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ABSTRACT: It has previously been demonstrated that organopalladium precursors
can break down under combustion conditions, forming nanoparticles that catalyze
ignition. Here, we use in situ small-angle X-ray scattering (SAXS) to probe the
formation and growth of palladium nanoparticles in an ethylene flame doped with 28
ppm (mol) of Pd(acetate),. The particles appear to nucleate in the flame front and
are observed by SAXS to grow in size and mass in the high-temperature region of the
flame (~2200 K) with median diameters that evolve from 1.5 to 3.0 nm.
Transmission electron microscopy of particles collected on a grid located outside the
flame shows that the particles are metallic palladium with sizes comparable to those
determined by SAXS. Molecular dynamics simulation of particles of selected sizes
indicates that at the flame temperature the particles are molten and the average mass
density of the particle material is notably smaller than that of bulk, liquid Pd at the
melting point. Both experimental and computational results point to homogeneous
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nucleation and particle—particle coalescence as mechanisms for particle formation and growth. Aerosol dynamics simulation
reproduces the time evolution of the particle size distribution and suggests that a substantial fraction of the particles must be

electrically charged during their growth process.

1. INTRODUCTION

Rapid ignition and combustion are required for propulsion
applications such as hypersonic or pulse-detonation engines,
and catalysis is an obvious approach to improving kinetics. For
such applications, the flow rates are too high to allow use of
fixed catalyst beds or structures, and the catalysts would also
tend to deactivate rapidly under engine conditions. Another
approach that has received considerable recent interest is use of
catalysts or catalyst precursors dissolved in the fuel.'™" This
approach potentially results in high specific surface area catalyst
nanoparticles that are intimately dispersed in the fuel, such that
the kinetics are not impeded by mass and heat transport
limitations. In an ideal system, the fuel-soluble catalyst might
catalyze endothermic reaction in the fuel system, needed for
engine cooling, and then go on to catalyze ignition and
combustion after the catalyst-loaded fuel enters the combustor.

Two approaches to delivering nanoparticle catalysts with the
fuel have been reported. One uses organic ligands function-
alized on catalyst nanoparticles to achieve solubility,” " and the
other employs a fuel-soluble organometallic precursor that can
transform itself rapidly to catalyst nanoparticles in a reacting
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flow.> %" In particular, both nanoparticles and organometallic
compounds containing Pd have been proposed for this
application.””**”'® For example, Shimizu et al.® and Van
Devener et al.” demonstrated that an organopalladium
compound injected into a gas-phase flow reactor with fuel
was effective at catalyzing methane ignition and that ignition
required formation of metallic Pd nanoparticles with a
monolayer of oxide on the surface.

To further develop this approach, it is critical to understand
the fundamental behavior of particle nucleation and growth in
flames, both in terms of the mechanism of particle formation
and the chemical nature of the resulting particles. Clearly, if
such particles are to catalyze ignition, then either the particles
must begin to form in the fuel, prior to injection, or the kinetics
for particle formation in flames must be fast. Previously, we
reported a synchrotron small-angle X-ray scattering (SAXS)
study of in situ formation and growth of Pd nanoparticles from
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fuel-soluble precursor in hot liquid fuel.'” Here, we use SAXS
to study the second part of the problem—particle nucleation
and growth in flames doped with a Pd organometallic
precursor.

The high flux and collimation provided by synchrotron
radiation has made SAXS an effective method even for small
sample volumes and dilute and low contrast samples. This
technique was successfullzr used for studying soot particles'' ™"
and silica nanoparticles”*' in flames. It is reported that
particles in flame can be detected at volume fractions as low as
1076,'9192%21 and particle sizes ranging from 1 nm to a few
hundred nanometers can be followed using this technique. In
this paper, we will present the first detection of particles in
flame with total volume fraction that can be <107* using in situ
SAXS and report particle size distributions obtained by fitting
SAXS profiles. For these purposes, a premixed stagnation flow
ethylene flame doped with Pd(acetate), is employed to
generate Pd nanoparticles in the flame. To assist data
interpretation, flame simulation was used to understand the
gas-phase composition and temperature—time history for
particle formation and growth. Molecular dynamics is utilized
to understand the thermal expansion of the particles in the
high-temperature flame and to provide particle properties
necessary for SAXS data interpretation. The Smoluchowski
coalescence equation is solved to understand the mechanism
underlying particle size evolution.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGY

