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ABSTRACT: Silicon (Si) particles are widely utilized as high-
capacity electrodes for Li-ion batteries, elements for thermoelectric
devices, agents for bioimaging and therapy, and many other
applications. However, Si particles can ignite and burn in air at
elevated temperatures or under intense illumination. This poses
potential safety hazards when handling, storing, and utilizing these
particles for those applications. In order to avoid the problem of
accidental ignition, it is critical to quantify the ignition properties of

Packing Porosity ~ 0.75

___Packing Porosity = 0.95
Y
e /

® Loose Powder
4 Pellet

Minimum Ignition Radiant Fluence

100 1000
Nominal Si Particle Diameter (nm)

Si particles such as their sizes and porosities. To do so, we first used

differential scanning calorimetry to experimentally determine the reaction onset temperature of Si particles under slow heating
rates (~0.33 K/s). We found that the reaction onset temperature of Si particles increased with the particle diameter from 805 °C
at 20—30 nm to 935 °C at 1—5 yum. Then, we used a xenon (Xe) flash lamp to ignite Si particles under fast heating rates (~10° to
10° K/s) and measured the minimum ignition radiant fluence (i.e., the radiant energy per unit surface area of Si particle beds
required for ignition). We found that the measured minimum ignition radiant fluence decreased with decreasing Si particle size
and was most sensitive to the porosity of the Si particle bed. These trends for the Xe flash ignition experiments were also
confirmed by our one-dimensional unsteady simulation to model the heat transfer process. The quantitative information on Si
particle ignition included in this Letter will guide the safe handling, storage, and utilization of Si particles for diverse applications

and prevent unwanted fire hazards.
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ilicon (Si) particles, ranging from nanoparticles to micron-

sized particles, are promising material candidates for high-
capacity electrodes for Li-ion batteries," elements for thermo-
electric devices,”* agents for hydrogen generation,4 bioimaging,
and therapy,” components for single electron tunneling,’
elements for supporting bioelectric interfaces,” and many
other applications. Si particles, with a high volumetric energy
density (75.9 kJ/cm®),” can ignite and burn energetically in air
upon heating or under intense illumination. Hence, safe
handling, storage, and utilization of Si particles for such
applications require prevention of unwanted ignition and fire
hazards. Such requirements call for understanding and
quantification of the ignition and combustion properties of Si
particles. Some studies have investigated the combustion
properties of Si particles with solid oxidizers (e.g, sodium
perchlorate and fluorinated compounds), including flame
propagation speeds and pressurization rates,””'' and found
that more intense burning and faster flame propagation are
achieved when the size of Si particles decreases from microns to
nanometers.'" One study looked into the ignition properties of
micron-sized Si particles in air by electric spark ignition'” and
found that the minimum ignition energy decreased from 2.9 J
for 18 um Si particles to around 0.06 J for 3.6 um Si particles.
Other studies have investigated the ignition properties of
porous Si (P—Si), which is crystalline Si containing nanosized
pores with hydrogen terminated surfaces."’ It was found that
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P—Si composites have low ignition temperatures'* and can be
optically ignited in air by a low power xenon (Xe) flash (<1 J/
cm?) through the photothermal effect.”” To date, there is no
quantitative information on the ignition properties of Si
particles in air as a function of particle sizes and porosity.

