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A flame aerosol reactor (FLAR) system was used to deposit nanostructured photoca-
talytic films of titanium dioxide with well controlled morphologies. Nanoparticles were
generated in the aerosol phase and then deposited onto a water-cooled substrate via
thermophoresis. Two important parameters that influenced film characteristics were the
titanium precursor feed rate and substrate temperature, through their effect on particle
sintering dynamics on the substrate. The size of the particles as they arrived at the
substrate was controlled by varying the titanium precursor feed rate. When the size
was below ;8 nm, sintering was completed in the time available to obtain films with
columnar nanostructures. Larger particle sizes resulted in granular, particulate films.
The temperature of the substrate was also an important parameter as it controlled the
sintering rate and the resultant crystal phase of the film. The thickness of the films was
controlled by varying the precursor feed rate and deposition time. The performance of
the as-synthesized photocatalytic films was established by measuring the resultant pho-
tocurrents. Well sintered columnar morphologies and thicker films (in the range of 40–
900 nm) resulted in the largest photocurrents. � 2007 American Institute of Chemical

Engineers AIChE J, 53: 1727–1735, 2007
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Introduction

Coatings are applied as films to surfaces for a variety of
different applications, such as to form a protective layer to
prevent corrosion, to enhance appearance of the base mate-
rial, for electronics applications, in magnetic media, and in
engineered reactors for catalytic applications. The chemical
and physical characteristics of the film, such as composition,
thickness, and morphology, have to be controlled for specific
applications. For example, continuous, nonporous, ceramic
films were used to provide corrosion protection to steel surfa-
ces.1 In contrast, nanoporous, open morphology films were

used in photochemical reactors for synthesis of partial-oxy-
genates by environmentally benign routes.2 Nanostructured
films allow the possibility of obtaining high surface area
coatings with tailored characteristics suitable for applications
in catalytic reactors.3

Titanium dioxide is a wide band-gap semiconducting, ceramic
oxide that has been used as a coating material in several differ-
ent applications for air and water purification, for sulfur re-
moval,4 for toxic metals capture,5,6 destruction of bacteria and
viruses, self cleaning building materials, and superhydrophillic
fog free films.7 It is the most widely used photocatalyst, because
it is relatively safe, inexpensive, and stable to photocorrosion.
Another exciting application is the production of hydrogen by a
photosplitting reaction of water, which could provide an envi-
ronmentally benign and sustainable source of hydrogen fuel for
the energy industry.8 Photosplitting of water and many other
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solar-energy applications of TiO2 require that the semiconductor
be immobilized as a film. The morphology of the film is an im-
portant parameter in establishing the overall effectiveness; for
example, a high surface area is desirable if localized chemical
reactions are to be promoted, while low internal resistance to
mobility of photogenerated charge carriers is also important if
these are to be extracted and transported through an external cir-
cuit.8–10 Several studies have identified relationships between
film characteristics such as: thickness, morphology and fea-
ture size, and the resulting photocatalytic performance.2,11–14

Film characteristics are primarily determined by the synthesis
technique.

There are many synthesis processes used for the deposi-
tion of titanium dioxide films. Many of the existing tech-
niques are multi step and require long synthesis times to pro-
duce high performance films with desirable morphologies,
making them unattractive for industrial scale up. Typical
film synthesis processes consist of a deposition step followed
by an annealing step. The entire multi step process can take
from several hours to a day to complete. Limmer et al.15

describe a 3–6 h electrophoretic sol–gel process to synthe-
size TiO2 nanorods on alumina and polycarbonate substrates
for high surface-area applications. For dye sensitized solar
cells, dip-coating-annealing processes have been described
to synthesize films in 2 h; but the resultant granular films
have limited photoactivity due to electron-hole migration
barriers at particle–particle interfaces.16 For photosplitting of
water, Varghese et al.12 describe a 2-step, 17–24 h Ti-foil
anodization process to produce TiO2 nanotubes with con-
trolled thickness; which is used to increase the light to
hydrogen conversion efficiency by creating thicker films. To
better understand and optimize film performance for impor-
tant applications like photocatalytic hydrogen production, it
is essential to have robust methods to synthesize films with
well controlled characteristics.

