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The assembly of nanoparticle films by flame spray pyrolysis (FSP) synthesis and deposition on temperature-controlled
substrates (323-723 K) was investigated for several application-relevant conditions. An exemplary SnO> nanoparticle
aerosol was generated by FSP and its properties (e.g., particle size distribution), and deposition dynamics were studied
in details aiming to a simple correlation between process settings and film growth rate. At high precursor concentrations
(0.05-0.5-mol/L), typically used for FSP synthesis, the nanoparticles agglomerated rapidly in the aerosol leading to large
(>100 nm) fractal-like structures with low diffusivity. As a result, thermophoresis was confirmed as the dominant nanoparticle
deposition mechanism down to small (=40 K) temperature differences (AT) between the aerosol and the substrate surface. For
moderate-high AT (>120 K), thermal equilibrium was rapidly obtained yielding a constant thermophoretic flux and film growth
rate. A model was developed to predict the nanoparticle deposition rates by FSP synthesis at moderate-high AT that does not
require detailed analysis of the aerosol composition. Comparison with previous studies having similar nozzle geometries
showed that the deposition rates of FSP-made aerosols can be reasonably well predicted for various materials and flame

conditions. © 2012 American Institute of Chemical Engineers AIChE J, 58: 3578-3588, 2012
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Introduction

Nanoparticles have, since long, become an important com-
ponent of several technologies such as catalysts,' sensors,
solar cells,3 and batteries.* In addition to nanoparticle
synthesis, a critical step is their deposition onto the target
substrates that commonly results in the formation of a
porous film.”” Deposition is often achieved by wet-phase
processing of nanoparticle solutions such as screen printing,
drop-, dip-, and spin-coating. These methods are easily
applicable on most substrates and result in mechanically stable
film morphologies. However, they offer only limited control
over the resulting film properties (e.g., porosity, morphology),
require several steps and long process time for evaporation of
binders and solvents. A promising alternative for nanoparticle
film synthesis is their direct self-assembly from the gas phase
by deposition of nanoparticle-laden aerosols.

Recently, aerosol deposition of nanoparticles has been
successfully applied to the fabrication of antifogging coat-
ings,” gas serlsors,6’7’9_11 fuel cells,12 solar cells,13 phosphor
screens,'* LiMn-based batteries,'> and catalyst-coated sub-
strates.'® At moderate substrate temperatures, the morphol-
ogy of aerosol-deposited films is mainly determined by the
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ratio between Brownian diffusion and deposition velocity
(Péclet number, Pe)'’?° allowing superior reproducibility of
structure-related functionalities.® Selection of aerosol size
fraction allows deposition of nearly monodisperse nanopar-
ticles possibly improving performances as shown by differ-
ential mobility analyzer (DMA)’ and Berner low-pressure
impactor (BLPI).>! Furthermore, accurate control of the aer-
osol concentration and/or charging resulted in unprecedented
miniaturization of nanoparticle films both in terms of thick-
ness (1-100 nm)'" and horizontal spreading (10500 nm).>
However, translating these results into industrial products
requires scalable nanoparticle sources and tight control over
the resulting aerosol properties (e.g., particle coales-
cence,”%?? air entrainment®), as well as sufficient under-
standing of the main mechanisms controlling the film growth
dynamics (e.g. aerosol and substrate surface temperatures)24
at the used deposition conditions.

Among aerosol synthesis technologies, flame processes
have demonstrated very high production rates and are, since
long, used for industrial production of several nanoparticle
commodities.”> In particular, liquid-fed spray flames®®?’ are
a versatile option offering a large spectrum of precursors and
able to synthesize metal, salt, and oxides nanoparticles.28
Recently, spray flame synthesis has enjoyed increasing inter-
est from the scientific community resulting in the develop-
ment of several systems, often based on external-mix, two-
fluid nozzles, such as flame spray pyrolysis (FSP)*° and
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Table 1. FSP Settings Used in This Work

Tin Titanium

Precursor (II)-ethylhexanoate  (IV)-isopropoxide
Solvent Xylene Xylene
Precursor concentration 0.1, 0.5 0.5
(Cpr), mol/L )

Precursor feed rate (V,), 5 5
mL/min

Dispersion O, flow rate 5 5
(Vgas)» L/min

Nozzle pressure drop, bar 1.5 1.5

Premixed CH,4 flow rate, 1.5
L/min

Premixed O, flow rate, 3.2 3.2
L/min

Sheath O, flow rate, 5 5
L/min

Deposition height 20 20
(HAB), cm

Substrate holder 323-723 323

temperature (7g), K

All the gas flow rates are reported at standard temperature and pressure
(STP).

liquid flame spray.”” However, accurate prediction and con-
trol of the properties of liquid-fed spray flame aerosols
remains challenging. In fact, such two-phase systems have
different air entrainment properties than single-phase (e.g.,
vapor-fed) flames® leading to strongly nozzle-dependent
concentration and temperature profiles. In addition, the high
primary particle concentration, usually obtained during
liquid-fed spray flame synthesis, leads to the rapid formation
of large agglomerates®*' with reduced diffusivity and drasti-
cally different film properties than that expected for nonag-
glomerated particles.zo’22 In this respect, a model for the
prediction of the growth rate of nanoparticle films made by
spray flames at high precursor concentration would greatly
facilitate the engineering of their properties and industrial
utilization.