2.1. Theory of SAXS. For a dilute system without particle
interactions, the scattered intensity I depends on the number
density N, shape, and size of the particles.22’23

I(q) = N(Ap)*F(q) (1)
The scattering vector q is defined as
q=(4n/2) sin ® (2)

where A is the wavelength of the incident X-rays and © is the
half angle of the scattering. In eq 1, p is the scattering length
density, defined as

P=Th (3)

where r, is the classical electron radius and also the Thomson
scattering length (2.818 X 107" cm) and p, is the electron
density which is described as

h = ne p,/m 4

In eq 4, n, is the number of electrons in the constituent atom or
molecule, p,, is the mass density of the particle material, and m,
is the mass of the monomer or constituent molecule/atom of
the particle. Ap is the difference of the scattering length density
between particles and a medium where particles are embedded.
For crystalline palladium at room temperature, the scattering
length density p is 8.814 X 10" cm™, which is substantially
larger than that of air at room temperature and atmospheric
pressure (~10° cm™). Hence, it was assumed that Ap = p. In
principle, the mass density of the particle material varies with
temperature and the size of the particles in the few nanometer
size range. Here, we obtain the p, value from molecular
dynamics simulation, as will be discussed below.

F(q) is the form factor, which is a function of the shape, size,
and polydispersity of the particles. For spherical particles, the
form factor can be expressed as eq 5°°**

F(q,r) = (%7[7‘3) {3[sin(gr) — gr cos(qr)]/(qr)’} )

where r is the particle radius. The form factor functions for
other particle shapes can be found in the literature.”*>*

In the case of polydisperse particles, the mean form factor
can be rewritten as an integral over the size distribution”***

F(q, 7) A F(q, r)P(r) dr ©)
where P(r) is the probability of having scatterers with size r,
and 7 is the mean particle size. The probability distribution
satisfies the normalization condition that f ©P(r)dr = 1. Here,
P(r) was assumed to be log-normal as this is expected for
particles formed in a gas-phase nucleation and growth

mechanism that is dominated by particle—particle coales-
25,26

P(r) = _(Inr —1In(r)) :l

N
V2zrIn o, exp[ 2(In ag)2 )
where N is the number density and o, is the geometric standard
deviation of P(r).

When particles form large aggregates whose size is outside
the detection limit, only the tail of the form factor scattering
will be observed in the measurement. This typically gives power
law scattering, I(q) & g~ where the exgonent Dy is related to
the surface morphology of the clusters.”

If the sample system includes small particles and also
aggregates larger than the detection limit, then including all
contributions above, the scattered intensity curve should show
power law scattering at low g, with a superimposed “knee”
feature at high g from the small particles. In this case, the
scattered intensity should be written as

1(q) = N(Ap)*[eq™™ + F(q, 7)] (8)

2.2. Experimental Section. A premixed, flat flame was
stabilized by issuing a gaseous combustible mixture through an
aerodynamic nozzle with a 1 cm exit diameter in a stagnation
flow field, as shown in Figure 1. Details of the setup can be
found elsewhere.”””® The combustion mixture was formed
from the following gases at the indicated flow rates, C,H,
(0257 L/min), O, (1.34 L/min), and N, (3.80 L/min), with
the palladium precursor added as discussed below (Table 1). A
shroud flow of N, at 3.89 L/min, passing through a concentric
tube, kept the flame isolated from the surrounding air. The flow
impinged on a water-cooled plate positioned 3.36 cm above the
burner nozzle. The plate acted as a flow-stagnation surface to
stabilize the flame, and its temperature during operation was
~150 °C, as measured using a K-type thermocouple. In the
absence of the Pd precursor, the visible flame was about 0.2 cm
thick, beginning ~2.5 cm away from the burner surface, and
extending to within ~0.86 cm of the stagnation surface (Table
1).

