-ray 
diffraction (XRD) (Rigaku DMax x-ray diffractometer). 
I0083. The effect of metal precursor (TTIP) feed rate and 
deposition time on formed film characteristics were evalu 
ated. Those parameters were independently varied to deter 
mine the effects on the aerosol phase particle size distribu 
tions, film grain size, growth rate, film thickness, crystalline 
phase, and photocurrent. 
0084. In a series of 15 trials as reported in Table 1 below, 
the metal precursor gas, methane gas and oxygen were Sup 
plied to the FLAR apparatus described above. The gas phase 
metal precursor was rapidly oxidized in the high temperature 
environment to form nanoparticles. The nanoparticles were 
then directed by thermophoretic forces from the hot gas to the 
water-cooled substrate and deposited to form a film. 
0085. A summary of the experimental parameters and 
results is presented in Table 1 where TTIP feed rate is in 
mmol/hr, Average D, from TEM is reported in nm, Average 
D. from SMPS is reported in nm, Film thickness was mea 
sured by SEM and is reported in nm, Crystal phase refers to 
crystalline phase and was measured by XRD, Grain size was 
measured by XRD and is reported in nm, Average growth rate 
is reported in nm/sec, and Photocurrent is reported in nano 
amperes (nA). 

TABLE 1. 

Experimental Aerosol Phase 
Conditions Measurements 

Deposition TTIP Feed Average D. Average D. 
Trial Time (sec) Rate from TEM from SMPS 

1 90 0.27 10.8 
2 18O O.069 4.5 4.3 
3 18O O.14 7.2 
4 18O 0.27 10.8 
5 18O 0.55 8 13.1 
6 360 O.069 4.5 4.3 
7 360 0.27 10.8 
8 60 O.14 7.2 
9 90 O.14 
10 120 O.14 7.2 
11 240 O.14 7.2 
12 360 O.14 
13 480 O.14 7.2 
14 760 O.14 
15 96.O O.14 7.2 

Film Measurements 

Film Crystal. Grain Average Photo 
Trial Thickness Phase Size Growth Rate Current 

1 18O 2 
2 79 Anatase 47.3 0.44 46.86 
3 213 Anatase 49.1 1.18 22.1 
4 322 Anatase 40.7 1.79 O.64 
5 2010 Anatase 9 11.17 2.53 
6 233 O.65 
7 730 2.03 
8 42 Anatase 0.7 
9 64 Anatase 2.6 
10 86 Anatase 0.72 
11 204 Anatase O.85 
12 311 Anatase 1200 
13 417 Anatase O.87 
14 692 Anatase 15,000 
15 889 Anatase O.93 

0086. In reference to FIG. 14 and Table 2 below, the vari 
ous aerosol phase characteristic times were estimated to 
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determine which deposition process was dominant. The resi 
dence time in the flame was estimated by assuming that the 
flame cross-section was equal to the burner outlet area (i.e., no 
jet expansion or ambient fluid entrainment) and gases imme 
diately reached the flame temperature and the path-length 
was equal to the burner-substrate distance of 2 cm. Under 
those assumptions, a residence time (t) of 0.59 ms was 
calculated. The calculated characteristic reaction time of the 
TTIP thermal decomposition was 0.12 ms, which was less 
than the residence time, implying that TTIP rapidly reacts to 
form TiO, particles in the flame. The characteristic particle 
particle collision time (assuming 5 nm particles and a TiO2 
molecular concentration calculated from the TTIP feed rate 
(about 10'cm)) was about 0.1 ms and the sintering time for 
the 5 nm particles was 7.4x10 ms, implying that particles 
are present as individual spheroids in the flame. Under the 
flame conditions used in this study, individual particle depo 
sition was determined to be the dominant process for depo 
sition. 

TABLE 2 

Summary of estimated characteristic times 
encountered in the aerosol phase 

Characteristic Time Symbol Value 

Residence time in flame tres O.59 ms 
Thermal decomposition time for tryn 0.12 ms 
formation of TiO, from TTIP 
5 nm particle-particle collisions tool about 0.1 ms 
5 nm particle sintering at 1927 C. tsin 7.4 x 10 ms 

