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A novel premixed swirl flame in stagnation point geometry is used to synthesize

uniform, high-quality nanostructured TiO2 films at growth rates of 20–200 nm/s in

a single step. The roles of precursor concentration and substrate temperature in

controlling film morphology and characteristics are investigated. Increasing precursor

concentration, for a given substrate temperature, significantly increases the packing

density of the nanoporous film. The specific surface area of the film is mainly dependent

on substrate temperature, where two distinct regimes, i.e. in-flame-agglomeration at

low temperature and on-substrate-sintering at high temperature, specify film properties.

A simplified deposition model for the formation of the nanoporous film structure is

proposed, correlating penetration distance of thermophoretically-driven Brownian particles

into the film with the resultant morphology. The model predicts the packing density in

excellent agreement with experiments, thereby clarifying the complex roles of precursor

concentration and substrate temperature. Finally, increasing substrate temperature, at fixed

precursor concentration, changes the packing density little, but considerably decreases

specific surface area, as sintering becomes dominant among controlling mechanisms.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Nanostructured metal-oxide thin films, usually synthesized by the deposition of nanoparticles, are used in a wide range
of photovoltaic and photocatalytic applications, including selective catalytic reduction (SCR) of NOX (Zheng et al., 2005),
dye-sensitized solar cells (Regan & Grätzel, 1991; Benkstein et al., 2003), chemical gas sensors (Li & Kawi, 1997; Leite et al.,
2000), diesel soot traps (Seipenbusch & Friedlander, 2004), and pollutant purification for air and water (Takita et al., 1990;
Vorontsov et al., 1999). Different from films constructed with micro- or mini-particles, nanostructured films exhibit especially-
high specific surface area (SSA) as well as very-low packing density, usually below 10%, with the resultant morphology and
nanostructure governing their specific performance. For examples, gas sensors constructed by well-sintered ultrafine
nanoparticles exhibit higher sensitivity (Wang et al., 1995); dye-sensitized cells composed of properly-sintered primary
TiO2 nanoparticles possess higher SSA, absorbing more dye for better electron transport (Thimsen et al., 2008); and
pollution remediation devices made of high-SSA anatase TiO2 can achieve larger degradation/oxidation rates for volatile
ll rights reserved.
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organic compounds (Sirisuk et al., 1999). As such, the control of particle morphology of nanostructured films during the
synthesis process can play a crucial role in their practical applications.

Flame synthesis of nanostructured films has received much interest due to characteristically high growth rates,
uniformity, and polycrystralline deposition quality (Bertagnolli et al., 1998). Compared to wet chemistry routes (e.g., sol–gel),
flame synthesis has the advantage that it can produce nanostructured films in a single step, which innately incorporates all
the requisite basic mechanisms. In a single continuous operating process, precursors are converted to monomers by
oxidation, producing a supersaturated vapor that undergoes nucleation to form primary particles, which then grow via
surface growth and agglomeration to form aggregate nanoparticles, finally depositing and sintering on a substrate to
construct a porous film. These produced nanostructured films can be described by two key parameters, i.e. porosity and
SSA, which indicate their abilities for adsorption and diffusion of relevant species. Wang and co-workers (Tolmachoff et al.,
2009) used laminar divergence-stabilized stagnation flames to attain uniform TiO2 nanofilms with a porosity of 90%.
Mädler et al. (2006a) synthesized relatively-high-porosity (98%) Pt/SnO2 nanofilms using spray flames impinging on a
substrate. Thimsen and Biswas (2007) synthesized TiO2 nanofilms using premixed stagnation jet flames. They found two
distinct morphologies: a granular morphology with a larger number of grain boundaries and higher SSA, and a highly
crystalline columnar morphology with more complete sintering and lower SSA, by controlling the substrate temperature
and precursor concentration.

Recently, we have employed a novel, turbulent, premixed stagnation swirl flame (SSF) to synthesize ultrafine TiO2

nanoparticles (Li et al., 2010; Wang et al., 2011). Improved flame stabilization and increased lateral turbulent mixing from
the swirl make the SSF a promising system for consistent and homogeneous large-scale production. As reported, the SSF
can produce small non-agglomerated nanoparticles of narrow size distribution, along with uniform deposition coverage.
Furthermore, the precursor loading mass flux can be drastically increased while maintaining these characteristics (Wang
et al., 2011). As a result, the synthesis of nanostructured films with well-controlled morphologies is a logical extension.