Pd(acetate), was used as the precursor, dissolved in acetone,
and pumped into an aerosol generator (SONAER, Inc,
241PG), which produced droplets with diameter around 3
um. The droplets were entrained in a flow of 121 mL/min of
N, passing through the aerosol generator and then mixed with
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Figure 1. Schematic of the experimental setup. SAXS signals are
acquired at three positions between the flame and the stagnation
surface (x; = 0.76 cm, x, = 0.56 cm, and x; = 0.36 cm).

Table 1. Flame Conditions

mole fractions

C,H, 0, N, CH;COCH; Pd(acetate),
0.046 0.239 0.698 0.017 2.8 X 107°
equivalence ratio, ¢ 0.86

117 cm/s (STP)
3.89 L/min (STP)
temperature at nozzle exit, T, 298 K

~423 K

2415 K (computed)
2380 K (computed)

pressure, p 1 atm

cold gas velocity at nozzle exit

annular N, sheath flow rate

stagnation surface temperature, T,
adiabatic flame temperature

maximum flame temperature, Tf

nozzle diameter, d 1cm

nozzle-to-stagnation surface distance, 3.36 cm

the main combustion gas flow before entering the burner. The
aerosolization rate of the solution was 0.29 mL/min measured
based by the consumption rate of the solution in the aerosol
generator.

The in situ SAXS measurements were carried out at beamline
12-ID-C at the Advanced Photon Source (APS) at Argonne
National Laboratory. The incident X-ray energy was 12 keV,
and the beam size was 0.06 cm in width and 0.01 c¢m in height.
The corresponding X-ray wavelength is 0.1033 nm. The
sample-to-detector distance was approximately 2 m. A home-
built 1024 X 1024 pixel 2D platinum CCD detector was used
to record the SAXS images from the sample.

As a control, measurements were made on flames with the
same reactant flow, but without the Pd(acetate), aerosol
addition. The SAXS background includes scattering from air
and instrument windows. The experiments were challenging
because the concentration of particles in the flame is rather low.
Therefore, reducing background from air scattering is critical;
however, if the windows are too close to the flame, particles
deposit on them, causing growing background during the
measurements. In the final configuration, the distance between
the two windows was 8.5 cm, with the flame centered between
them.

Samples of particles were also collected for transmission
electron microscopy (TEM) by positioning a grid close to the
edge of the stagnation plate, about 2.5 cm away from the flame
edge (Figure 1). TEM measurements were done at the Center
of Nanoscale Materials (CNM) at Argonne National
Laboratory.

2.3. Flame and Aerosol Dynamics Modeling. One-
dimensional flame modeling along the center line of the
stagnation flame was performed using the program OPPDIF*’
through the CHEMKIN suite of computer codes. OPPDIF
calculates the temperature, species mole fractions, and axial and
radial velocity components. The gas-phase reaction chemistry
and transport model employs USC Mech IL°° The simulation
used a multicomponent transport formula including thermal
diffusion.

Nucleation and growth of palladium particles are simulated
by direct solution of the Smoluchowski equations, using the
temperature—space—time history computed with OPPDIF. For
particles formed from homogeneous nucleation, the kinetic
process may be described by

dn, -
Z = —-m Z &, l,jnj
j=1 ©)
and
R - ,
d_tl by fﬂj,i_j”j”i—;‘ - Z & n, (i=2,3,.., )
j=1 j=1

(10)

where n; is the number density of particles containing i number
of Pd atoms, ¢t is the time, f;; is the coalescence coefficient
between particles i and j,

2/3
B, = 8akyT [ 4m, (4 YR 4 )
’ my 3,
(11)

€ is the collision enhancement factor due to particle—particle
interactions, and kg is the Boltzmann constant. Here, we
neglect the size dependence of & because the variation of the
size of interest in the current work is small. The simulation
assumed unit sticking probability. Equations 9 and 10 are
solved by direct numerical integration of roughly 20000
differential equations.*’