I0087. The effect of TTIP feed rate on the particle size 
distribution is shown in FIG.15 and FIG.16. The aerosol size 
distribution was measured online with the SMPS. The pri 
mary particle size distribution was measured from TEM 
images by measuring the diameters of about 130 particles. A 
log-normal curve fit was performed using Origin (Microcal. V 
4.1) to determine distribution parameters. The particle size 
increased from a mean of 4.5 nm at a TTIPfeed rate of 0.069 
mmol/hr (Trial 2 and FIG. 15) to 8.0 nm at a TTIP feed rate of 
0.55 mmol/hr (Trial 5 and FIG.16), as measured by TEM. For 
the lower TTIP feed rate the SMPS measurement agreed well 
with the TEM. However, at the higher TTIP feed rate, the 
SMPS measured a larger diameter than the one obtained from 
TEM. The discrepancy between the particle size measured 
from TEM and SMPS at the higher feed rate was likely due to 
biases that resulted from agglomeration in the dilution probe 
during sampling. Despite this Small discrepancy, the mea 
Surements clearly illustrated the trend of increasing particle 
size with increasing TTIP feed rate. 
I0088. It is believed, without being bound to any particular 
theory, that the increase in particle size as a function of TTIP 
feed rate was due to enhanced coagulational growth in the 
flame region. At the flame temperature, the reaction to form 
TiO, molecules from TTIP was fast (t, of 0.12 ms, Table 2 
and FIG. 14). Once formed, the TiO, molecules collided to 
form particles which Subsequently grew through a coagula 
tional growth process. The sintering time (t, of 7.4x10 ms, 
Table 2 and FIG. 14) was much smaller than the collision time 
(t about 0.1 ms, Table 2 and FIG. 14) under those condi 
tions, ensuring that near spherical particles resulted from the 
aerosol phase particle growth process. For a constant resi 
dence time, the final size of the coagulational growth process 
scaled with the initial concentration of TiO, molecules, or 
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TTIP feed rate. Through the TTIP feed rate, the size of par 
ticles as they arrived at the substrate was tuned to control the 
restructuring dynamics on the Substrate. 
0089. Through its influence on the particle arrival size, 
which changed the film restructuring dynamics, it is believed 
that the TTIP feed rate affected the final film grain size and 
morphology. The arrival size of particles at the Substrate was 
approximately 4.5 nm and 8.0 nm for TTIP feed rates of 0.069 
mmol/hr (Trial 2 and FIG. 15) and 0.55 mmol/hr (Trial 5 and 
FIG. 16), respectively. The characteristic sintering time for 
the higher TTIP feed rate was an order of magnitude longer 
than for the lower TTIP feed rate, thus changing the sintering 
dynamics and final film morphology. This difference in mor 
phology can be seen in FIG. 17 by comparing the scanning 
electron micrograph side view images of titanium dioxide 
prepared in a flame aerosol reactor at an titanium isopro 
poxide metal precursor feed rate of 0.069 millimols per hour 
for 180 seconds and imaged at high resolution (a) Versus 
titanium dioxide prepared at an isopropoxide metal precursor 
feed rate of 0.55 millimols per hour for 180 seconds and 
imaged at low resolution (b1) and at an isopropoxide metal 
precursor feed rate of 0.55 millimols per hour for 180 seconds 
and imaged at high resolution (b2). For Small particle arrival 
size, or fast sintering dynamics, a columnar structure was 
observed (FIG. 17(a)). The sintered columnar morphology 
was characterized by continuous vertical columns, observed 
in the SEM, and large average grain size, measured from 
XRD peak broadening using the Scherrer equation. As Small 
particles, which were 4.5 nm in the aerosol phase, sintered, 
they combined to form larger structures that had longer range 
crystalline order, hence the 47 nm grain size observed in the 
XRD (Trial 2). 
0090 Alternatively, for large particle arrival size, or slow 
sintering dynamics, a granular particulate morphology was 
observed (FIGS. 17(b1) and (b2)). The particulate morphol 
ogy was characterized by fractal structures, observed in the 
SEM and a small average grain size. Due to the slow sintering 
dynamics, the large particles did not combine and instead 
remained isolated with approximately the same grain size as 
was present in the original particle before it deposited. This 
can be seen by comparing the average grain size of the unsin 
tered film deposited at 0.55 mmol/hr TTIP feed rate (FIG. 18) 
to the aerosol phase particle size from TEM at the same 
conditions (FIG.16). Due to the 1927°C. flame temperature, 
the particles in the aerosol phase were expected to be nearly 
single crystal. From the TEM measurements, the large par 