Nevertheless, stagnation flame synthesis of films possesses two main aspects that require further investigation and
optimization. Although it is a convenient one-step method, the control of operational parameters (e.g., substrate temperature,
precursor concentration) to produce desired morphologies can be complex due to the coupled relationships between
formation, deposition, and sintering of nanoparticles during the process. For example, increasing precursor concentra-
tion may simultaneously affect the nucleation and coagulation of nanoparticles within the flame flow field and at the
deposition region. Increasing substrate temperature not only directly facilitates sintering of deposited particles, forming
larger ones, but also establishes smaller temperature gradients that reduce thermophoretic deposition of particles,
producing larger primary particles in the flow field. To better understand these interactions calls for more thorough
and systematic work on studying the effects of operating parameters on the as-synthesized film morphologies. Our
previous work on SSF synthesis of TiO2 nanoparticles (Wang et al., 2011) focused on their formation in the flame zone
(given their quenching at a cooled substrate); here we examine their successive deposition/sintering to form a film on a
heated substrate.

In thin film deposition, the contribution of inertial impact of nanoparticles can be neglected, given Stokes numbers that
are far below the critical value of 0.24. Without the influence of externally applied fields (Zhao et al., 2008), only
thermophoresis and Brownian diffusion remain to play crucial roles in the deposition of nanoparticles, among which
thermophoresis is particularly important when there is a cold surface that establishes a large temperature gradient within
the boundary layer (Mädler et al., 2006a). Since photovoltaic and photocatalytic abilities of nanofilms are strongly
dependent on film morphology and structure (Thimsen et al., 2008), theoretical work has been attempted to simulate and
analyze the deposition mechanisms of nanoparticles. Brownian dynamics have been employed, for example in conjunction
with Monte Carlo, to investigate deposition on a plane or fiber surface, which have indicated that tree-like fractal
structures with larger SSA will be constructed if the particle sizes are small and very ‘sticky’ (Meakin, 1984; Meakin et al.,
1986; Ramarao et al., 1994; Mädler et al., 2006b). From the simulations, the porosity and SSA of nanofilms have been found
to be sensitive to interparticle interactions (Kulkarni & Biswas, 2004) and to particle sintering on the substrate (Kulkarni &
Biswas, 2003), where the modeling parameters are still not very well known and more empirical data from systematic
experiments are needed.

Considering the above issues, the objective of this work is to understand the effects of process parameters on the
deposition/sintering of nanoparticles during one-step TiO2 film synthesis using our novel SSF reactor. Specifically, the
dependencies of packing density on precursor concentration and of SSA on substrate temperature are investigated.
A simplified model, based on the Brownian motion and thermophoresis of nanoparticles during deposition, is proposed
and compared to experimental results.

2. Experimental methods

2.1. Film synthesis setup

The schematic of the SSF burner setup for TiO2 nanostructured film synthesis is shown in Fig. 1. The system is
composed of three main parts, i.e. a delivery system for reactant gases and precursor, a downward stainless steel tube of
18 mm i.d with a vane swirler inside, and a temperature-controlled silicon substrate on which film deposition occurs. Mass
flow controllers meter the delivery of CH4, O2, and N2. Nitrogen also serves as the carrier gas for the liquid precursor
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Fig. 1. Schematic of the SSF burner setup for nanostructured film synthesis.
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(titanium tetraisopropoxide, TTIP, Aldrich, 97%), which is heated to 8072 1C by an electrical mantle to achieve a high
vapor pressure. The precursor concentration is calculated based on the assumption that the loading rate is proportional to
the carrier nitrogen flow rate. Downstream lines are heated to 130 1C to avoid precursor condensation prior to delivery to
the burner. The vane swirler, which is 14 mm long with eight 451 blades, is situated inside the burner tube at a position of
73 mm above the burner exit. It introduces swirling flow to the main gas stream, greatly stabilizing the flame impinging on
the substrate. The outer diameter of the vanes is 18 mm, while that of the central bypass channel is 8.0 mm. This design of
the vane swirler with an open center-channel allows a portion of reactants to remain un-swirled, which inhibits vortex
breakdown and promotes flow divergence—the key aerodynamic feature for the low-swirl flame stabilization method
(Cheng et al., 2009). The swirl number can be altered by adjusting the rates of center bypass flow and, in this work, is fixed
at 0.248, meeting the low-swirl limit value of 0.6. A characteristic SSF image is also shown in Fig. 1.