2.4. Molecular Dynamics. MD simulations were carried
out to understand the effects of the shape and phase state of the
particles and the mass density of the particle material on the
SAXS data interpretation. The interactions among atoms are
described by a tight-binding potential function for Pd with a
plain 1 nm cutoff.”® The initial positions of a prescribed
number of atoms are constructed from an fcc lattice of the bulk
Pd, truncating atoms that lie outside of a sphere of radius r. All
simulations were performed using an in-house code developed
previously.”> The equations of motion were integrated using
Beeman’s leapfrog algorithm®* with the time step equal to 1 fs.
We first used a NVT ensemble to equilibrate the particle for 10
ps in vacuo, and the kinetic energy was rescaled to the target
temperature every 0.5 ps. The simulations were further
extended in a NVE ensemble for 90 ps, and the trajectories
were analyzed to estimate the density of Pd nanoparticles. We
simulated Pd nanoparticles with 35, 123, and 273 atoms. Each
particle was simulated three times with the initial velocities of
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the atoms distributed according to the Boltzmann distribution
at 2000 K. The results do not show obvious differences for the
mass density. The rotational motions of the particles are
deactivated in most of the simulations, since the mass density
was found to be insensitive to rotation.

To calculate the particle density, the volumes of Pd
nanoparticles were estimated using a Monte Carlo (MC)
integration routine.>® For this calculation, the radius of a Pd
atom is assumed to be equal to 0.254 nm, i.e., the sum of van
der Waal radius of a Pd crystal (0.202 nm)*® and half of the X-
ray wavelength of the corresponding SAXS experiments (0.52
nm). A second, rolling-ball scheme®” was also used to verify the
MC approach, and the results show no obvious difference.

3. RESULTS AND DISCUSSION

3.1. Scattering Signals and Composition. The X-ray
beam was passed horizontally (i.e., radially) through the flame,
parallel to the stagnation surface, and scattered X-ray intensities
were obtained for several beam positions relative to the
stagnation surface (dimension “x” in Figure 1). Accordingly,
increasing x corresponds to decreasing residence time. Water
was used as a standard to calibrate the measured intensities to
obtain absolute intensities for particles per unit volume. Figure
2 shows the absolute intensity profiles corresponding to the

102 —

I(q) (em™)

q (nm)

Figure 2. Experimental (symbols) and modeled (lines) scattered
intensities at the three distances from the stagnation surface (see

Figure 1).

positions: x; = 0.76, x, = 0.56, and x; = 0.36 cm, taken using S s
exposure time. The points are the experimental data, and the
lines through the points are fits used to extract information
about the particle size distribution (see below). The low g
power law scattering is from particles whose size is over several
hundred nanometers and is out of our measurement range. The
scattering becomes flat at high g because either the particles are
too small or the particle concentration is too low to be
detected. At positions further away from the stagnation surface,
e.g, x > 0.8 cm, the scattered intensity curves only show power
law scattering at low g and flat scattering at high g. However,
the scattering from nanoparticles clearly can be observed as
“knee” features at q around 0.45 nm™’, with intensity growing
from x, to x;, ie., as the residence time in the flame increases.

The mass density of the particle material, and the
composition and shape information are needed in order to
extract quantitative particle size information from the SAXS
profiles. Decomposition of the Pd(acetate), precursor may lead
to formation of particles of metallic Pd and/or of PdO.*®* TEM
measurements were made for particles collected on TEM grids
located 2.5 cm away from the edge of the flame. The low-
magnification and high-resolution TEM images of the particles
are presented in Figure 3. The TEM image in Figure 3a shows

100 nm

Figure 3. Low-magnification (a) and high-resolution (b—d) TEM
images of particles collected about 2.5 cm away from the edge of the
flame.