ticles were approximately 8 nm before they deposited onto 
the substrate, which is similar to the 9 nm grain size of the 
film, which would be expected if the particles did not expe 
rience significant sintering once deposited onto the Substrate. 
0091. The temperature of the substrate was evaluated to 
determine the affect on the sintering rate. This was verified 
qualitatively by changing the Substrate to heat sink thermal 
resistance, to alter the Substrate temperature. At low tempera 
tures, particulate films were observed in the SEM, due to low 
rates of sintering amongst the deposited particles. At higher 
substrate temperatures, well sintered columnar films were 
obtained that were similar in appearance to the sintered 
columnar SEM images (FIG. 17(a)). 
0092 Film thicknesses were controlled by varying both 
the deposition time and TTIP feed rate. Films were deposited 
for different times and imaged by SEM to measure thickness. 
In FIG. 19, selected side view SEM images are shown that 
illustrate the evolution offilm thickness for several deposition 
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times at a fixed titanium isopropoxide metal precursor feed 
rate of 0.14 millimols per hour. Film (a) resulted from a 120 
second deposition time, film (b) resulted from a 240 second 
deposition time, and film (c) resulted from a 960 second 
deposition time. As depicted in FIG. 20, film thickness 
increased roughly linearly with deposition time. In addition, 
the growth rate increased with TTIP feed rate in response to 
the increased mass flux to the substrate. 
0093 Films having selected film morphology and thick 
ness for determination of the photoelectric properties were 
prepared by deposition onto electrically insulating high-tem 
perature glass substrates (Borosilicate, ACE Glass, Vineland 
N.J.) at a slightly elevated temperature of 727°C. The pho 
toelectric properties of the films were characterized by pho 
tocurrent measurements under UV irradiation from a 100 
watt 360 nm lamp (Blak-Ray, Model B-100A). Photocurrent 
measurements of the films was performed to understand the 
relationship between film characteristics and photoactivity. 
An electrical circuit was created by connecting lead wires to 
the film and a DC power supply. The photocurrent was mea 
sured by applying a voltage of 22V to two silver electrodes 
(SPI supplies, West Chester Pa.) that were painted 1 cm apart 
on the film surface. The resulting current between the elec 
trodes was measured using a picoammeter (Keithly Instru 
ments, Cleveland Ohio). FIG. 21 and FIG. 22 depict photo 
current measurements that were taken for films deposited at 
several TTIP feed rates and deposition times where the pho 
tocurrent was at the noise level of the picoammeter when the 
uV lamp was switched off. 
0094. The data in Table 1 indicate that morphology had an 
effect on the photocurrent. The films deposited at lower TTIP 
feed rates exhibited greater photocurrents than the films 
formed with higher TTIP feed rates. At lower TTIP feed rates, 
the films had a sintered columnar like structure with a large 
grain size. At higher TTIP feed rates, the films had a particu 
late like structure with a small average grain size. The pho 
tocurrent is related grain size, but also depends on interfacial 
properties and can change for slight alterations of the film 
morphology. For instance, it is more difficult for free charge 
carriers to migrate to the electrodes in particulate films with 
Small grain size because of particle-particle interfacial migra 
tion barriers (see Jongh P E and Vanmaekelbergh D., Trap 
Limited Electronic Transport in Assemblies of Nanometer 
Sized TiO2 Particles, Phys. Rev. Lett 1996: 77:3427–3430). In 
continuous and well sintered films with larger grain size, free 
charge carriers encounter fewer migration barriers and can 
freely flow to the electrodes. This result is in agreement with 
other work that has found a higher electron drift mobility in 
columnar films, compared to granular particulate films 
(Aduda BO, Ravirajan P. Choy K L and Nelson J. Effect of 
morphology on electron drift mobility in porous TiO2, Inter 
national Journal of Photoenergy 2004; 6:141-147). 
0.095 The photocurrent was larger for the thicker films 
(longer deposition times), while maintaining the well sin 
tered, columnar morphology. As the thickness of the sintered 
columnar film was increased, it intercepted more light, thus 
generating an increased number of free charge carriers. The 
increased number of free charge carriers resulted in an 
increase in the measured photocurrent. The photocurrent 
measurements illustrate that the deposited films are photoac 
tive and there are clear trends in the photoactivity as a func 
tion of controllable film characteristics. 