The deposition rate of nanoparticles from hot aerosols to
cold substrates at high Schmidt (Sc) and low Stokes (St)
numbers is typically controlled by thermophoresis.***° For
very fine nanoparticles and small temperature gradients,
Brownian diffusion may become comparable to thermopho-
resis leading, for example, to the leakage of small particles
in the dust-free layer of a hot wall.** The effect of the
particle-size distribution cannot be neglected a priori as the
thermophoretic coefficient may vary with the Knudsen (Kn)
number®* especially for particles having high thermal con-
ductivity. Deposition of fractal-like particles, for example,
can result in different thermophoretic flux than those
expected for completely dense spheres having the same
mobility diameter.>*>! Furthermore, films made of such frac-
tal-like particles have very high porosity (e.g., >96%) even
for the limit of ballistic deposition (Pe > 100) and, thus,
their visible thickness is considerably higher than that
expected from gravimetric measurements. As a result, a
widespread model for the deposition of nanoparticles and
film growth by liquid-fed spray flames is still missing.

Here, the aerosol deposition of nanoparticles synthesized
by unconfined FSP on temperature-controlled substrates was
investigated at high precursor solution concentrations
(0.1-0.5 mol/L). An external-mix, two-fluid nozzle was used
to spray combustible solutions of organometallic precursor.
This spray was ignited by a surrounding premixed CH,4/O,
flame leading to the formation of a hot aerosol of metal
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oxide nanoparticles. The properties of an exemplary FSP-
made SnO, aerosol were investigated and used to model the
deposition dynamics of such concentrated aerosols. More in
details, the morphology of these FSP-made SnO, particles
was investigated by transmission electron microscopy (TEM)
analysis upon their collection from the gas phase by thermo-
phoretic sampling (TS) and filtration. The main SnO, aerosol
properties such as air entrainment, particle concentration,
and mobility size distribution were investigated as a function
of the height above the burner (HAB). The particle deposi-
tion dynamics was studied with respect to the measured aer-
osol and substrate properties leading to a correlation between
deposition rates and flame conditions. Finally, this model
was validated by comparison with the deposition rates meas-
ured here for TiO, aerosols and with that previously reported
for similar external-mix, two-fluid nozzles.

Experimental
Aerosol synthesis and characterization

The SnO, and TiO, nanoparticle-laden aerosols were pre-
pared as follows (Table 1): tin (II)-ethylhexanoate (Aldrich,
purity >98%) or titanium (IV)-isopropoxide. (Aldrich purity
>97%) were diluted in xylene (Fluka, purity >98.5%) to the
target (0.1-0.5 mol/L) metal atoms concentration. This solu-
tion was supplied (Figure 1) at a rate of 5 mL/min through an
external mix, two-fluid nozzle, described elsewhere in
details,” and dispersed into a fine spray with 5 L/min oxygen
(pressure drop 1.5 x 10° Pa). The spray was ignited by a
supporting ring-shaped premixed methane/oxygen flame
(CH; = 1.5 L/min, O, = 3.2 L/min). Additional 5 L/min
sheath oxygen was supplied from an annulus surrounding that
flame to ensure excess oxidant flow. Powder samples were
collected with a vacuum pump (Vacuumbrand, RE 16) on a
water-cooled glass-fiber filter (GF/D Whatman, 0.257 m diam-
eter) placed at 50 cm HAB. The SnO, aerosol concentration
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Figure 1. Schematic of the FSP burner and tempera-
ture-controlled substrate holder used for
nanoparticle synthesis and deposition.

A two-phase, external-mix nozzle was used to spray a
combustible liquid precursor solution. The spray was
ignited by a supporting premixed CH,/O, flame leading
to the formation of a nanoparticle aerosol. The nanopar-
ticles were deposited on a temperature-controlled sub-
strate by orthogonal impingement of the aerosol.
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was measured by a scanning mobility particle sizer (SMPS)
consisting of a DMA (TSI model 3071) and a condensation
particle counter (TSI model 3022A). The SMPS measured the
mobility number size distribution in the range of 11-514 nm
of the cooled and diluted (1:10 by volume) aerosol. The aero-
sol for the SMPS analysis was collected in the proximity of
the substrate holder for direct deposition of nanoparticles (Fig-
ure 1), while varying the HAB between 20 and 40 cm. TS*? of
the aerosol was performed for 40 ms on TEM grids (carbon
type B copper 200 mesh, Ted Pella) at 13 cm HAB to ensure
complete evaporation of the sprayed precursor solution.