The silicon substrate on which the TiO2 nanofilms are synthesized is placed on a temperature-controlling device, which
consists of an aluminum sheet (embedded with a K-type thermocouple), quartz glass blocks, and a heat sink with cooling
water. The substrate temperature can be precisely set by adjusting the thickness of the quartz glass blocks which serve as
thermal resistance, as well as the flow rate of cooling water. The substrate temperatures examined in this work range from
100 1C to 550 1C, with a controlling accuracy of 710 1C.
2.2. Film characterization

The morpology and thickness of nanostructured TiO2 films are observed using a Hitachi S-5500 field emission scanning
electron miscroscope (FESEM) operating at 5 kV. The films along with the substrate are cleaved prior to observation,
ensuring that the cross sections inside the films can be visualized. A JEOL 2010 transmission electron microscope (TEM)
operating at 200 kV images nanoparticle elements composing the films. The packing density of the film is calculated using

e¼
mf

rAf hf
ð1Þ

where r is the density of TiO2, (taken as 3840 kg/m3); mf is the weight of the film (measured by a microbalance, CAHN C-35,
with an accuracy of 1 mg); Af is the area of the film; and hf is the thickness of the film (determined by SEM imaging). SSA
is measured by gas physisorption and chemisorption analyzer (Micromeritics ASAP 2010), where 20 mg samples are used
typically for measurements.
2.3. Experimental procedure

This work focuses on examining the effects of precursor concentration and substrate temperature on TiO2 nanofilm
characteristics. Table 1 presents the experimental cases. For all runs, the flow rates of CH4, O2, and total N2 are 2.25, 6.60,
and 24.9 L/min, respectively, corresponding to a fixed flame equivalence ratio of 0.682. All experiments are conducted at
atmosphere pressure. The N2 carrier-gas flow rate can be adjusted to vary precursor loading, but the total N2 flow rate
delivered to the burner is held constant (by adjusting the inert balance). 1 L/min of carrier gas is measured to deliver
0.0249 g/min of TTIP. Accordingly the precursor concentrations in this work range from 29.1 to 291.0 ppm.



Table 1
Experimental conditions for TiO2 film synthesis.a

Case number Precursor
concentration (ppm)

Substrate
temperature (K)

Synthesis time (s) Film characterization

1 29.1 763 1200 SEM & packing density

2 58.2 763 600 SEM & packing density

3 116.4 763 300 SEM & packing density

4 174.6 763 200 SEM & packing density

5 232.8 763 150 SEM & packing density

6 291.0 763 120 SEM & packing density

7 58.2 763 3600 SSA

8 116.4 763 1800 SSA

9 174.6 763 1200 SSA

10 232.8 763 900 SSA

11 291.0 763 720 SSA

12 29.1 383 1200 TEM

13 116.4 383 300 TEM

14 232.8 383 150 TEM

15 116.4 473 300 SEM & packing density

16 116.4 633 300 SEM & packing density

17 116.4 686 300 SEM & packing density

18 116.4 383 1800 SSA

19 116.4 423 1800 SSA

20 116.4 584 1800 SSA

21 116.4 681 1800 SSA

a CH4, O2, and total N2 flow rates are 2.25, 6.60, and 24.9 L/min, respectively.
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The substrate temperatures studied range from 383 K to 763 K. For all experiments, the synthesis duration is inversely
proportional to the precursor concentration, in order to maintain the same total amount of precursor added to the flame
(since longer synthesis durations for lower precursor concentrations are needed to meet a minimum weight requirement
for SSA measurements). Finally, an additional case with very low substrate temperature (383 K) is conducted for TEM
observation of less-sintered nanoparticles.