Example 2 
(0096. A FLAR was used to synthesize TiO, films with 
controlled morphology and thickness to evaluate the opto 



US 2010/0307593 A1 

electronic properties of watersplitting and photovoltaic per 
formance. A FLAR was assembled comprising a precursor 
feed system, premixed methane-oxygen flame and a water 
cooled deposition substrate (FIG. 23). The FLAR had digital 
mass flow controllers (MKS, Wilmington Mass.) to control 
the processes gases methane, oxygen, dilution-argon and car 
rier-argon. TTIP (Aldrich: 205273, 97% pure), was used to 
synthesize TiO2 in the gas-phase. The precursor was deliv 
ered to the flame region by passing carrier-argon through a 
homemade bubbler that was maintained at 37°C. The carrier 
argon flow rate was kept constant at 2.0 Lpm (at STP), which 
corresponded to a TTIP feed rate of approximately 1.2 mmol/ 
hr, based on the vapor pressure of TTIP. The methane, oxygen 
and dilution-argon flow rates were kept constant at 0.9, 2.7 
and 2.0 Lpm, respectively. All 4 process gasses were com 
bined and sent through the burner to the flame region. 
0097. An essentially soot-free flame was generated by 
combustion of methane and oxygen and was used to oxidize 
TTIP to form TiO2 nanoparticles. The calculated adiabatic 
flame temperature was about 3027°C. A two-color pyrometer 
(Omega, iR2C-1000-53-C4EI) was used to measure the 
actual flame temperature. The reading fluctuated around the 
upper limit of the instrument at about 2727°C. In the flame, 
the TTIP rapidly reacted to form TiO2 nanoparticles. Those 
nanoparticles underwent a collision process, as they trans 
versed the flame, to reach a prescribed size upon arrival at the 
temperature-controlled Substrate. Upon arriving at the Sub 
strate, the nanoparticles experienced a strong thermophoretic 
force, arising from the temperature gradient pointing from the 
hot flame to the cooler substrate, and were deposited out of the 
aerosol-phase onto the Substrate. 
0098. The substrate was piece of aluminosilicate glass 
coated with 200 nm of indium tin oxide on one side (ITO, 
Delta Technologies, Stillwater Minn.), in intimate thermal 
contact with a copper Substrate holder. Thermal contact was 
established between the ITO substrate and substrate holderby 
applying a small amount of silver thermal paste (Arctic Sil 
ver, Visalia Calif.). A type-K thermocouple is embedded in 
the holder about 0.33 cm (/s inch) behind the substrate, to 
estimate the Substrate temperature. Due to resistance-induced 
temperature drops, the temperature measured at this location 
was system specific, and much lower than the actual Surface 
temperature of the Substrate. It was assumed that the tempera 
ture measured by the thermocouple linearly reflected the 
actual substrate temperature. Henceforth, the temperature 
measured by the thermocouple is referred to as the substrate 
temperature. Before introduction of TTIP into the flame, the 
substrate was allowed to heat up until the temperature stabi 
lized. Once the temperature stabilized (about 5 minutes) the 
TTIP was introduced and film deposition commenced. Dur 
ing deposition, the Substrate temperature fluctuated by less 
than 3° C. A copper mask was used to restrict the deposition 
(film) area to about 1 cm. 
0099 Two different film morphologies were produced by 
the FLAR. The first was a granular morphology, comprising 
nanoparticles caked onto the substrate, illustrated by the elec 
tron microscope images in FIG. 9. The second was a colum 
nar morphology, comprising highly crystalline one dimen 
sional (1D) structures oriented normal to the substrate, 
illustrated in FIG. 4. High resolution TEM analysis of single 
columns scraped off of the substrate showed that many of the 
columns are single crystal anatase. 
0100. The sintering behavior on the substrate was con 
trolled by altering the arrival size of particles at the substrate 
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and the substrate temperature. Those parameters were varied 
simultaneously though the burner-substrate distance. It is 
known that particle size increases with residence time in 
particle synthesis processes, which in this case changes with 
the burner-substrate distance (see Jingkun Jiang, Pratim Bis 
was and Da-Ren Chen, Flame Synthesis of nanoparticles with 
rigorous control of their size, crystal structure and morphol 
ogy for biological studies, Nanotechnology, 18, pp. 8, (2007) 
and L. Mangolini, E. Thimsen and U. Kortshagen, High-Yield 
Plasma Synthesis of Luminescent Silicon Nanocrystals, 
Nanoletters, 5, pp. 655-659, (2005)). Additionally, the tem 
perature distribution in premixed flames is a function of axial 
position and can be used to tune the Substrate temperature. 
The particle size and Substrate temperature were measured at 
two burner-substrate distances, 1.7 cm and 4.1 cm, respec 
tively. The measured substrate temperature was 185° C. and 
130° C. for 1.7 cm and 4.1 cm, respectively. The average 
particle size, measured from TEM images of particles 
extracted from the flame, was 3.1 nm and 3.9 nm at 1.7 cm and 
4.1 cm, respectively. For shorter burner-substrate distances, 
Smaller particles were deposited at a higher Substrate tem 
perature, resulting in rapid sintering dynamics on the Sub 
strate. At longer-burner Substrate distances, slightly larger 
particles were deposited at a reduced Substrate temperature, 
resulting in slower sintering dynamics. The distance was 
measured from the burner outletto the substrate mask. Granu 
lar films were formed at longer burner-substrate distances, 
while columnar films are formed at shorter distances. This 
can be seen in FIG. 9 and FIG. 4, where micrographs are 
presented for films deposited at burner-substrate distances of 
4.1 cm and 1.7 cm, respectively, while keeping all other 
parameters constant. At each burner-substrate distance, or 
morphology, the film thickness was systematically varied 
through the deposition time. The deposition time was varied 
from 0.5 to 17 minutes, which resulted in films with thick 
nesses in the range from 100 to 12,000 nm. 
0101. The films where characterized using SEM, TEM 
and XRD. Both SEM and TEM were used to characterize the 
film morphology. Side-view SEM images were used to esti 
mate the film thickness. The crystalline phase (anatase VS. 
rutile) was verified using XRD and TEM. Both XRD and 
TEM were used to characterize the average crystalline grain 
S17C. 