there are particles with different size ranges and features. The
primary particles are roughly spherical. We carried out HRTEM
for three small areas (b—d). The small primary particles in areas
b and c range in size from 2 to S nm (Figure 3b,c). Area d
shows somewhat larger, irregularly shaped particles that appear
to be aggregated from two or more primary particles, and these
aggregates show features that are indicative of mobility of the
surface atoms, leading to neck filling and particle—particle
coalescence. Since the particles in the flame are mostly molten
and their coagulation would coalesce the particles, the
aggregates observed were probably made at the time the
particles were deposited and collected on the grid. For each
area in Figure 3a, we obtained selected-area electron diffraction
patterns (SAED), all of which were identical within the signal-
to-noise level (Figure 4). The four diffraction rings were
assigned to the (111), (200), (220), and (311) diffraction of fcc
of Pd,” which confirms that at least the cores of the particles
are crystalline, metallic Pd, presumably formed by crystal-
lization of the molten particles as they are cooled before
reaching the TEM grid. No PdO or other Pd compounds are
observed in this measurement. Clearly, even though these
particles were collected outside the flame, where the temper-
ature is lower than 500 °C and oxygen is abundant, the bulk of
the particles remain as metallic Pd. This observation suggests
that the particles in the flame are also Pd and that kinetics for
Pd oxidation are too slow to convert them to PdO before they
were collected and examined by TEM. Note that the SAED
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Figure 4. SAED pattern for particles from the flame, indicating that
the particles are crystalline, metallic Pd.

measurements do not preclude the surface of the particles
having a thin oxide layer, and indeed, we previously used XPS
to show that metallic Pd particles formed in a flow reactor did
have a roughly monolayer of surface oxide under high
temperature conditions.*

3.2. Flame Structure. Various flame properties, including
the measured gas temperatures at the nozzle exit and stagnation
surface, are shown in Table 1. The adiabatic and maximum
flame temperatures are computed results. The calculated
convective velocity v, and temperature T for the base flame
are shown in Figure 5 as a function of distance from the
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Figure S. Convective velocity and temperature calculated for the base
flame with a stagnation temperature of 423 K. Also shown is the
laminar flame speed of the unburned mixture and the melting point of
bulk Pd.*!

stagnation surface. As indicated, the laminar flame speed
computed for the unburned mixture (s = 70.5 cm/s) is about
6% lower than the minimum axial velocity, as expected due to
positive flow stretch.*” In the flame front the temperature rises
sharply: from 300 to 2000 K in 0.04 cm. The particles are
expected to nucleate in that region (x ~ 0.9 cm), and they grow
mostly in a wider spatial region of nearly constant temperature,
around 2200 to 2300 K for x ~ 0.8 to 0.1 cm. The three
positions of SAXS measurements (x;, x,, and x;) fall in that
nearly constant temperature region, where the gas temperature
is higher than the melting point of bulk Pd (mp = 1828 K)."'
Because nanoparticles are expected to have melting points even

lower than that of the bulk-phase material,"* the Pd particles
detected in situ by SAXS should be in the molten state.
Solidification does not occur until at least x ~ 0.05 cm from the
stagnation surface. Most of the particles are expected to
undergo surface deposition due to the sharp temperature
gradient, resulting in a strong thermophoretic force acting on
the particles in the region where temperature drops sharply. As
shown in Figure 6, chemically the region where particle size

10-1

Mole Fraction

102

1 1 ! 1 ! 1

1.2 1.0 0.8 0.6 0.4 0.2 0.0

Distance to Stagnation Surface, x (cm)

Figure 6. Major species profiles computed for the base flame.

growth is expected to occur is dominated by CO, and H,O, and
excess O, which is not entirely consumed because the
experiments were conducted in fuel lean conditions. Some
CO is present but its concentration is too small to have any
impact on the growth process. From the perspective of
modeling particle nucleation and growth, this is a nearly
constant-temperature reactor in the spatial region of interest.

3.3. Mechanism. Two limiting mechanisms are possible for
production of the Pd particles observed in the flame. The first
involves drying of the Pd(acetate ),-containing aerosol droplets,
followed by condensed-phase decomposition of the Pd-
(acetate), to generate a Pd particle. If we assume that the
aerosol droplets remain intact as they dry, then from 3 yum
droplets of the 0.61 Wt% Pd(acetate), acetone solution we
would expect Pd particles of about 170 nm diameter. This is
much larger than the experimentally observed size. Of course,
droplet fragmentation followed by subsequent drying is also
possible, but the resulting particle size distribution is expected
to be significantly larger than the observed size distribution, an
issue to be discussed in more details later. The other limiting
mechanism involves aerosol evaporation followed by gas-phase
decomposition of Pd(acetate), to produce Pd vapor that
nucleates into Pd clusters, which subsequently grow by some
combination of Pd vapor deposition and particle—particle
coalescence.