3. Results and discussion

3.1. Effect of gas-phase precursor concentration

Fig. 2 shows SEM images of the side view of nanostructured TiO2 films synthesized by the one-step SSF. Again, the total
precursor amount added for each case is the same, and the substrate temperature is fixed at 763 K. As can be seen, film
morphology is dependent on precursor concentration. For low precursor concentration, i.e. 29.1 ppm (Fig. 2(a)), the film is
characterized by separated dendrites that are unevenly distributed. As the precursor concentration increases to 116.4 ppm
(Fig. 2(b)), the film becomes more uniform and evinces a tree-like fractal structure, with film thickness �30 mm. This
structure is quite similar to the simulated structures of Meakin (1998), as well as the experimental structures of Biswas
and co-workers (Thimsen & Biswas, 2007; Thimsen et al., 2008). These types of structures have been attributed to the
‘‘adhesive’’ or ‘‘sticky’’ nature of nanoparticles, arising from either van der Waals interactions or strong ionic bonds
between the surface atoms of contacting particles (Yan et al., 2010; Wang et al., 2011). For ultrafine particles at nanoscale,
particle inertia is usually very small, and particle motion is strongly affected by surface interaction forces. For example, on
a 763 K substrate, upon particle collision, rapid reduction of surface energy creates a strong attraction between incident
and deposited particles that can form small particle agglomerates, preventing further penetration of incoming particles
(Mädler et al., 2006b). Moreover, the Brownian velocity is usually much larger than the deposition velocity for the
nanoparticles, increasing the collision probability before a particle can penetrate deeper. Thus, ultra-low packing and tree-
like film structures are formed, as shown in Fig. 2(b). With further increase of the precursor concentration to 232.8 ppm,
the film exhibits tree-like structures and appears to be more dense and uniform. The distances between individual
branches are shorter, indicating higher packing density. Finally, for a precursor concentration of 291.0 ppm, the film
becomes so densely packed that the branching tree-like structures disappear. Similarly, Tolmachoff et al. (2009) obtained
dense-packed structures without discernible tree-like morphology for a high precursor concentration of 1070 ppm, using
stagnation flat-flame synthesis.

The TiO2 nanofilms shown in Fig. 2 are quantified in terms of packing density using Eq. (1). Fig. 3 presents the film
packing density as a function of precursor concentration, where the error bars indicate the standard error of repeated
measurements. The substrate temperature is 763 K. Within the ranges of experimental conditions examined in this work,
the packing densities of deposited films are ultralow. For example, for a precursor concentration of 58.2 ppm, the packing
density is as low as 1.41%. The packing density increases monotonically with precursor concentration, reaching 2.76% at
291.0 ppm. The data are in good agreement with the theoretical values of 3.1% reported by Kulkarni and Biswas (2004)



Fig. 2. SEM images of the side view of nanostructured TiO2 films for various precursor concentrations (with total amount of precursor added kept the same)

at a substrate temperature of 763 K: (a) 29.1 ppm, (b) 116.6 ppm, (c) 232.8 ppm, and (d) 291.0 ppm.

Fig. 3. Packing density of TiO2 films synthesized for different precursor concentrations. The error bars are the standard errors of measured packing

densities.
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using Brownian dynamics simulation, and of 2.5–10% reported by Mädler et al. (2006b) using a particle transport model
based on the Langevin equation. This ultralow value of packing density implies that the deposition of nanoparticles on the
substrate is dominated by particle diffusion rather than particle inertia, as characterized by very small Peclet numbers.

The effect of precursor concentration can be quite complex because its variation can readily change the size,
agglomeration, and concentration of particles to be deposited. To better clarify its role, we investigate three cases, with
precursor concentrations of 29.1, 116.4, and 232.8 ppm, corresponding to the cases of Fig. 2, but with a low substrate
temperature of 383 K, to eschew sintering at the substrate. Recently, using molecular dynamics (MD) simulation, we
showed that two particles neck, but cannot completely sinter into one larger particle at such relatively low temperatures
(Wang et al., 2011). Indeed, from TEM imaging of the TiO2 particles collected from the substrate for different precursor
concentrations, Fig. 4 shows the lack of particle sintering upon deposition; moreover, agglomeration between the nanoparticles
is quite weak, producing only soft particle agglomerates and no hard aggregates. As confirmed in our previous work (Wang
et al., 2011), particles sampled from the gas-phase flow field just above the substrate exist mainly as individual particles and
not agglomerates, which are actually similar in size with the primary particles among agglomerates collected from the
substrate under low temperature. Fig. 4(d) shows the relationship between particle size and precursor concentration. The filled