Nanoparticle deposition

The nanoparticles were deposited by orthogonal impinge-
ment of the FSP-made aerosols onto a temperature-controlled
substrate holder (Figure 1) placed at 20 cm HAB. The sub-
strates were either 0.1-mm thick steel or 1-mm thick alumina
plates with an aerosol-exposed area of 2.1 x 1.6 cm’. The
substrate holder temperature (7g) was measured 0.5 cm
below its surface by an n-type thermocouple, whereas sub-
strate surface temperature (Ts) was measured by an infrared
camera (Fluke, Ti55FT) calibrated (emissivity for Al,O; =
0.75) by fixing the substrate temperature with the integrated
substrate holder heater. The aerosol temperature (Tf) in the
proximity of the substrate was 773 K as measured by an
n-type thermocouple placed slightly upstream of the sub-
strate, and it was in agreement with the reported values® for
a similar FSP deposition setup. For each deposition experi-
ment, a substrate holder temperature between 323 and 773 K
was set to control the surface temperature and, thus, investi-
gate the effect of the driving temperature difference (AT =
Tr — Ts) on the nanoparticle deposition rate. The deposited
nanoparticles mass was determined by gravimetric analysis
(Mettler Toledo, XS204) of the substrate before (e.g., 614.57
mg) and after deposition (e.g., 615.8 mg). The film thickness
and morphology were investigated by scanning electron
microscopy (SEM) with a LEO 1530 Gemini (Zeiss/LEO,
Oberkochen).

Results and Discussion
Nanoparticle synthesis and aerosol characterization

Figure 1 shows a schematic of nanoparticle film assembly
by aerosol deposition. First, a nanoparticle (SnO, or TiO,)
aerosol was generated (Figure 1) by combustion of an orga-
nometallic precursor solution sprayed by an external mix,
two fluid nozzle. Thereafter, orthogonal impingement of this
hot aerosol on a temperature-controlled substrate led to
nanoparticle deposition and film growth. Here, the flame set-
tings (e.g., precursor concentration, feed rate, and dispersion
gas flow) were chosen (Table 1) accordingly to those com-
monly reported®”-**-** for FSP-synthesis of a broad range of
metal oxide nanoparticles. These conditions ensure sufficient
dispersion of the precursor solution and oxygen concentra-
tion leading to the formation of metal oxide nanoparticles
with high purity as reported for Sn0,** and several other
materials.>”*> More in details, a total of 0.59 mol/min O,
were supplied by dispersion, sheath, and premixed flame
flows (Figure 1), whereas full combustion of the liquid pre-
cursor solution and CH, required 0.61 mol/min resulting in
slightly under-stoichiometric conditions. However, the high
surrounding air entrainment of such spray flames™ resulted
in fuel lean combustion and no soot formation.*® This
allowed an accurate characterization of the aerosol properties

3580 DOI 10.1002/aic

Published on behalf of the AIChE

in terms of primary particle and mobility sizes by means of
TS and SMPS.

Figure 2 shows TEM images of SnO, particles (Table 1,
Cpr = 0.5 mol/L) collected by TS slightly downstream of the
flame tip (13 cm HAB). The particles had a fractal-like mor-
phology (Figure 2a) and a broad size distribution reaching
several hundred nm in diameter. Their structure was fairly
open (Figure 2b,c) in comparison to SnO, particles made by
vapor-fed flames.”” This is attributed to the high air entrain-
ment in FSP systems23 that results in rapid cooling of the
aerosol and, thus, limited coalescence of the agglomerate
structure. At higher magnification (Figure 2d), the primary
particle diameter (d,) was about 10 nm. The broad sintering
necks (Figure 2d) indicated the formation of hard agglomer-
ates in line with the high temperatures (>2200 K) previously
measured”® for similar FSP settings. The primary particle
diameter did not increase further with increasing HAB as
determined by TEM (Figure 2d, inset) analysis of SnO,
powders filter-collected at 50 cm HAB. This indicates that,
at 13 cm HAB, the primary particle growth had become
significantly slow and further increase of the mobility and/or
aerodynamic diameters were mainly due to agglomeration.
These results are in good agreement with the x-ray diffrac-
tion (XRD) (dxrp ~ 10 nm),” count mode (dpo = 9.5 nm),
and geometric mean (dp. = 10.4 nm) diameters reported21
for FSP-made SnO, powders for the same process condi-
tions.

The agglomeration process was monitored online by
SMPS analysis (Figure 3) of the SnO, aerosol as a function
of the HAB. Up to 15 cm HAB, the SnO, particle number
concentration was above the detection limit of the SMPS at
the used dilution factor (1:10) and, thus, the size distribution
is not reported. At 20 cm HAB (Figure 3), the mobility
mode and geometric mean diameter were 131 and 137 nm,
respectively, with a geometric standard deviation (GSD) of
1.6. This GSD value is above the self-preserving one (1.47)
for spherical particles in the free molecular regime®® but in
agreement with the self-preserving size distribution of
agglomerates39 with fractal dimension (Dy) of 2-2.3 at mod-
erate concentrations.*” Deviations from the self-preserving
GSD for Brownian coagulation are also attributable to the
contribution of turbulence-induced coagulation.*' Increasing
the sampling HAB to 20 and 30 cm (Figure 3) decreased the
particle concentration in line with the increased surrounding
air entrainment. Furthermore, it decreased the mode and geo-
metric mean diameter to 126 and 109 nm, respectively,
while slightly increasing the GSD from 1.61 to 1.63. This
further broadening of the GSD, as well as the variation in
geometric mean diameter, are attributed to the re-entrain-
ment of side streamlines having different particle concentra-
tion, temperature, and residence time profiles, than those at
the center line. The count mobility mode (131-109 nm) and
geometric mean (137-111 nm) diameters, measured here, are
comparable to the mass aerodynamic mode (118 nm) and
geometric mean (162 nm) diameters previously measured by
BLPI?! for the same FSP-made SnO, aerosol.