Thermal decomposition of solid-phase Pd(acetate), in N, or
O, starts at 500 K, with an apparent activation energy of 27.4
keal/mol.*® Based on this activation energy value, the time scale
of Pd(acetate), dissociation is roughly 0.01 ms at 750 K
assuming the frequency factor to be 10" s™'. The dissociation
can lead to Pd and/or PdO. The bond dissociation energy of
PdO(v) is 56 + 3 kcal/mol, thus it becomes unstable at high
temperatures.”” Assuming that the frequency factor of PdO
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dissociation is also 10% s7! we estimate the dissociation rate
constant to be 7 X 10* and 2 X 10° s™! at 1500 and 1800 K,
respectively. Thus, even if PdO(v) is produced from the
thermal decomposition of Pd(acetate),, it would dissociate to
form elemental Pd above 1500 K in roughly 0.01 ms.

The rate constant for the reaction between the ground-state
Pd(v) with O,

Pd(a's,) + O, = PdO,(A")

has also been reported.” Theoretical analysis of the measured
rate constant shows that the bond energy of PdO,(v) is 23
kcal/mol and, thus, is too small to avoid dissociation above 700
K. In other words, vapor-phase Pd remains as elemental Pd at
flame temperatures, even in the presence of O,.

A detailed reaction mechanism emerges from the above
discussion. In the nucleation region that spans from roughly
750 to 1800 K (marked by the narrow, shaded area of Figure
5), Pd(acetate), undergoes thermal decomposition

Pd(acetate), — Pd + 2CH,C(0)O
— PdO + CH,C(0)O + CH,CO

PdO dissociates into elemental Pd above around 1500 K.
Condensation reactions of Pd(v) produce clusters:

Pd + Pd — Pd,

Pd + Pd, — Pd,

and the clusters may coalesce to form larger clusters or
particles:

Pd, + Pd, — Pd,,,

Of course, PdO(v) also may be involved in the nucleation
processes at least during the early stage of particle formation,
resulting in clusters that are partially oxygenated. If formed,
these particles would be reduced to pure Pd particles quickly
because of a large equilibrium constant, K, is 2.2 X 1072 atm, at

p
909 K and 0.64 atm at 1124 K* for the reaction

2PdO(s) — 2Pd(s) + O,

In air, the preferred thermodynamic state is PdO below 900 K,
but metallic Pd is favored above 1100 K.*

The above mechanism also is consistent with the TEM
observation of particle sizes. To illustrate this point, we show in
Figure 7 the particle residence time evaluated from the total
velocity (v), which is the sum of the flow convective velocity
(v.) and particle thermophoretic velocity (v,) along the flame
centerline. The thermophoretic velocity was calculated using
the formula of Li and Wang.*® Assuming that Pd(acetate),
decomposition and Pd nucleation begins to occur when the gas
temperature reaches 750 K, the time available for particle
production is estimated to be ¢t; = 0.27 ms, t, = 0.69 ms, and t;
= 1.25 ms for the three sampling positions, ie., x;, x,, and x3,
respectively. These times are uncertain by at most ~0.1 ms,
which is the flow time through the flame front, where the
temperature increases from 700 to 2000 K (i.e., the shaded area
of Figure S). Assuming that the size evolution follows roughly
temperature-independent coalescence kinetics, the particle
number density is estimated to be N, = 22, 8 and 4x 10"
cm™ for x,, x,, and x;, respectively. In this estimate, we use the
following equation

500 F = 5

400 | 4
Q) !
£ 300f <« S 7
s | £
ol ) o
‘o Assumed point ]
% 200 | of nucleation 2 =
> »

100f Ve - 1

1
0.27 ms
0Okb—1 ] ) 0

12 10 08 06 04 02 00
Distance to Stagnation Surface, x (cm)

Figure 7. Convective (v.), thermophoretic (,), and total (v) velocities
along the flame centerline and the particle residence time in flames.
Also shown are the three X-ray measurement positions (1, 2, and 3)
and their respective time from the onset of particle nucleation.