Fig. 4. Effect of precursor concentration on primary particles of TiO2 films with a low substrate temperature of 383 K, avoiding the post-deposition

sintering. (a), (b), and (c) TEM images at 29.1 ppm, 116.4 ppm, and 232.8 ppm, respectively; (d) variation of the diameter of primary particles (with the

filled circles representing the measurements from TEM images and the curved line representing the prediction based on the assumption that synthesized

particle concentrations remain constant independent of precursor concentration).
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circles are the experimental data, where each datum represents the average diameter of more than 30 identifiable primary
particles of 4–5 different aggregates from TEM images. The size of the primary particles increases with the precursor
concentration, a trend consistent with that also found by others using conventional flame synthesis (Xing et al., 1996; Pratsinis,
1998). We then develop a simplified analysis to clarify the role of precursor concentration on particle size. From the precursor
concentration (116.4 ppm) and the related particle diameter (10.3 nm) at Point B in Fig. 4(d), we calculate the concentration of
synthesized particles in the gas-phase to be �1.91�1016 m�3, just prior to deposition. Next, we assume that this particle
concentration is the same for different cases, despite differing amounts of precursor loading. The curved line in Fig. 4(d)
represents the predicted diameters of primary particles for precursor concentrations from 25 ppm to 300 ppm, using this
assumption of same particle concentration for different cases. Interestingly, the predicted values coincide with the measured
diameters, with errors of only 4.4% at 29.1 ppm (Point A) and 1.1% at 232.8 ppm (Point C). Thus it seems that increasing
precursor concentration results in increasing particle size, with particle concentration remaining the same. This result implies
that increased particle nucleation due to increased precursor loading is offset by particle coalescence, where the characteristic
time for particle sintering is much shorter than that for particle collision, leading to instantaneous coalescence. Therefore,
increasing packing density of the TiO2 films with increasing precursor concentration can be attributed to larger primary
particles before deposition. A detailed analysis will be given later.

Upon deposition of synthesized particles, the sintering process inside the films may reconstruct the morphology of
primary particles, which can be inferred from the SSA of the TiO2 films, as shown in Fig. 5. When the substrate temperature
is low (i.e. 383 K), SSA dramatically decreases from 313.1 m2/g to 188.3 m2/g, as precursor concentration increases from
29.1 ppm to 116.4 ppm (for the same total amount of precursor added). On-substrate sintering is quite weak due to low
local temperature, with particles ‘‘frozen’’ upon deposition. The SSA of produced films is mainly dependent on the in-flame
collision-sintering process prior to deposition, which we term as the ‘in-flame-agglomeration controlled’ regime, shown
as circles in Fig. 5. In contrast, when the substrate temperature is high (i.e. 763 K), SSA dependence on precursor
concentration is much weaker, with SSA varying in a narrow range from 91.4 m2/g to 129.7 m2/g. With a slight increase in
SSA as precursor concentration increases from 58.2 to 116.4 ppm, SSA exhibits a general trend of slow decrease as
precursor concentration increases from 116.4 ppm to 291.0 ppm. The relatively low SSA of 107.7 m2/g at the low precursor
concentration of 58.2 ppm may be attributed to the effects of long synthesis duration (i.e. 3600 s) in keeping the total
amount of precursor addition the same for all cases, resulting in significant sintering of the upper layers of the films, where
the local temperatures are higher than at the substrate due to the high thermal resistance of the TiO2 films. Subplots (A)
and (B) of Fig. 5 display TEM images of TiO2 films for precursor concentrations of 116.4 ppm and 291.0 ppm, respectively,
with the substrate at 763 K. The size of primary particles in subplot B (291.0 ppm) is only slightly larger than that in
subplot A (116.4 ppm), although precursor concentration is about 2.5 times larger. Compared to the TEM images in Fig. 4 at
low substrate temperature (383 K), on-substrate sintering of primary particles after deposition greatly reconstructs the



Fig. 5. Specific surface area (SSA) of TiO2 nanofilms for different precursor concentrations. Open circles represent the data for a substrate temperature of