Air entrainment and aerosol concentration

Independently of the deposition mechanism (e.g., thermo-
phoresis, Brownian diffusion, and impaction), correct estima-
tion of the particle concentration is necessary for computation
of their deposition (and film growth) rate, as, in unconfined
jets, the initial precursor concentration is considerably diluted
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Figure 2. TEM images of SnO, nanoparticles collected by TS at 13 cm HAB.

Large agglomerates (a,b) constituted of small primary particles (drgyv = 10 nm) were collected (c,d). The SnO, primary particle
size at 13 cm HAB (a-d) was comparable to that of the same SnO, powder collected at 50 cm HAB (d, inset) by a filter.

by the entrainment of surrounding air. This task is quite chal-
lenging for spray flames as a two-phase dynamics should be
considered that may diverge considerably from that expected
for single-phase nozzle.”?

In this study, the air entrainment up to 20 cm HAB was
computed from the measured aerosol temperature, the sup-
plied enthalpy, and gas flow rates. More in details, full com-
bustion of the supplied (Table 1, SnO,) precursor solution
and CH, flow rates (Figure 1) summed up to a total enthalpy
feed rate of 234 kJ/min. Neglecting radiative cooling of the
aerosol, a total gas flow of 359.8 L/min (at STP) was neces-
sary to reach the measured aerosol temperature (Tx = 773 K)
at 20 cm HAB. Considering only the gas and fluid flow rates
(Table 1) supplied through the nozzle (Figure 1), this
resulted in a total entrainment of 353.2 L/min at STP and in
a dilution factor (F4) of 54 in the first 20 cm HAB.

In unconfined gas jets, the total mass flow rate (n1)
increases linearly with the height above the nozzle/burner
(HAB)*?

L R 1)
ny d
where my; is the initial mass flow rate supplied to the nozzle,
d is the gas nozzle diameter, and K. is the entrainment
constant, generally increasing from 0.1 to 0.32 in the first 10 d
above the nozzle.*? Here, however, the gas nozzle diameter
(dy) was not sufficient to describe the air entrainment
dynamics as about 39% of m;was fed by the liquid precursor
through a nozzle having an internal diameter (d; ) of 0.6 mm and
the residual 61% was fed directly (Figure 1) in the gas phase by
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the dispersion oxygen through an annular opening. An annular
opening area of 0.25 mm?® was computed, as previously
suggested,”” for the used flame settings (Table 1) resulting in
an equivalent gas nozzle (d,) diameter™ of 0.57 mm. A total
nozzle diameter (d) of 1.17 mm was computed summing the
liquid (d;)) and equivalent gas nozzle diameters (d,). According
to Eq. 1, this resulted in an entrainment constant (K,) of 0.23 in
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Figure 3. Mobility diameter (d,,) nhumber size distribu-
tion of the FSP-made SnO, aerosol measured
by the SMPS at several HAB.

The SMPS measurements are in good agreement with the

TEM analysis showing a large number of particles (agglomer-
ates) with size above that of the primary particles (10 nm).
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from air entrainment at 20 cm HAB. Achievement of such low
particle concentrations (7.3 x 10'® #/m?) at 20 cm HAB
would require an air entrainment of about 1430 L/min at STP
resulting in a very high dilution factor. As a result, Eq. 3
appears to underestlmate the actual N, at 20 cm HAB.
Sorensen (2011)°" also proposed a Df—free computation of
Np_am for an agglomerate of size dp, in the free molecular

d = dNJ0 @)

and in the continuum regime
d = dpN345 . Np_am<100 (5a)
= 0.65d,N)0,, Np_am > 100 (5b)

Equations 4 and 5 result (Figure 4b, squares) in a N,
1.8 x 10" #m? at 20 cm HAB and STP that is reasonably
close to that (2.65 x 107 #m?) computed by Eq. 2 with a
D¢ = 2 and to that (2.94 x 10'7 #m®) estimated from the
precursor feed rate and air entrainment.

Figure 4b shows the total primary particle concentration
(Np) as a function of the HAB computed from Eqgs. 2 to 5,
and the measured mobility diameter number size distribu-
tions (Figure 3). For comparison, the primary particle con-
centration, estimated above from the air entrainment at 20
cm HAB, is also reported (Figure 4b, diamond). For all com-
putations (Figure 4b), N, decreased always linearly with
increasing HAB (R* > 0. 97) This is in agreement with the
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expected linear entrainment of surrounding air with increas-
ing distance from the nozzle/burner in unconfined jets.** The
good agreement with the computation of N, along Eq. 2 and
Dy = 2 (Figure 4b, circles) and its estimation (Figure 4b,
diamond) indicates that a Np of about 2.94 x 10" #/m’ and
a K. of 0.23 are reasonable guesses of the SnO, aerosol
(Cpr = 0.5 mol/L) primary particle concentration and
entrainment constant at 20 cm HAB, and, thus, were used
further for computation of the nanoparticle deposition rates.