0102 Watersplitting performance was determined using a 
conventional electrochemical cell (see J. Nowotny, C. C. Sor 
erell, L. R. Sheppard and T. Bak, Solar-hydrogen. Environ 
mentally safe fuel for the future, International Journal of 
Hydrogen Energy, 30, pp. 521-544, (2005)). The cell con 
sisted of the TiO film (working electrode) connected through 
an external circuit to a platinum wire (counter electrode), both 
electrodes immersed in a 1 M KOH adueous electrolyte at a 
pH of 14. Using a DC power supply, an electric potential of 
0.8 volts was applied between the TiO, film and platinum 
wire to enhance extraction of electrons from the film. The 
current through the external circuit was measured using an 
ammeter. The background current in the dark was about 30 
LA. The TiO films were illuminated by a 400 WXearc lamp, 
equipped with a water filter, at a light intensity of 24 mW/cm 
at wavelengths below 400 nm (TiO band gap), as measured 
by a spectroradiometer (International Light, Peabody Mass.). 
Upon illumination, hydrogen bubbles visibly formed on the 
platinum wire while oxygen formed on the TiO film. Under 
illumination, the current through the external circuit was 
assumed proportional to the watersplitting hydrogen produc 
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tion rate. The photocurrent through the external circuit and 
power conversion efficiency were used as watersplitting per 
formance metrics. 

0103) The watersplitting photocurrent was measured for 
columnar and granular films of varying thickness. As 
described above, columnar films were deposited at a burner 
substrate distance of 1.7 cm with thicknesses in the rage from 
100 to 3000 nm, while granular films were deposited at 4.1 
cm in the thickness range 600 to 12000 nm. The watersplitting 
efficiency was estimated from the watersplitting photocurrent 
by performing an energy balance on the watersplitting cell. 
Energy entered the cell in the form of uv-light and electrical 
work, and left the cell in the form of hydrogen gas. The ratio 
of energy-output to energy-input was taken as the efficiency, 
using the following equation: 

njFH (Iti) 