383 K, while the filled squares correspond to a substrate temperature of 763 K. The TEM images on the right-hand side show the morphologies of the

nanofilms at (A) 116.4 ppm and (B) 291.0 ppm, for a substrate temperature of 763 K.
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TiO2 film morphology. At a low precursor concentration, just deposited particles are relatively small, as shown in Fig. 4, but
rapidly enlarge via sintering due to the high substrate temperature. At high precursor concentration, the sintering rate of
deposited particles decreases because the sintering process is size-dependent. For solid-state diffusion in the TiO2 films,
the characteristic time for sintering of two identical particles can be described as (Friedlander & Wu, 1994),

tf ¼
3kT

64pv0Dsv ð2Þ

where tf is the characteristic time of sintering, v the volume of the sintering particles, v0 the volume of the diffusing
vacancy, D the solid-state diffusion coefficient, and s the surface tension. As can be seen, the characteristic time of
sintering is proportional to the third power of particle diameter, resulting in markedly reduced sintering rate for larger
particles. Therefore, the degree of on-substrate reconstruction of TiO2 film structure is less for the cases with higher
precursor concentrations. Even for cases of low precursor concentration, at the final stage, sintering gradually becomes
slower with increasing sizes of particles that have been already sintered. Thus, for a given substrate temperature, the
sintering-drive increase of particle sizes is not infinite, but has an upper limit. Consequently, after long sintering duration
on the substrate, the final sizes of primary particles in the TiO2 films are almost the same for all cases notwithstanding
different precursor concentrations, and SSA is found to be in the narrow range of 91.4–129.7 m2/g. We term this regime as
‘on-substrate-sintering controlled,’ which is represented by filled squares in Fig. 5. It should be noted that with further
increase of precursor concentration, particle size prior to deposition may be too large to sinter on the substrate. For these
cases, particles (due to their size) will experience little sintering after deposition despite a high substrate temperature, and
the SSA dependence will revert back to the ‘in-flame-agglomeration controlled’ regime that often occurs for low substrate-
temperature cases. Generally, the criterion to distinguish these two regimes is based on the ratio of length scales between
the sizes of particles upon deposition and the upper sizes of primary particles driven by temperature-limited sintering on
the substrate.
3.2. Simplified deposition model for particle packing

Based on the above experimental results, a simplified model is developed to describe the deposition process of TiO2

nanoparticles during film synthesis, which is greatly different from that for micro-size particles. Strong nanoscale surface
forces and small particle inertia make the nanoparticles ‘stick’ together with relatively small sliding, rolling, or separating
effects after first contact. As a result, once an incident particle contacts a deposited one, its penetration into the film stops.
In our model, we assume that the deposition process is mainly controlled by two kinds of particle motion: (i) Brownian
motion induced by the impact of gas molecules, and (ii) directional thermophoresis toward the substrate due to the local
temperature gradient. Since, in this work, average Brownian velocity (�2–10 m/s) is about one order of magnitude larger
than average thermophoretic velocity (�0.2 m/s) for the particles, the hypothesis is that particles will maintain their
‘‘perpendicular’’ penetration into the film until Brownian motion causes their collision with previously deposited particles
(and thus capture) within the film structure. By determining the mean penetration time, the corresponding penetration
distance can be calculated. It is reasonable to assume that higher packing density of the films results when the particles
penetrate deeper.

The average Brownian velocity is calculated by applying the principle of equipartition of energy to the translational
energy of the particles (Einstein, 1905)

1

2
mpu2

B ¼
3

2
kT ð3Þ
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where mp is the mass of particles; and uB is the average Brownian velocity. It is quite difficult to determine the possibility
of capture for particles undergoing Brownian motion inside the complex tree-like fractal structure of nanofilms shown in
Fig. 2. Considering that the fractal structures of the films for different precursor concentrations are quite similar, the size of
the primary particles can represent the size of the branches to some extent. For simplification, we postulate that the
incident particles travel through a space that is uniformly filled with primary particles of a constant size. Although this
simplification may reduce the mean free time of the depositing particle, the final prediction of packing density should not
be significantly affected. Since the Peclet number does not vary much in the experiments (10�3–10�4, within an order,
near the diffusion limited regime), the cluster structures are similar for different cases (i.e. the fractal dimension does not
change much). Therefore, the simplification reduces the mean free time in a nearly constant ratio for different precursor
concentrations. The concentration of the primary particles in the film structure can be obtained from the packing density
of the film, by keeping the same volume loading,

cf ¼
ef
d3

pf

ð4Þ

where cf is the concentration of primary particles; dpf is the diameter of primary particles calculated from SSA; and e is the
average packing density of the film. We define f as a correction factor representing the ratio of the packing density at the
top layer of the film to that of the whole bulk film. Since the top layer of the film is a transition zone with packing density
varying from the bulk film value to zero, f ranges from 1 to 0 and is set as 0.5 in this work. The film packing density e in
Eq. (4) is obtained iteratively, together with Eqs. (5)–(9).