Particle deposition and film growth

For SnO, nanoparticle deposition (Cp. = 0.5 mol/L) at
20 cm HAB (Figure 1), the resulting film morphology was
studied by SEM and gravimetric analysis. These films had a
homogeneous thickness (Figure 5a) over several hundred um
indicating a uniform nanoparticle flux toward the substrate
surface. The film surface morphology (Figure 5b,c) was char-
acterized by a fragile structure constituted by thin bridges
enclosing large pores (diameter >1 pum). At larger magnifica-
tion (Figure 5d), the bridges were reveled to be constituted by
tiny nanostructures with size comparable to the primary par-
ticles (10 nm) collected by TS at 13 cm HAB (Figure 2). In
fact, at the 20 cm HAB, the aerosol temperature (Tg = 773 K)
was too low to induce measurable sintering of the SnO, nano-
particles within the deposition time (t4 = 1-6 min)®’ suggest-
ing that the film morphology (Figure 5) was mainly deter-
mined by the nanoparticle deposition dynamics. In contrast, at
higher substrate temperatures and lower HAB, the morphology
of flame-made TiO, films > was reported to change consider-
ably due to coalescence during deposition.

In the absence of electrostatic forces, the main nanopar-
ticle deposition mechanisms are Brownian diffusion, thermo-
phoresis, and impaction. Inertial deposition (or impaction) is
characterized by the Stokes number

‘C-Uo
0

St = 6)
where 7 is the relaxation time (%IO’8 s, for namoparticles),54
U, is the particle velocity and ¢ is the boundary layer thickness
in the range of 0.01-1 mm™ in the stagnation point for typical
FSP Reynolds number (Re ~ 5 x 10%).° Impaction can be
neglected for St smaller than the critical one for orthogonally
impinging jets (Ste = 0.24).>* For similar flame-spray
pyrolysis reactors, it was reported® that the maximal gas jet
velocity decreases below 100 m/s in the first 3 cm HAB. Here,
the deposition height was set to 20 cm HAB and, thus,
considerably smaller (U, < 100 m/s) gas velocities are
expected resulting in St < 0.1 even for very small boundary
layer thickness (e.g., 0.01 mm). As a result, deposition by
impaction was neglected.

The mass transfer to the substrate is described for each par-
ticle/agglomerate with mobility size of d,, by the following
differential equation for their number concentration (Na(alm))30

ON,(dm)

ot +V - (v+vr)Na(dm)

=V (dezNa(dm)) (7
where v is the fluid velocity, vy is the thermophoretic velocity,
and Dy, is the corresponding diffusion coefficient. The
thermophoretic velocity (vr) is usually described as

= fkT EViInT ®)
Pr
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Figure 5. SEM cross-sectional (a) and top (b-d) views of a SnO, nanoparticle film aerosol deposited (C,, = 0.5

mol/L) deposited for 4 min.

A uniform film thickness (a) is observed all over the substrate surface. The (b—d) films are highly porous and the primary particle

size (d) observed by TS analysis is still preserved.

where pr and py are the fluid dynamic viscosity and density,
respectively, and kt is the thermophoretic coefficient. In the
free molecular regime (Kn > 1), kt is usually considered
independent of the particle size and set equal to 0.55.5° For the
continuum (Kn < 1) and transition regime (Kn =~ 1), however,
kr is described by*®

k* 4+ ¢ Kn

ker = 2C(d )cs
™= 2C(dm ) T oK) (1 5 2k + 20Kn)

&)

where k* is the ratio of the thermal conductivity of the fluid
and particles, ¢, ¢s, and ¢, are the momentum exchange,
thermal slip, and temperature jump coefficients set to 1.146,
1.147, and 2.18,%7 respectively. For computation of k*, the
poor heat conduction through fractal-like particles should be
taken into account leading to®> k* =~ 1 as it was further
confirmed®' for thermophoretic deposition of soot agglomer-
ates. Figure 6a shows the thermophoretic coefficient (kr),
computed here, as a function of Kn with T = 773 K and
Ts = 323 K for the measured particle mobility size distribution
(10-500 nm) with &* = 1 (solid line)** and k* = 4.7 x 107*
(broken line) as resulting from the ratio between thermal
conductivity of air and Sn0,°® For k* = 47 x 10°*
(Figure 6a, broken line), kt diverged considerably from 0.55
with decreasing Kn. In contrast, accounting for the poor
thermal conduction in agglomerates (k* = 1) led to a fairly
constant kt through the whole transition regime. These results
are in good agreement with that reported for thermophoretic
deposition of soot agglomerates (d,, = 34-300 nm) in the
transition regime.31 Furthermore, higher substrate holder
temperatures (s > 323 K) would lead to higher particle
temperatures (7;,) and, thus, even higher Kn resulting in kr
closer to 0.55. Hence, here, a kr = 0.55 was used
independently of the particle size as it was always (d, =
10-500 nm) within 2.1% accuracy (Figure 6a, continuous line)
from that computed with Eq. 9 and k* = 1 for all Ty
considered.