I0104 where j is the measured photocurrent, E, is the 
standard reduction potential of water formation from hydro 
gen and oxygen (1.23 V), I is the incident light intensity (24 
mW/cm) and V is the applied voltage from the power 
supply (0.8 V). Both thickness and morphology had an effect 
on the watersplitting performance. 
0105. Photovoltaic performance was determined by con 
structing dye-sensitized Solar cells using conventional proce 
dures and components (see M. Gratzel, Photoelectrochemical 
Cells, Nature, 414, pp. pp. 338-344, (2001). The TiO films 
were sensitized to visible light by overnight soaking in an 
ethanol solution containing 3.3x10" molar Ru-based dye 
(Ruthenium 535-bisTBA, Solaronix, Aubonne Switzerland). 
Counter electrodes were fabricated by sputter coating about 
150 nm platinum films onto ITO substrates. A conventional 
acetonitrile based electrolyte (AN-50, Solaronix) using I/I 
as the redox couple was used to transfer electrons from the 
platinum counter electrode to oxidized dye molecules on the 
TiO2 surface. The two electrodes were sealed using approxi 
mately 8 layers of SX1170 sealant (Solaronix), resulting in 
approximately 0.48 mm separation between the electrodes. 
The cells were illuminated by a Xe arc lamp equipped with an 
AM1.5G filterata total light intensity of about 124 mW/cm. 
The spectral distribution of light intensity was different from 
a AM1.5G solar standard. The spectral power density was as 
follows: UV (250 nm-400 nm)-18.5 mW/cm; visible (400 
nim-700 nm)-26.4 mW/cm; IR (700 nm-1050 nm)-78.0 
mW/cm. The light spectrum was more heavily weighted in 
the UV and IR, compared to AM1.5. It is known that the 
Ru-based dye is optimized for visible light and doesn't per 
form well in the UV and IR (see M. Gratzel, Photoelectro 
chemical Cells, Nature, 414, pp. pp. 338-344, (2001)). The 
dye-sensitized cells presented herein would likely perform 
much better under AM 1.5 illumination. The standard perfor 
mance metrics, open circuit Voltage (V), short-circuit cur 
rent (I), fill factor (FF) and conversion efficiency (m) were 
used to quantify the cell performance. 
0106 The photocurrent increased with thickness, until 
reaching a threshold value, and then decreased for thicker 
films. This behavior was observed for both morphologies. 
The threshold thickness represents the optimum balance 
between light absorption and transport losses. As the film 
thickness increases more light is absorbed. However, after a 
certain point the light gets entirely absorbed. An increase in 
thickness beyond the critical value simply increases the time 
it takes for charge-carriers to migrate through the film, mak 
ing recombination processes competitive with transport. The 
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photocurrent for films thinner than the threshold value is 
light-absorption limited, while thicker films are transport lim 
ited 