Flame aerosol reactors (FLAR), which have been an indus-
trially successful route to synthesize nanomaterials, provide a
single step process for deposition of nanostructured films.1

Madler et al.3 have used FLAR systems for depositing highly
porous films relying on thermophoretic deposition. Palgrave
and Parkin17 have described systems using nanoparticle
precursors for the synthesis of nanocomposite thin films.
Detailed deposition models have also been developed to pre-
dict both the film morphology and other characteristics.18–20

Some studies have demonstrated control over film characteris-
tics through the application of external forces such as electri-
cal fields.21 However, due to the complex interactions of dif-
ferent process parameters such as precursor concentration,
time–temperature history in the flame, deposition rate, time–
temperature history on the substrate and many others, there
are few studies that relate process conditions to resultant film
parameters obtained from single-step FLARs. Specifically,
conditions that result in characteristics that are important to
photocatalytic applications, such as hydrogen production have
not been studied in detail. A more systematic demonstration
is essential if practical applications are to be realized.

In this study, a FLAR to deposit nanostructured films of ti-
tanium dioxide with controlled morphology and thickness is
described. An understanding of the various process parame-
ters, such as precursor feed rate and deposition time, that
affect film growth is established. The crystal phase and grain

size of the film are established as a function of the process
parameters. The resultant photocurrents generated in the films
upon exposure to UV irradiation, which is a measure of pho-
toelectric film properties that are important to photocatalytic
hydrogen production efficiency, is determined and related to
film characteristics.

Experimental Methods

System

The experimental unit consisted of a precursor feed sys-
tem, a FLAR, and a temperature controlled deposition sub-
strate (Figure 1). The precursor feed system consisted of a
bubbler containing titanium isopropoxide (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 308C. To prevent condensation of the
TTIP, the lines leading up to the flame reactor were heated
to ;508C. The TTIP feed rate was calculated based on the
saturation pressure and assumed proportional to the argon
flow rate through the bubbler.22 An additional argon line was
added so that 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–ox-
ygen burner made of a 3/8 ‘‘O.D. stainless steel tube with
three 1/8’’ cylinders packed into the middle to achieve an opti-
mal outlet velocity (450 cm/s) through a 0.16 cm2 area, which
prevented flame blow off and extinction. The methane flow
rate was fixed at 0.5 lpm (liters per minute at STP) and the ox-
ygen flow rate was fixed at 1.5 lpm, above the stochiometric
value of 1.0 lpm for complete combustion. The additional ox-
ygen was provided to ensure complete oxidation of TTIP to
produce stoichiometric TiO2. All gas flow rates were con-
trolled by digital mass flow controllers (MKS Instruments,
Wilmington, MA), and the four gas streams were combined
and sent through the burner to the flame region (Figure 1).

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 average flame
temperature was 2200 6 100 K. A temperature controlled
substrate was used wherein the titanium dioxide particles
formed in the flame were deposited. The substrate used was
a square piece of optically polished silicon, 1.5 cm on a side.
The silicon substrate was attached to a water-cooled substrate
holder to control the temperature of the substrate and the re-
sultant crystal phase of the film (anatase versus rutile). Inti-
mate thermal contact was established between the substrate
and heat sink by applying a small amount of silver thermal
paste (Arctic Silver, Visalia, CA).

The substrate temperature was controlled by tailoring the
thermal resistance of the interface between the substrate and
heat sink. If the silicon substrate was pasted directly to the
heat sink, the temperature was ;700 K, as measured by a
small-bead type K thermocouple cemented to the substrate
surface. The thermal resistance of the substrate to heat-sink
interface was increased by inserting an intermediate piece of
high-temperature glass (Ace-Glass, Vineland, NJ). Under
these conditions, the resulting temperature of the substrate
was 910 K. An even higher temperature was achieved by
inserting a second piece of glass, which increased the sub-
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strate temperature to ;1080 K. However, unless otherwise
stated, only one intermediate piece of glass was used and
particles were deposited at a substrate temperature of 910 K.
The substrate temperature is important to control, because it
alters the morphology of the particle-deposit by altering the
sintering rates as discussed in detail in the Results section.