As a result, the total primary particle flux (ji,) to the sub-
strate can be computed in the stagnation point of the imping-
ing aerosol (v = 0) from Eqs. 7 and 8, considering steady
state and one dimension
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. >, /Dim %
o=y (TiNa(dm) +§Np (10)

dm=0

where N, is the total primary particle concentration computed
previously at 20 cm HAB, 0 and ot are the fluid and thermal
boundary layer thickness, respectively, here approximated
by . Therefore, the diffusion and thermophoretic fluxes are

0.56

a k=1

""" k"= KylKgngp = 4.7 10*

=3
2

0.52 4§

0.50 4

Thermophoretic Coefficient, k;

/ T.=773K
T, =323K

0.48

1 10
Knudsen Number, Kn

vy =Dy, (M¥s)
S

10¢ 4
ws ] ar w D, T, =773K
282 K Te=Tp-AT
10 140K —moe .
10 100 1000

Thermophoretic Velocity - Diffusion Coefficient

Mobility Diameter, d,, (nm)

Figure 6. Thermophoretic coefficient (a) as a function of
Kn computed either accounting for the fractal-
like morphology of the particles (k* = 1, continu-
ous line) or from the thermal conductivity ratio
of Sn0, and air (k* = 4.7 x 10~ %, broken line).

Thermophoretic velocity (ky = 0.55) and diffusion coeffi-
cient (b) as a function of the particle mobility diameter.
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directly proportional to Dy, and v, respectively.

Figure 6b shows the thermophoretic velocity (black lines)
and the diffusion coefficient (gray lines) as a function of the
mobility diameter for high (continuous lines) and small (bro-
ken lines) temperature differences (AT) between the aerosol
(Tg) and the substrate surface (Ts). The thermophoretic ve-
locity (Figure 6b, black lines) decreased from 1.7 x 1073 to
2.1 x 107° m?s with the temperature difference (AT)
decreasing from 362 to 40 K. In contrast, the diffusion coef-
ficient (Figure 6b, gray lines) doubled with AT decreasing
from 362 to 40 K, due to the increasing T}, but was always
more than an order of magnitude smaller than vr. With
respect to the measured mobility geometric mean diameter
(109 nm), the thermophoretic velocity and, thus, particle flux
is expected to be about 2-3 order of magnitude (Figure 6b)
higher than that generated by Brownian diffusion. As a
result, even for surface temperatures (Ts) fairly close (e.g.,
AT = 40 K) to the aerosol one (Tg), the contribution of dif-
fusion seems negligible. This may apply also to considerably
lower particle concentrations (Table 2) as even for 1/10th of
the precursor feed rate used here, a geometric mean mobility
diameter of 50 nm was measured® at 20 cm HAB for FSP-
made TiO, nanoparticles. This mobility diameter would still
lead (Figure 6b) to a diffusion coefficient about two orders
of magnitude smaller than the expected thermophoretic ve-
locity. As a result, the contribution of Brownian motion
(Dgm < vr) was neglected, and the particle flux to the sub-
strate was computed from Eq. 10 and Eq. 8 independently of
the mobility size

Tr — T
i = 0550 TE = T5)

N, 11
pp Or-Tp " (v

where T}, is the particle temperature, here, approximated by the
average of the aerosol (Tg) and surface (Ts) temperatures.

Following Eq. 11, a precise estimation of the surface tem-
perature (Ts) is required to compute correctly the thermopho-
retic flux as Ts can be considerably above the temperature
measured inside the substrate holder (7). This is particularly
difficult when T approaches the aerosol temperature (Tg), as
any uncertainty in 75 measurement will result in a larger rela-
tive error in the computation of the thermophoretic velocity.
For example, an error of 20 K in the measurement of Tg
results in an error of 7-12% and 30-100% in vt at AT = 362
and 40 K, respectively. To minimize this error, here, Ts was
first measured (Figure 7a) for the lowest substrate holder
temperature (Tg = 323 K) and, thus, highest AT. The T at
higher Tz were, thereafter, estimated by the heat-transfer coef-
ficient (b, W/m? K) computed at Tg = 323 K by the following
correlation’

TIs—Tp
*TF_TSPT

hr (12)
where pr is the thermal resistance of the substrate and its
holder from the surface to the position of the thermocouple
(Figure 1).

Figure 7a shows the measured Tg by a thermocouple (gray
line) and an IR detector (circles) as a function of the aerosol
deposition time (#y) for a substrate holder (Tg) temperature
of 323 K at 20 cm HAB (Tr = 773 K). Upon exposure to
the aerosol, T (Figure 7a, circles) increased rapidly (60 s)
from 312 to 410 K leading to a homogenous temperature
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Figure 7. Measurement (a) of the surface temperature

(Ts) of an alumina substrate during aerosol
deposition by IR (circles) and with a thermo-
couple (line).
After starting the liquid-fed flame (a), at a constant Ty
of 323 K, the Ts increased rapidly from nearly 323 to
about 420 K within 60 s. (b) Expected (line) and meas-
ured (circles) surface temperature as a function of the
substrate holder temperature (7). [Color figure can be
viewed in the online issue, which is available at wiley
onlinelibrary.com.]

profile on the substrate surface (Figure 7a, inset). The Tg
measured by thermocouple (Figure 7a, lines) was about
20 K higher than that measured by IR (Figure 7a, circles).
This is attributed to the nonideal contact between the ther-
mocouple and the substrate surface leading to slightly higher
temperatures. This steady-state Ts measured by IR (Figure 7a,
circles) was used in Eq. 12 leading to a heat-transfer coeffi-
cient (hy) of 602 W/m? K. Figure 7b shows the predicted
(line) and IR-measured (circles) steady-state surface temper-
ature (Ts) as a function of Tg. The estimated Tg (Figure 7b,
line), following Eq. 12, was reasonably close to that meas-
ured by IR. This confirms that in this range of parameters
the heat-transfer coefficient (41) is independent of the
substrate temperature and can be used to estimate Ts in line
with previous reports.” Here, these estimates of T (Figure 7b,
line) were further used to compute the thermophoretic nanopar-
ticle flux to the substrate according to Eq. 11.