No

1+ 2pNt (12)

where f# (~107? cm?/s) is the coalescence kernel and N, (~3 X
10'* cm™) is the initial precursor concentration. Using a mass
density value for bulk Pd at its melting point (p,, = 10.38 g/
cm™), we converted the number density values to the
corresponding average particle diameters, which are 1.6, 2.3,
and 2.8 nm, respectively. These values are consistent with the
TEM observations (Figure 3) which show primary particle sizes
in the few nanometer range. Detailed aerosol dynamics
simulations are discussed below.

3.4. Particle Shape and Mass Density. Figure 8 presents
snapshots of a 273-atom Pd nanoparticle at 2000 K as

t=0ps

t=50ps t=100 ps

Figure 8. MD snapshots of a 273-atom Pd nanoparticle at 2000 K.

computed by MD. This is a particle that would be 2 nm in
diameter if the mass density (10.38 g/cm®) is equal to that at
the melting point of bulk palladium. Initially, the particle shape
was a rough sphere, but because of the kinetic energy of Pd
atoms it quickly becomes somewhat irregular. The particles
under this temperature are clearly molten and as such the
instantaneous size varies as a function of time to an extent.
Figure 9 shows the distribution of particle volume for the three
particle sizes tested. Clearly the mean particle volume is larger
than what would be calculated from the mass density of bulk
liquid Pd. For example, the 273-atm particle has an average
mass density of 7 g/ cm3, which is about 30% smaller than that
of bulk liquid Pd, and the smaller particles have even smaller
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multiplied by 5 X 10" cm™,

mass density. Here, the MD-based p,, value of 7 g/cm® was
used for SAXS data interpretation (i, eq 4).

3.5. SAXS Data Interpretation and Size Distributions.
The particle MD information was used to fit the SAXS data to
extract the particle size distributions. The data in Figure 2 was
fitted using the Modeling II tool in the Irena package®” within
the Igor Pro analysis and plotting program. The fitting is based
on eq 8 for polydisperse particles, using the form factor for
spheres.

The fitted intensity models are shown as smooth curves in
Figure 2. The extracted volume-weighted and number-weighted
size distributions are presented in parts a and b, respectively, of
Figure 10. As expected, the particle size increases with
increasing residence time as the particles nucleate in the
flame front and move toward the stagnation surface. Integrating
the volume distribution curves of Figure 10a shows that the
volume fraction increases, from F, = 6.9 X 107, 1.1 X 107 to
13 x 107* for x;, x, to x5 respectively. These values
demonstrate the high sensitivity of the SAXS measurement—
nanometer-sized particles with volume loading as small as
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roughly 10™® can be detected and quantified. The number
density of the particles decreases, however, from N = 8.1 X
10", 6.7 x 10" to 45 x 10" (ecm™), for x;, x, to x,,
respectively, as one would expect for a particle formation
mechanism dominated by gas-phase nucleation followed by
particle—particle coalescence, which reduces the number
concentration.

Figure 10b compares the number-weighted size distributions
extracted from SAXS (solid curves) to the normalized number-
weighted distribution of the primary particles obtained from the
TEM images (data points). Considering that the SAXS data
sample radially across the flame, while the TEM grids were
positioned outside the flame near the stagnation plate, the
agreement is reasonable and consistent with the small variations
of particle size at the three positions SAXS probed, as shown in
Figure 10b. The median diameter of the log-normal size
distributions of Figure 10b is <D,>= 15,23, and 3.0 nm at x4,
x, and x3, respectively. These values also are in reasonable
agreement with the mean particle size of about 2.5 nm from
TEM. The geometric standard deviation of the SAXS number
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distribution is between 1.6 and 1.8. These values are consistent
with the vapor-phase nucleation and growth mechanism that
would produce a limitin§ standard deviation of 1.46 for a self-
preserved distribution.”*® Again, a fragmentation-based
mechanism is expected to produce a substantially wider size
distribution that can range from the molecular size to as large as
tens of nanometers.