Characterization

Particles in the aerosol phase in the flame region (in the
absence of the deposition substrate) were characterized by
transmission electron microscopy (TEM) and online scanning
mobility particle spectrometry (SMPS) measurements. The
particle size distribution was obtained from TEM (JEOL
1200 120 kV) and SMPS (Platform 3080, Nano-DMA 3085,
TSI, Shoreview, MN) measurements. It should be noted that
the TEM and SMPS measured two different particle size dis-
tributions. From TEM images, the primary particle size dis-
tribution was obtained, which is the important quantity for
dynamic processes such as sintering. The SMPS measured
the mobility equivalent aerosol size distribution. The mean
size measured by the SMPS could be larger than the primary
particle size, especially if agglomeration is prevalent in the
system.23,24

After deposition, the TiO2 films where characterized by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD). The as-produced films were viewed in an SEM
(Hitachi model S-4500 field emission electron microscope
operating at 15 kV) to determine the film thickness and mor-

phology. For thickness measurements the silicon substrates
were cleaved down the middle of the film and attached verti-
cally 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 phase and grain
size of the films were determined using a Rigaku DMax X-
ray diffractometer.

Finally, the photoelectric properties of the films were char-
acterized by photocurrent measurements. The films were de-
posited onto electrically insulating high-temperature glass
substrates (Borosilicate, ACE Glass, Vineland, NJ) at a
slightly elevated temperature of 1000 K. Under UV irradia-
tion from a 100 W, 360 nm lamp (Blak–Ray, Model B-
100A), the photocurrent was measured by applying a voltage
of 22 V to two silver electrodes (SPI supplies, West Chester,
PA) that were painted 1 cm apart on the film surface. The
current between the electrodes was measured using a picoam-
meter (Keithly Instruments, Cleveland, OH).

Test plan

Two independent process parameters that affect film char-
acteristics are the TTIP feed rate and deposition time. These
parameters were independently varied to determine the
effects on the aerosol phase particle size distributions, film
grain size, growth rate, film thickness, crystalline phase, and
photocurrent. A summary of the experimental parameters and
results is presented in Table 1.

Results and Discussion

The gas phase precursor was rapidly oxidized in the high
temperature environment to form nanoparticles. These nano-
particles were then directed by thermophoretic forces from
the hot gas to the water-cooled substrate and deposited to
form a film. There are two important process steps that influ-
ence the final film characteristics. The first is formation of
TiO2 particles by oxidation of the TTIP in the high tempera-
ture flame environment. The second is restructuring of the
particles once they have been deposited onto the substrate
via thermophoresis. The influence of these two steps on the
final film characteristics is presented in the following sec-
tions.

Aerosol phase dynamics

The timescales for different process occurring in the aero-
sol phase, such as chemical reaction of the precursor and aer-
osol dynamics, can affect the final film morphology as illus-
trated in Figure 2. If the characteristic time for the reaction
of the TTIP precursor (srxn) is larger than the residence time,
a chemical vapor deposition (CVD) process would be
expected.25 This would result in TTIP molecules being trans-
ported to the substrate and react therein to form the titanium
dioxide film. Alternatively, if the characteristic reaction time
is less then the residence time, the precursor will react to
form particles. Other important time scales in the aerosol
phase are the particle–particle characteristic collision time6

(scoll) and the particle sintering time26 (ssin). Depending on
different combinations as illustrated in Figure 2, the deposi-
tion process would either be individual particle deposition
(IPD) or agglomerated particle deposition (APD).