In this work, we investigated the ignition properties of Si
particles of five different sizes, including 20—30 nm (U.S.
Research Nanomaterial Inc.), 50—70 nm (U.S. Research
Nanomaterial Inc.), S00 nm (Skyspring Nanomaterial Inc.),
1-3 um (U.S. Research Nanomaterial Inc.), and 1—5 um (Alfa
Aesear Inc.). The morphologies, surface terminations, ele-
mental compositions, and size distribution of these samples are
summarized in Tables S1 and S2. In addition, we aim to
provide multiple data points in the same size category (20—30
nm vs 50—70 nm Si, and 1—3 ym vs 1—5 pum Si) to cross-check
for consistency and accuracy. We did not include larger Si
particles since they are not ignitable under our experimental
conditions. We quantified the ignition properties of these
particles under both slow and fast heating conditions as the
intermediate heating rates are difficult to realize and control
experimentally. Reaction onset temperatures were measured by
differential scanning calorimetry (DSC) at a slow heating rate
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Figure 1. (a) Baseline-corrected DSC traces (normalized by the sample mass) for the oxidation reaction between O, and Si particles of different sizes
with a heating rate of 0.33 K/s. The reaction onset temperature is defined as the intersection between the largest tangent of the heat flow curve and
the extrapolated baseline. (b) Extracted reaction onset temperature of Si particles as a function of their diameters.
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Figure 2. (a) Schematic of the experimental setup for Xe flash ignition. Inset shows the optical image of a Si particle bed. Optical images (b) before
and (c) after igniting the Si particles with the flash. Si: 20—30 nm particles at the porosity of around 0.95.

(~0.33 K/s), while minimum ignition radiant fluences were
quantified with a Xe flash lamp at a fast heating rate (~10° to
10° K/s). The heating rate for TGA/DSC experiments is
controlled by the tool’s furnace and can be varied from 0.1 to 5
K/s."> The heating rate for flash ignition experiments is
estimated by the lamp power, flash pulse duration (~4 ms)
light absorption, and heat transfer properties of the material
under consideration. The estimated heating rate is on the order
of 10°~10° K/s, which is much faster than the heating rates
obtainable in a TGA/DSC.' Hence, for comparison, we refer
to the TGA/DSC and flash ignition experiments as slow and
fast heating rates, respectively. Both heating rates represent
different practical applications. The TGA/DSC experiment is a
good approximation of slow heating cases, such as ignition on
hot plates, ovens, and furnaces. Flash ignition experiments
represent situations such as optical ignition, shock ignition, and
spark ig7niti0n, which result in heating rates of 10° K/s or
higher.1 8 For both cases, we investigated the effects of
particle size and/or porosity on ignition properties of the
particle beds.

We first used the DSC measurement (Setaram Labsys Evo)
to determine the reaction onset temperature of Si particles as a
function of their size. For a typical measurement, a Si particle
powder sample of 10 mg was placed in a 100 yL alumina
crucible inside the DSC chamber. The sample was heated from
100 to 1200 °C with a constant heating rate of 0.33 K/s. The
heating was conducted with a carrier gas consisting of 80% vol.
Ar and 20% vol. O, with a total flow rate of 40 sccm. After
heating, the sample was cooled down to room temperature and
heated again with the same process. The second round heat
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flow trace was used to correct the baseline of the first round
heat flow trace based on the method described previously.'”*’
This baseline correction was applied to all the DSC traces
reported here. The baseline correction is necessary because the
specific heat capacity of the sample changes as the reactants are
converted to products. To minimize the effect of this specific
heat capacity change, we subtracted the heat flow for the first
run (Si oxidized to SiO,) by the second run (SiO,). Figure la
plots the baseline-corrected DSC traces (normalized by the
sample mass) for the oxidation reaction between O, and Si
particles of different sizes. The DSC traces show that the
specific heat flow from the Si oxidation reaction becomes more
pronounced over the entire temperature range for smaller Si
particles. This increase in the specific heat release reflects that
smaller Si particles are oxidized more due to the reduced
diffusion length scales. Similar characteristics were also
observed previously for the oxidation of nano- and micron-
sized aluminum particles.”"””* To quantitatively illustrate the
size effect on the ignition properties of Si particles, we define a
reaction onset temperature as the intersection between the
largest tangent of the heat flow curve and the extrapolated
baseline (Figure la). For example, the extracted onset
temperature is 935 °C for the 1-5 pm Si particles. The
extracted onset temperatures from Figure la are plotted in
Figure 1b, which shows that increasing the Si particle diameter
monotonically increases the onset temperature of Si particles,
from ~805 °C for 20—30 nm to 935 °C for 1-5 um Si
particles. The DSC trace of Si nanoparticle (20—30 nm) has
two additional peaks at low temperature because about 25 wt %
of these particles have sizes less than 20—30 nm (shown in
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Table S2). Those smaller particles ignite at lower temperatures,
leading to the formation of additional small exothermic peaks.
These results show that smaller Si particles have lower onset
temperature to initiate the oxidation reaction because smaller Si
particles have smaller diffusion distance for oxygen atoms and
larger specific surface area to react with oxygen.