The total travel distance of a depositing nanoparticle inside porous film structures before its final capture can be
predicted from basic collision theory in the free molecule regime (Vincenti & Kruger, 1965, Friedlaner, 2000). In a highly
porous structure, the product of particle travel distance and the effective cross-sectional area of collision is just the average
volume occupied by a particle, which is expressed as

lp ¼
1=cf

Se
ð5Þ

where lp is the total travel distance of a depositing (incident) nanoparticle in the film; cf is the concentration of primary
particles in the space; and Se is the effective cross section area for collision, which can be expressed as,

Se ¼ b
p
4
ðdpiþdpf Þ

2
ð6Þ

where dpi is the diameter of incident particles ready for deposition; dpf is the diameter of primary particles inside the film;
and b is the enhancement factor for collision rate due to van der Waals force. The attraction induced by van der Waals
force enhances the collision rate, which is significant in the free molecule regime. Also, the trajectories of particles can be
‘‘bent’’ due to van der Waals force as if the capture radius were larger. Here, the classical derivation by Marlow (1980a,
1980b) is applied to estimate the enhancement factor. The mean penetrating time of nanoparticles tp, i.e., the residence
time of particles traveling through the film before capture, can be expressed by dividing the total travel distance by the
Brownian velocity

tp ¼
lp
vB

ð7Þ

The thermophoretic velocity of nanoparticles is calculated as (Friedlander et al., 1988)

vth ¼�0:55
Zgas

rgas

r lnT: ð8Þ

The temperature gradient is considered to be uniform in the stationary layer, in which particle transport by
thermophoresis and Brownian diffusion is dominant compared with axial convection (Mädler et al., 2006a), above the
substrate. The temperature difference across the stationary layer is estimated by the temperature measured in the flame
and that at the aluminum sheet, together with thermal resistance calculation comprising the aluminum sheet, silicon
substrate, thermal paste, and nanofilm. The thickness of the stationary layer is estimated to be 100 mm (Mädler et al.,
2006a). In the free molecular regime, thermophoretic velocity is independent of particle size (Friedlander et al., 1988;
Guha, 2008), resulting in similar penetration distance for particles of different sizes. The penetration distance lpene into the
film can be expressed as

lpene ¼ tpvth: ð9Þ

To predict the packing density, a quantitative relationship between the penetration distance and the packing density
needs to be established. For simplicity, we assume the packing density to scale with the penetration distance. The
precursor concentration of 232.8 ppm is chosen as a reference point to determine the coefficient of proportionality
between the packing density and the penetration distance. Since the packing density of the film is dependent on the
relative values of penetration distance rather than the absolute values, a characteristic film temperature is sufficient to
correlate the parameters. Iterating Eqs. (4)–(9) together with the above coefficient of proportionality, the packing density
of the film can be determined. Fig. 6 shows the comparison of packing densities between the experiments and the model



Fig. 6. Comparison of packing density between experiments and model predictions for different precursor concentrations.

Fig. 7. Effect of substrate temperature on film morphologies and measured packing densities of nanostructured TiO2 films: (a) 473 K, (b) 663 K, (c) 763 K

and (d) packing density.
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predictions. Beside the reference case at 232.8 ppm, the predicted packing densities at 116.4, 174.6, and 291.0 ppm
compare very well with the experimental data, with differences much smaller than experimental errors. The relationship
between packing density and precursor concentration can be explained as follows. As precursor concentration increases,
larger primary particles form in the flow field to be deposited. The smaller Brownian velocity of a larger particle results in a
longer residence time within (or penetrating time into) the film structure before collision (and capture). Since the
thermophoretic velocity (assumed here to be the velocity of particle penetration into the film) is independent of particle
size in the free molecule regime, the result is a longer penetration distance, producing a TiO2 film with higher packing density.
3.3. Effect of the substrate temperature

As shown previously in Fig. 5, low and high substrate temperatures correspond to ‘in-flame-agglomeration controlled’
and ‘on-substrate-sintering controlled’ regimes, respectively, for film SSA. Fig. 7 shows the effect of substrate temperature
on film morphology as well as packing density. Side-view SEM images of the TiO2 films at 473, 633, and 763 K divulge
similar tree-like structures for all cases. Fig. 7(d) shows a moderate effect of substrate temperature on packing density,
with an overall decrease from 2.32% to 1.70%, for substrate temperatures ranging from 473 to 763 K. Change in substrate