Figure 1. Experimental setup for deposition of nano-
structured TiO2 films.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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To determine which deposition process was dominant, the
various aerosol phase characteristic times were estimated
(Table 2). The residence time in the flame was estimated by
assuming that the flame cross-section was equal to the burner
outlet area (no jet expansion or ambient fluid entrainment),
gases immediately reached the flame temperature and the
path-length was equal to the burner-substrate distance of
2 cm. Using these assumptions, a residence time (sres) 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, meaning the TTIP rapidly
reacts to form TiO2 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 (;1015 cm23) was ;0.1 ms, while the sintering time for
the 5 nm particles was 7.4 3 1025 ms, implying that par-
ticles are present as individual spheroids in the flame. Under
the flame conditions used in this study, IPD was the domi-
nant process for deposition. Later, the dynamics in the parti-
cle-deposit that result in specific morphologies of the film
and the relationship of those morphologies to photocurrent
generation will be illustrated.

The effect of TTIP feed rate on the particle size distribu-
tion is illustrated in Figure 3. The aerosol size distribution
was measured online with the SMPS. The primary particle
size distribution was measured from TEM images by meas-
uring 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 TTIP feed rate of 0.069 mmol/h
(Test 2) to 8.0 nm at a TTIP feed rate of 0.55 mmol/h (Test
5), 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 diam-
eter 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 measurements clearly
illustrated the trend of increasing particle size with increasing
TTIP feed rate.

Table 1. Summary of Experimental Parameters and Results

Experimental
Conditions Aerosol phase Measurements Film Measurements

Exp.
Deposition
Time (s)

TTIP Feed
Rate

(mmol/h)

Fig. 2: Average
Dp from

TEM (nm)

Fig. 2: Average
Dp from

SMPS (nm)

Fig. 4: Film
Thickness from

SEM (nm)

Fig. 4:
Crystalline

Phase from XRD

Fig. 3: Grain
Size From
XRD (nm)

Fig. 4: Average
Growth

Rate (nm/s)

Fig. 6:
Photo-

Current (nA)

1 90 0.27 – 10.8 180 – – 2.00 –
2 180 0.069 4.5 4.3 79 Anatase 47.3 0.44 46.86
3 180 0.14 – 7.2 213 Anatase 49.1 1.18 22.10
4 180 0.27 – 10.8 322 Anatase 40.7 1.79 0.64
5 180 0.55 8.0 13.1 2010 Anatase 9.0 11.17 2.53
6 360 0.069 4.5 4.3 233 – – 0.65 –
7 360 0.27 – 10.8 730 – – 2.03 –
8 60 0.14 – 7.2 42 Anatase – 0.70 –
9 90 0.14 – – 64 Anatase – – 2.6

10 120 0.14 – 7.2 86 Anatase – 0.72 –
11 240 0.14 – 7.2 204 Anatase – 0.85 –
12 360 0.14 – – 311 Anatase – – 1200
13 480 0.14 – 7.2 417 Anatase – 0.87 –
14 760 0.14 – – 692 Anatase – – 15,000
15 960 0.14 – 7.2 889 Anatase – 0.93 –

Constants: methane flow rate 5 0.5 lpm; oxygen flow 5 1.5 lpm; total argon flow 5 2.0 lpm; deposition height 5 2 cm above burner; TTIP bubbler temp 5
308C.The column ‘‘Photocurrent’’ corresponds to current measured at 22 V applied voltage.

Figure 2. Characteristic time conditions for different film
deposition processes: CVD, IPD, and APD.
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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 TiO2

molecules from TTIP was fast (srxn 5 0.12 ms, Table 2).
Once formed, the TiO2 molecules collided to form particles,
which subsequently grew through a coagulational growth
process.27 The sintering time (ssin5 7.4 3 1025 ms, Table 2)
was much smaller than the collision time (scoll ; 0.1 ms,
Table 2) under these conditions, ensuring that near spherical

particles resulted from the aerosol phase particle growth pro-
cess. For a constant residence time, the final size of the coag-
ulational growth process scaled with the initial concentration
of TiO2 molecules, or TTIP feed rate. Through the TTIP
feed rate, the size of particles as they arrived at the substrate
was tuned to control the restructuring dynamics on the sub-
strate, which is discussed in the following section.