0107 Watersplitting performance as a function of film 
morphology is shown for a columnar film (FIG. 24) and a 
granular film (FIG. 25) wherein the columnar film was depos 
ited at a burner-substrate distance of 1.7 cm and the granular 
film was deposited at 4.1 cm. The power conversion efficien 
cies in FIGS. 24 and 25 are labeled in parenthesis next to each 
point. Photocurrent was a function offilm morphology. It can 
be seen from FIG. 24, columnar films deposited at 1.7 cm had 
2 orders of magnitude higher photocurrents than granular 
films deposited at 4.1 cm (FIG. 25) reaching a uv-light to 
hydrogen conversion efficiency of about 11%. That efficiency 
is competitive with the best reported values in the literature 
(see M. Paulose, K. Shankar, S.Yoriya, H. E. Prakasam, O. K. 
Varghese, G. K. Mor, T. A. Latempa, A. Fitzgerald and C. A. 
Grimes, Anodic growth of highly ordered TiO2 nanotube 
arrays to 134 mu m in length, J Phys Chem B, 110, pp. 
16179-16184, (2006)). It is believed that the columnar films 
had higher photocurrents because of their Superior electronic 
properties. For FLAR-produced TiO, films, the columnar 
morphology has also been found to have a higher photocon 
ductivity, relative to the granular morphology (see Elijah 
Thimsen and Pratim Biswas, Nanostructured Photoactive 
Films Synthesized by a Flame Aerosol Reactor, AIChE J., 53. 
pp. 1727-1735, (2007). Also, it has been reported that par 
ticle-particle interfaces in granular films present migration 
barriers for electrons, increasing the time it takes for electrons 
to be transported in the film, making recombination competi 
tive with transport (see P. E. de Jongh and D. Vanmaekel 
bergh, Trap-Limited Electronic Transport in Assemblies of 
Nanometer-Sized TiO2 Particles, Phys. Rev. Lett, 77, pp. 
3427–3430, (1996)). Additionally, it is known that for films 
produced by separate synthesis processes, electron drift 
velocities are higher in films with 1D morphologies than in 
granular films (see B.O. Aduda, P. Ravirajan, K. L. Choy and 
J. Nelson, Effect of morphology on electron drift mobility in 
porous TiO2, Int J. Photoenergy, 6, pp. 141-147, (2004)). 
However, other 1D morphologies, such as TiO2 nanotubes, 
have been found to have similar transport characteristics to 
granular films. Despite the similar electron transport charac 
teristics, TiO, nanotubes were found to have an order of 
magnitude longer recombination time relative to granular 
films (see K. Zhu, N. R. Neale, A. Miedaner and A. J. Frank, 
Enhanced charge-collection efficiencies and light scattering 
in dye-sensitized solar cells using Oriented TiO2 nanotubes 
arrays, Nano Lett, 7, pp. 69-74, (2007)). In some cases, it 
appears that 1D structures offer Superior transport character 
istics relative to granular morphologies, while in other cases 
they offer longer recombination times. When comparing 
granular to columnar films produced by the FLAR, it is not 
clear whether transport is enhanced, the recombination time 
is lengthened, or if it is a combination of both. However, it is 
reasonable to conclude that the highly crystalline 1D, colum 
nar films have generally Superior electronic properties to the 
granular films, resulting in higher photocurrents, and greatly 
improved watersplitting performance. 
0.108 Dye-sensitized solar cells have different morpho 
logical requirements than watersplitting cells. In dye-sensi 
tized solar cells, light is absorbed by dye molecules adsorbed 
onto the surface of the TiO. Surface area is important 
because the amount of dye adsorbed, which enhances light 
absorption, increases with TiO, Surface area. The increased 
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light absorption results in more electron injection into the 
TiO film, which increases the current generated by the solar 
cell. 
0109 Solarcells were fabricated using the 2 different mor 
phologies of TiO, granular deposited at a burner-substrate 
distance of 4.1 cm, and columnar deposited at 1.7 cm. Both 
films were approximately 3500 nm in thickness. Prior to cell 
construction, the amount of dye adsorbed onto each film was 
determined by uV-vis absorption measurements on dye des 
orbed from the films using a 1 mM KOH solution. The cells 
were constructed using the same procedure. The only variable 
was the titania film. 
0110. The granular film has a conversion efficiency about 
2 times higher than the columnar film. That result contrasts 
with the watersplitting measurements described above where 
the columnar film outperformed the granular film. The differ 
ence is likely due to the amount of dye adsorbed onto the TiO, 
film. It can be seen from FIG. 25 and FIG. 26 that the colum 
nar film adsorbed approximately 50% more dye than the 
granular film. The greater amount of dye on the granular film 
resulted in more current generated by the cell which increased 
the conversion efficiency. 
0111. When introducing elements of the present invention 
or the preferred embodiment(s) thereof, the articles “a”, “an', 
“the' and “said are intended to mean that there are one or 
more of the elements. The terms “comprising”, “including 
and “having are intended to be inclusive and mean that there 
may be additional elements other than the listed elements. 
0112. In view of the above, it will be seen that the several 
objects of the invention are achieved and other advantageous 
results attained. 
0113. As various changes could be made in the above 
compositions and processes without departing from the scope 
of the invention, it is intended that all matter contained in the 
above description and shown in the accompanying drawing 
S shall be interpreted as illustrative and not in a limiting 
SSC. 

1. A nanostructured photo-watersplitting cell for the pro 
duction of hydrogen, the cell comprising: 

a photoanode comprising a Support and a nanostructured 
metal oxide film disposed on at least one surface of the 
Support, wherein the film predominantly comprises a 
columnar morphology characterized as having continu 
ous individual columnar structures oriented approxi 
mately normal to the Support wherein the columnar 
structures have an average width, W, and a grain size 
criterion, X, and wherein W/10 is greater than X, and 

a cathode comprising a counter electrode 
wherein the nanostructured photo-water splitting cell has a 

Sunlight to hydrogen conversion efficiency of from 
about 10% to about 15%. 

2. (canceled) 
3. The nanostructured photo-water splitting cell of claim 1 

wherein the nanostructured metal oxide comprises metal 
oxide particles having an average particle size of less than 
about 100 nanometers. 

4-6. (canceled) 
7. The nanostructured photo-water splitting cell of claim3 

wherein the average particle size is less than about 20 nanom 
eters and the nanostructure has a short range crystalline order 
of about 1 to about 50 nanometers. 

8. A nanostructured dye-sensitized solar cell comprising: 
an electron conducting layer comprising a Support and a 

nanostructured metal oxide film disposed on at least one 
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surface of the support, wherein the film predominantly 
comprises a columnar morphology characterized as hav 
ing continuous individual columnar structures oriented 
approximately normal to the Support wherein the colum 
nar structures have an average width, w, and a grain size 
criterion, X, and wherein w/10 is greater than X, 

a light absorbing layer, and 
a hole-conducting layer, 
wherein the nanostructured dye-sensitized solar cell has a 

sunlight to electricity conversion efficiency of from 
about 10% to about 20%. 