Fig. 8. Effect of substrate temperature on specific surface area of TiO2 film.
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temperature embodies multiple aspects, some of which seem conflicting. For example, an increase in substrate
temperature can cause a smaller temperature gradient in the deposition zone, resulting in a smaller thermophoretic
velocity, which would tend to ‘‘loosen’’ the film. Additionally, it can produce a higher temperature in the deposition zone,
increasing the Brownian velocity of incident particles, which would decrease packing density. However, it can also
generate a larger sintering rate of deposited particles on the substrate, which would densify the TiO2 film. The resulting
effects can be quite complex as these aspects are coupled and nonlinear. When the substrate temperature is in the low
range, the effects of thermophoretic velocity and Brownian velocity dominate, decreasing packing density with increasing
substrate temperature. When the substrate temperature is in the high range, the ‘on-substrate-sintering controlled’ regime
holds, causing slightly increasing packing density with increasing substrate temperature. The characteristic time for
particle sintering is both temperature and size dependent, which can be expressed empirically by tfpd3

pT expðA=TÞ

(Ehrman et al., 1998; Xing et al., 1996). The exponential temperature dependence causes a steep reduction in film packing
density at temperatures between 633 K and 686 K, as shown in Fig. 7(d). However, compared to the effect of precursor
concentration on the film packing density, the effect due to substrate temperature is relatively weak.

In contrast, the effect of substrate temperature on SSA is dramatic, as revealed in Fig. 8. As the substrate temperature
increases from 383 K to 763 K, SSA drops precipitously from 188.3 m2/g to 129.7 m2/g, corroborated by TEM images of
primary TiO2 particles in the films. For example, even compared to the sizes of primary particles at 643 K, those at much
higher temperature (e.g., 763 K and even 833 K) are obviously larger. As confirmed in a previous section, the size of
particles before deposition is fixed for a given precursor concentration. Therefore the variation of SSA of TiO2 films can be
attributed to the sintering rate of nanoparticles after their deposition. At high enough temperatures, severe sintering
produces low SSA, but relatively unchanged packing density.
4. Conclusions

Morphologically-controlled nanostructured TiO2 films are synthesized in a one-step process through the use of a novel
stagnation swirl flame. This work clarifies the detailed roles of two parameters, i.e. precursor concentration and substrate
temperature, in controlling film properties, namely, SSA and packing density. The main conclusions are summarized
below.
(1)
 For a given substrate temperature, as precursor concentration increases from 58.2 to 290.1 ppm, packing density of
TiO2 films increases considerably, reaching 2.76%, along with the disappearance of tree-like fractal structures. Through
TEM observation and analysis of non-sintered primary particles in the films, the role of precursor concentration is
found to affect mainly the size of primary particles prior to deposition, but not their concentration.
(2)
 The effects of precursor concentration on film SSA are strongly dependent on substrate temperature. Two distinct
regimes are discovered. The ‘in-flame-agglomeration controlled’ regime is typified by significant decrease of SSA with
increased precursor concentration, occurring at low substrate temperatures. The ‘on-substrate-sintering controlled’
regime is exemplified by overall mild decrease of SSA with increased temperature. A general criterion to distinguish
the two regimes can be based on the length ratio between the size of particles just prior to deposition and the upper
size of primary particles driven by on-substrate sintering.
(3)
 A simplified deposition model, based on thermophoretic and Brownian motion of nanoparticles and their overall travel
distances within the porous film structure, is developed to predict the packing density of films. The predicted packing
densities agree well with the experimental data. The model further explains the role of precursor concentration, where
for increased precursor concentration, larger primary particles with smaller Brownian velocities are formed in the SSF,
leading to longer residence times (and penetration depths) during their deposition. Larger penetration depths of
nanoparticles correspond to more densely-packed films.
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(4)
 For a given precursor concentration, increasing substrate temperature (e.g. up to 763 K) has much less effect on film
packing density than that on SSA. This result arises because substrate temperature simultaneously affects Brownian
velocity, thermophoretic velocity, and sintering rate of primary particles, which have counteracting effects during film
formation. However, increasing substrate temperature appreciably decreases film SSA, due to the dominance of
sintering among the aforementioned aspects driven by temperature and temperature gradient.
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