As mentioned above, the air background can be contami-
nated by particles that escape the flame, even though the
majority of the particles should have been sequestered by the
cold stagnation surface. We estimate that the error in the
absolute volumes and numbers of particles could be 40—50%.

The relative shapes of the size distributions are more
accurate, with error estimated to be 10—25%.

3.6. Aerosol Dynamics Simulations. Number-weighted
size distributions calculated via the aerosol dynamics simulation
discussed above are shown in Figure 11 for two values of the

1012 =
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1010

109

108

Number Distribution, dN/dD, (cm™3 nm™")

107

100 10°

Diameter, D, (nm)

Figure 11. Number distributions computed with the collision
enhancement factor &€ = 8 (solid lines) and & = 4 (dashed lines).

collision enhancement factor, ¢ = 8 and 4. The computed
number distributions are all narrower than the SAXS data. The
difference suggests that trace particles in the gas outside the
flame and/or those deposited on the windows can increase the
SAXS background signal, especially for the large particle sizes.
The sizes of these “background” particles are expected to be
larger than those in the flames because they have had longer
times to grow.

The median diameter of the number distribution observed by
SAXS is matched by the simulation for & = 8, assuming unit
sticking probability (solid lines of Figure 11). For ¢ = 4, the
computed growth rates are too small when compared to the
experiment: the median diameter is underpredicted and the
number density is overpredicted (dashed lines of Figure 11).
Based on the potential function for interaction of palladium
given by Boyiikata and Belchior,” the reduced Hamaker
constant of Pd is estimated to be 80 at 2200 K. For charged
particles with Knudsen number Kn = 100, the collision
enhancement factor lies between 7 and 16, depending the size
ratio of the two colliding particles.”” If the collision pair is both
neutral, the collision process is influenced by the van der Waals
interaction only and the enhancement factor should be
substantially smaller. The computational results suggest that
at least some of the particles are electrically charged during

their size growth. It was demonstrated previously™ that over
50% of carbon nanoparticles in flames are either positively or
negatively charged at 2000 K. The work function for Pd is 5.12
eV, which is only slightly larger than that of carbon (4.81 V).
Hence, it is not unexpected a significant fraction of Pd particles
would be charged, leading to the relatively large & value that is
required to reproduce the experimental growth rate.

4. CONCLUSIONS

The formation and growth of palladium nanoparticles in a fuel-
lean premixed stagnation-flow ethylene flame has been
investigated using in situ small-angle X-ray scattering. The
particles are formed by decomposition of the molecular
precursor Pd(acetate),, leading to aggregation of the resulting
Pd atoms to form particles. SAXS was used to detect and
quantify the particle size distribution function at several
positions in the flame, and the in situ SAXS results were
confirmed by ex situ measurements by TEM. The following
conclusions may be drawn from the experimental and
computational results:

(1) The particles are just a few nanometers in diameter and
are molten Pd in the flame. They crystallized outside the
flame as they collected for the TEM measurement.

(2) Particles as small as 1 nm in diameter are detected by
SAXS. The particles nucleate in the flame front following
the dissociation of Pd(acetate),. This is followed by size
and mass growth following a coalescence mechanism.

(3) The Pd atom-particle and particle—particle sticking
probability appears to be close to unity and a large
value of the collision enhancement factor is required for
the aerosol dynamic simulation to reproduce the
evolution of the size distribution as measured by SAXS,
suggesting that a substantial fraction of the particles are
electrically charged in the flame.

(4) Molecular dynamics results demonstrate that at the
temperature of interest the particles undergo substantial
thermal expansion. At 2000 K, the mass density of the
particle material is 7 g/cm? for a 273 atm particle, which
is substantially smaller than that of bulk, liquid Pd at its
melting point.

(5) We demonstrate that an appropriate SAXS data
interpretation for ultrafine particles in a gaseous flame
requires careful considerations of the temperature and
size effect on the mass density of the particle material in
addition to the particle composition and phase.
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