Dynamics after particle deposition onto the substrate

Through its influence on the particle arrival size, which
changed the film restructuring dynamics, the TTIP feed rate
affected the final film grain size and morphology. The influ-
ence of particle arrival size on the film restructuring dynam-
ics can be explained by particle sintering on the substrate.
Sintering results in two small particles combining to form a
larger structure with a volume equal to the sum of the two
initial volumes. At constant temperature, the characteristic
time for two TiO2 particles of the same initial size to com-
pletely sinter is proportional to particle diameter to the fourth
power.26,28 From Figure 3, the arrival size of particles at the
substrate was ;4.5 and 8.0 nm for TTIP feed rates of 0.069

Table 2. Summary of Estimated Characteristic Times
Encountered in the Aerosol Phase

Characteristic Time Symbol Value (ms) Reference

Residence time in flame sres 0.59 This work
Thermal decomposition

reaction of TTIP to
form TiO2 srxn 0.12 Wu and Biswas6

5 nm Particle–particle
collisions scol ;0.1 Wu and Biswas6

5 nm Particle sintering
at 2200 K ssin 7.4 3 1025 Kobata et al.26

Figure 3. Size measurements of particles in the aerosol phase for two TTIP feed rates.

(a) For TTIP 5 0.069 mmol/h: (a1) TEM image of particles; (a2) particle size distribution from TEM images; and (a3) aerosol size distri-
bution measured from the SMPS. (b) For TTIP 5 0.55 mmol/h: (b1) TEM image of particles; (b2) particle size distribution from TEM
images; and (b3) aerosol size distribution measured from the SMPS.
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mmol/h (Test 2) and 0.55 mmol/h (Test 5), 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 morphology can be seen in
Figure 4.

For small particle arrival size, or fast sintering dynamics, a
columnar structure was observed. The sintered columnar
morphology was characterized by continuous vertical col-
umns, 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 aero-
sol phase, sintered, they combined to form larger structures
that had longer range crystalline order, hence the 47 nm
grain size observed in the XRD (Test 2).

Alternatively, for large particle arrival size, or slow sinter-
ing dynamics, a granular particulate morphology was
observed. The particulate morphology was characterized by
fractal structures, observed in the SEM and a small average
grain size. Because of 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 orig-
inal particle before it deposited. This can be seen by compar-
ing the average grain size of the unsintered film deposited at
0.55 mmol/h TTIP feed rate (Figure 5) to the aerosol phase
particle size from TEM at the same conditions (Figure 3).
Because of the 2200 K flame temperature, the particles in
the aerosol phase were expected to be nearly single crystal.
From the TEM measurements, the large particles were
;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 experience significant sinter-
ing once deposited onto the substrate.

The temperature of the substrate (film) also affects the sin-
tering rate.26,28 Temperature could also be used as a process
parameter to control the morphology of the film. This was
verified qualitatively by changing the substrate to heat sink
thermal resistance, to alter the substrate temperature. At low
temperatures, 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 (Figure 4a). However, if one
increases the temperature further, the films will anneal out
and the columnar structures are expected to collapse as pre-
dicted by the models developed by Kulkarni and Biswas.20

Furthermore, undesirable crystal phase transitions from ana-
tase to rutile will take place at elevated temperatures, which

Figure 4. Film morphology for two TTIP feed rate for
films deposited for a fixed time of 180 s.

(a) High magnification side view SEM image for TTIP 5
0.14 mmol/h. (b) For TTIP 5 0.55 mmol/h, (b1) low and
(b2) high magnification side view SEM images. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5. Average grain size measured from XRD peak
broadening as a function of TTIP feed rate,
for a fixed deposition time of 180 s.

The points labeled as 4a and 4b correspond to the same
films as the SEM images in Figure 4.
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precludes increasing the substrate temperature substantially
beyond 6008C.