Figure 8 shows the film mass (m4) measured on the sub-
strate (triangles) as a function of the aerosol (SnO,, Cp, =
0.5 mol/L) deposition time (#4) at 20 cm HAB (Tr = 773 K)
and a substrate holder temperature (7g) of 323 K (Ts = 410
K). The film mass (mq4) increased linearly with #4 indicating
a constant nanoparticle deposition rate at least up to a visible
film thickness of 71 um (0.96 mg/cm2). Constant film
growth rates were also reported (Table 2) for aerosol
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Figure 8. Deposited (triangles) and expected (lines) film
mass as function of the deposition time (tg)
for an aerosol temperature (T¢) of 773 K and
a substrate temperature (Tg) of 323 K at 20
cm HAB.

The film mass increased linearly with 74 indicating a con-
stant deposition rate.

deposition of flame-made Ti0,*>* and Eu:Y,05'* nanopar-
ticles. More in details, such FSP-made Eu:Y,Oj; films having
a porosity of 97% had a constant growth rate at least up to a
visible film thickness of 239 um14 suggesting that film
growth does not influence the nanoparticle deposition mecha-
nism/rate. This is in agreement with the rapid achievement
of a steady-state surface temperature (Figure 7a) indicating a
constant thermophoretic flux. In fact, the film growth rate
was reasonably well predicted (Figure 8, line) by the thermo-
phoretic flux computed according to Eq. 11 with a boundary
layer thickness (J) of 0.4 mm. A constant nanoparticle depo-
sition rate was also measured up to a substrate holder tem-
perature (Tg) of 623 K corresponding to a AT of 121 K.
Increasing further T to 723 K led to large variation in the
measured deposition rate. This was attributed to the smaller
temperature difference (AT = 40 K) driving the thermopho-
retic flux at this high T (723 K) resulting in a larger amount
of material being deposited during the unsteady state thermo-
phoretic flux (g < 60 s) and, thus, yielding larger variance
in the deposition rates.

Figure 9 shows the measured average nanoparticle deposi-
tion rate (triangles) during SnO, deposition (Cp, = 0.5 mol/L)
at 20 cm HAB (Tg = 773 K) as a function of AT (Tg — Ts).
Decreasing AT from 362 to 40 K decreased the nanoparticle
deposition rate (Figure 9, triangles) from 0.14 to 0.06 mg/cm”
min. This is in agreement with Eq. 11 predicting a rapid drop
in the nanoparticle flux (Figure 9, line) with decreasing ther-
mophoretic driving force AT. For the small AT (<121 K), the
deposition rates computed here (Figure 9, line) underestimated
considerably the measured ones (Figure 9, triangles). As dis-
cussed earlier, this is attributed to the initial warm up of the
substrate surface (T's) that result in a higher initial nanoparticle
flux. These results (Figure 9) shows that up to a AT of 221 K,
the nanoparticle deposition rate and, thus, film growth are
reasonably well predicted by a steady-state thermophoretic
model Eq. 11 that accounts for the substrate surface tempera-
ture (Ts) and dilution of the nanoparticle aerosol. At small
temperature gradients (<121 K), a more detailed, time-
dependent analysis seems necessary to describe the deposition
dynamics sufficiently well. However, it should be considered
that such small temperature gradients are unusual for flame
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deposition of nanoparticles (Table 2) as convective-driven
self-cooling of the substrate usually leads to a considerable
difference between aerosol (Tg) and substrate surface (Ts)
temperatures.

Following these results for SnO,, a more general estimation
of the nanoparticle (molar) deposition flux for FSP systems
was obtained for sufficiently large AT from Eqgs. 1 and 11

tp-d AT Vi
KE -HAB - 6 Tp Vpl'ppr —+ Vgaspgas

jm17m0] = 055 Cpr (13)

where pp,, and pg, are the initial precursor solution and gas flow
densities, and AT and Tp can be calculated or measured directly
as discussed earlier. For Vgas < Vpr, Eq. 13 predicts that the
molar flow to the substrate (jioi.mo1) 1S nearly independent from
the used precursor feed rate (Vpr). However, as in this study, Vgas
is usually’® comparable or even greater than Vpr and, thus,
variation of their ratio influences the deposition rate.