9. (canceled) 
10. The nanostructured dye-sensitized solar cell of claim 8 

wherein the nanostructured metal oxide comprises metal 
oxide particles having an average particle size of less than 
about 100 nanometers. 

11-13. (canceled) 
14. The nanostructured dye-sensitized solar cell of claim 

10 wherein the average particle size is less than about 20 
nanometers and the nanostructure has a short range crystal 
line order of about 1 to about 50 nanometers. 

15. A nanostructured pfnjunction Solar cell comprising: 
an n-type oxide semiconductor layer comprising a Support 

and a nanostructured metal oxide film disposed on at 
least one surface of the support, wherein the film pre 
dominantly comprises a columnar morphology charac 
terized as having continuous individual columnar struc 
tures oriented approximately normal to the Support 
wherein the columnar structures have an average width, 
W, and a grain size criterion, X, and wherein W/10 is 
greater than X, 

an p-type oxide semiconductor layer comprising a Support 
and a nanostructured metal oxide film disposed on at 
least one surface of the support, wherein the film pre 
dominantly comprises a columnar morphology charac 
terized as having continuous individual columnar struc 
tures oriented approximately normal to the Support 
wherein the columnar structures have an average width, 
W, and a grain size criterion, X, and wherein W/10 is 
greater than X, 

wherein the nanostructured pin junction Solar cell has a 
sunlight to electricity conversion of from about 10% to 
about 20%. 

16-17. (canceled) 
18. The nanostructured pfnjunction solar cell of claim 15 

wherein the nanostructured metal oxide comprises metal 
oxide particles having an average particle size of less than 
about 100 nanometers. 

19-21. (canceled) 
22. The nanostructured pfnjunction solar cell of claim 18 

wherein the average particle size is less than about 20 nanom 
eters and the nanostructure has a short range crystalline order 
of about 1 to about 50 nanometers. 

23. A process for the preparation of a metal species-based 
nanostructured film in a flame aerosol reactor, the method 
compr1S1ng: 

introducing a vaporized metal precursor stream; 
introducing a vaporized fuel stream; 
introducing a vaporized oxidizer stream; 
combusting the metal precursor stream, the fuel stream and 

the oxidizer Stream in a flame to form metal species 
based nanoparticles in the flame region; 
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depositing the metal species-based nanoparticles onto a 
support surface wherein the temperature of the surface is 
controlled; and 

sintering the metal species-based nanoparticles to form the 
metal species-based nanostructured film. 

24-25. (canceled) 
26. The process of claim 23 wherein the flame temperature 

is from about 1500° C. to about 3500° C. 
27-32. (canceled) 
33. The process of claim 23 wherein the metal species 

based nanoparticle comprises a Zero Valent metal. 
34. The process of claim 23 wherein the nanostructure is of 

predominantly of columnar morphology or predominantly of 
granular morphology. 

35. The process of claim 23 wherein the metal species 
based nanoparticles have an average particle size of less than 
about 100 nanometers. 

36-38. (canceled) 
39. The process of claim 35 wherein the average particle 

size is less than about 20 nanometers and the nanostructure 
morphology is predominantly columnar having a short range 
crystalline order of about 1 to about 50 nanometers. 

40-46. (canceled) 
47. A process for the preparation of a metal species-based 

nanostructured film in a flame aerosol reactor, the method 
comprising: 
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introducing a vaporized metal precursor stream; 
introducing a vaporized fuel stream; 
combusting the metal precursor stream and the fuel stream 

in a flame to form in the flame region metal species 
based nanoparticles comprising Zero Valent metal; and 

depositing the metal species-based nanoparticles onto a 
support surface wherein the temperature of the surface is 
controlled; and 

sintering the metal species-based nanoparticles to form the 
metal species-based nanostructured film. 

48-49. (canceled) 
50. The process of claim 47 wherein the nanostructure is of 

predominantly of columnar morphology or predominantly of 
granular morphology. 

51. The process of claim 47 wherein the metal species 
based nanoparticles have an average particle size of less than 
about 100 nanometers. 

52-54. (canceled) 
55. The process of clam 47 wherein the nanostructure 

morphology is predominantly columnar having a short range 
crystalline order of about 1 to about 50 nanometers. 

56-58. (canceled) 