The film thickness can be controlled by both the deposition
time and TTIP feed rate. Films were deposited for different
times and imaged by SEM to measure thickness. In Figure 6,
selected side view SEM images are shown that illustrate the
evolution of film thickness for several deposition times. For
the times tested, the film thickness increased roughly linearly
with deposition time (Figure 7). In addition, the growth rate
increased with TTIP feed rate, which was reasonable consid-
ering the increased mass flux to the substrate.

Photocurrent measurements

With precise control over both the film morphology and
thickness, photocurrent measurements were performed to
understand the relationship between film characteristics and
photoactivity. A simple electrical circuit was created by con-
necting lead wires to the film and a DC power supply. A
voltage of 22 V was applied and the resulting current was
measured using a picoammeter. Photocurrent measurements
were taken for films deposited at several TTIP feed rates and
deposition times (Figure 8). The photocurrent was at the
noise level of the picoammeter when the UV lamp was
switched off.

Morphology had a significant 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 particulate like structure

with a small average grain size. The photocurrent 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 migration bar-
riers.16 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 higher electron
drift mobility in columnar films, compared with granular par-
ticulate films.29

The photocurrent was larger for the thicker films (longer
deposition times), while maintaining the well sintered, co-
lumnar morphology. As the thickness of the sintered colum-
nar film was increased, it intercepted more light, thus gener-
ating an increased number of free charge carriers. The
increased number of free charge carriers resulted in an
increase in the measured photocurrent. It should be noted
that there may be an upper limit on thickness beyond, which
the photocurrent could saturate due to no further increase in
light absorption (due to geometrical effects). These photocur-
rent measurements illustrate that the deposited films are pho-
toactive and there are clear trends in the photoactivity as a
function of controllable film characteristics.

Conclusions

A robust system consisting of a FLAR for the deposition
of TiO2 films has been developed. The ability to synthesize
films with well controlled morphology in a single-step pro-
cess was described. Two important process parameters that
influence the film morphology are TTIP feed rate and the
substrate temperature. These parameters influence the final
film morphology through their effect on particle sintering dy-
namics on the substrate. The range of particle arrival sizes
was varied from 4.5 to 8.0 nm. Smaller particle arrival sizes
ensure faster sintering after deposition resulting in the forma-
tion of well sintered, columnar morphology films. For larger

Figure 6. Selected side view SEM images of films
showing film thickness increasing with dep-
osition time for a fixed TTIP feed rate of 0.14
mmol/h: (a) 120 s, (b) 240 s and (c) 960 s.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 7. Film thickness plotted as a function of depo-
sition time for 3 different TTIP feed rates.

The points labeled as 6a, 6b, and 6c correspond to the SEM
images in Figure 6.

AIChE Journal July 2007 Vol. 53, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 1733



particle sizes, the sintering on the substrate is much slower,
leading to a granular morphology. Good control of the film
thickness was demonstrated, and the relationship to deposi-
tion time and precursor feed rate established.

The titanium dioxide films were demonstrated to be acti-
vated by light. The resultant photocurrents were measured
and the performance of the well sintered, columnar morphol-
ogy films was found to be superior to the granular films.
Similarly, thicker films in the range of 42–890 nm were dem-
onstrated to have higher photocurrents. These photocurrent
results are a measure of the photoelectric properties of the
films, which are likely critical to applications such as photo-
catalytic hydrogen production by watersplitting. Work is cur-
rently underway to apply these films to photocatalytic water-
splitting.

The FLAR could likely be scaled up and applied to the
deposition of many metal-oxide films for which suitable pre-
cursors are available. Fe2O3 films have been synthesized by
switching the precursor in the bubbler from TTIP to
Fe(CO)5, and is the subject of a future study.

This study provides insights into design parameters and
operating conditions necessary to obtain desired film mor-
phologies. For example, if well sintered columnar films are
desired, the particle arrival size and the substrate temperature
would have to be within a certain range. The particle arrival
size is controlled by the flame operating conditions and feed
rate of the precursor. The results indicate that beyond a cer-
tain feed rate, the resultant particle size would be large so
that well sintered columnar morphologies would not be
obtained.
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