Figure 10 shows the molar deposition rate computed (line)
by Eq. 13 for a temperature difference (AT) of 362 K at 20 cm
HAB with the used flame settings (Table 1) as a function of the
precursor concentration. The expected molar deposition rate
(line) increased linearly from 107 to 10~® mol/cm® min with
increasing precursor concentration (Cp,) from 0.05 to 0.5 mol/L.
This is attributed to a similar air entrainment and temperature
difference (AT) for all concentrations resulting in a linear de-
pendence of the deposition rate from the precursor solution con-
centration in Eq. 13. The predicted deposition rates (Figure 10,
line) were reasonably well in agreement with those measured
for FSP-synthesis (with the same nozzle geometry) and aerosol-
deposition (Table 2) of TiO,,® Eu:Y,05,'* and SnO, nanopar-
ticles at about 20 cm HAB for different precursor feed rate and
compositions. More in details, even if the precursor feed rate
(Vpr) was increased from 5 to 12 mL/min for deposition of
SnO, (Figure 9, triangles) and Eu:Y,Oj3 (Figure 9, square) nano-
particles, respectively, they resulted in nearly the same deposi-
tion rate. This is attributed to the higher air entrainment for
higher precursor feed rates that results in higher dilution of the
nanoparticle aerosol. Furthermore, it should be noted that
Eu:Y,0; deposition was performed at 24 cm HAB and, thus, in
slightly more diluted condition than for SnO, (20 cm HAB).
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Figure 9. Modeled (line) and measured (triangles) aver-
age deposition rates as a function of the
temperature difference (AT) between flame
(T¢) and substrate surface (Ts).

With decreasing AT, the deposition rate prediction

becomes less precise due to the increasing contribution
of the unsteady state part of the particle flux.
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Figure 10. Expected molar deposition rate (line) as a

function of the precursor concentration (Cy,)
for a AT = 362 K at 20 cm HAB with the
flame setting used in Table 1.
The developed thermophoretic model predicts reason-
ably well the deposition rates (Table 2) of TiO, (circles)
at C,, = 0.5 (this work) and 0.05 mol/L,} Eu:Y,05
(square),14 and SnO, (triangles, this work) nanoparticles
for different precursor feed rates and concentrations.

The difference in deposition rate observed for SnO,, Eu:Y,0s3,
and TiO, (circles) at a precursor concentration of 0.5 mol/L
(Figure 9) are also attributed to the different substrates used that
may have led to difference in the surface temperature (7s) and
to the different solvents (e.g., xylene, EtOH, and EHA) that
results in different aerosol temperatures (7).

Conclusions

The deposition of nanoparticles (SnO, and TiO,) from
flame-spray pyrolysis reactors to temperature-controlled sub-
strates was investigated as a function of the temperature dif-
ference (AT) between the aerosol and the substrate surface.
For SnO,, the deposited nanoparticle mass increased linearly
with the deposition time indicating a constant deposition
rate. The latter was mainly controlled by AT suggesting that
thermophoresis was the main deposition mechanism at least
up to a AT of 121 K. The predominance of thermophoresis
was attributed to the rapid formation of agglomerates with
large mobility diameters (>100 nm) having increased drag
and, thus, considerably low diffusion coefficients. As a
result, the nanoparticle deposition rate was reasonably well
predicted by a constant thermophoretic flux computed from
the aerosol and substrate surface temperatures. Nevertheless,
at low temperature difference (AT < 121 K), the deposition
rate estimated by a constant thermophoretic flux underesti-
mated considerably the measured ones. This was attributed
to the initial phase of the deposition, where the actual sub-
strate surface temperature was lower than the steady state
one leading to momentary but significantly higher thermo-
phoretic flux. This effect was more pronounced at low AT as
small variations in the surface temperature have higher influ-
ence on the resulting thermophoretic flux.

The primary particle concentration of an exemplary
(Cor = 0.5 mol/L), flame-generated SnO, aerosol was
estimated (2.94 x 10" #/m® at STP) at 20 cm HAB by the
enthalpy and precursor feed rates, and the measured aerosol
temperature. This concentration was found in good agreement
with that computed from the measured mobility number size
distribution accounting for the fractal-like structure of the
agglomerates and the primary particle size (10 nm). More in
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specific, the flame-made SnO, nanoparticles had already
formed large agglomerates just above the flame tip (HAB =
13 cm) and, at 20 cm HAB, they reached a mobility mode and
a geometric mean diameter of 131 and 137 nm, respectively.
The comparison between the estimated primary particle con-
centration and the mobility count size distribution indicated
that these SnO, agglomerates had a fractal dimension of about
2. At 20 cm HAB, the entrainment of surrounding air was
estimated to 353 L/min at STP resulting in a dilution factor of
54.3 and an air entrainment constant of 0.23.

These results suggested that the nanoparticles molar deposi-
tion rate for similar flame-made aerosols (e.g., TiO,) can be
computed directly from the initial precursor concentration and
enthalpy feed rate once the air entrainment constant is esti-
mated. This assumption was validated against previously
reported deposition rates for FSP-made TiO, and Eu:Y,0;
nanoparticles showing to be fairly robust against change in the
precursor solution composition and deposition height. The pre-
sented model allows the computation of the nanoparticle depo-
sition rate from flame-spray pyrolysis reactors without detailed
knowledge of the air entrainment dynamics and aerosol prop-
erties. As a result, this approach could be rapidly implemented
for a wide range of nozzle design and flame settings.
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