The above DSC experiments elucidate the oxidation
processes of Si particles under steady and slow heating. In
many practical scenarios, Si particles are exposed to fast heating
conditions, such as optical illumination and sudden temper-
ature rises due to an electrical short-circuit. To simulate such
fast heating conditions, we further study the ignition properties
of Si particles that are optically ignited by a Xe flash lamp
(Figure 2a,b). The Xe flash lamp, upon being triggered, emits a
short pulse of energy (~4 ms). Part of the emitted energy is
photoabsorbed by a Si particle bed, resulting in a temperature
rise. When the peak temperature of the Si particle bed exceeds
its ignition temperature, the Si particle bed is ignited and burns
subsequently (Figure 2c)."® Experimentally, a pile of Si particles
(5 mg) with an approximate cross section area of 20 mm? is
placed over a 1 mm thick glass slide that is placed directly on
the Xe flash tube (AlienBees B1600) as shown in Figure 2b.
During the experiment, we gradually increase the power level of
the Xe flash lamp until we observe ignition (Figure 2¢), and the
corresponding power level is defined as the minimum ignition
radiant fluence (H,,, J/cm®), which is the radiant energy
received per unit surface area of the Si particle pile. The radiant
fluence from the Xe flash tube at different power settings
(Figure Sla) was calibrated by measuring the temperature rise
of a soot-covered Si substrate that was exposed to the same
flash power level using the method reported in previous
work.”>** In addition, we can assume uniform radiant fluence at
the surface of the Si pile, for the diameter of the Si particle pile
(4 to S mm) is significantly smaller than that of the flash tube
(15 mm).

The measured minimum ignition radiant fluence H;, is
plotted in Figure 3 for piles of Si particles of different
diameters, where the error bar represents the standard
deviation of the measured values of H,;. Figure 3 also
indicates the typical porosity (P) of the Si particle pile formed
for each Si particle size. H,;, should depend on P as well since
it affects the effective optical absorption coefficient” and
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Figure 3. Experimentally measured minimum radiant fluence H,;, of
Si particles as a function of their sizes and porosities. The error bar
represents the standard deviation of measured values of H,,.
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effective thermal conductivity of the pile.”® The porosity P of
the Si particle pile is defined as the volume fraction of air in the
pile, and it is evaluated gravimetrically using the following
equation:

Mg

P=1- 3

P Ve (1)

where myg; is the mass of Si particle bed, pg; is the density of Si
(2.33 g/cm?), and V, is the total volume of the Si particle bed.
Figure 3 shows that H;, increases with increasing the Si
particle diameter, similar to the DSC results in Figure 1b. In
addition, H,;, appears to correlate with the porosity as H,, is
higher for a smaller porosity. To further illustrate the
correlation between porosity and H,;, we compressed the
low porosity piles formed from 20—30 nm Si and 50—70 nm Si
particles into pellets (10 mm in diameter by 1 mm thick) to
match the porosity (~0.75) of other loose powder samples. We
find that for the 20—30 nm Si, H,,;, increased from 0.55 J/cm?
at porosity of 0.95 to 2 J/cm? at porosity of 0.75, indicating that
the porosity indeed strongly affects H,;,.

To understand the dependence of H,;;, on the Si particle size
and porosity, we calculated the dynamic temperature profiles
inside the Si particle bed using COMSOL Multiphysics
software. The computational domain is set up to be similar
to the experimental configuration (Figure 2a). As shown in
Figure 4a, a 200 ym thick Si particle bed is placed on top of a 1
mm thick glass, and the Xe flash is illuminated from below. The
Si particle bed absorbs the flash energy according to the Beer—
Lambert law, and the glass slide is assumed to be transparent
due to its small optical absorption coefficient. The top part of
the Si particle bed loses heat to the ambient air through the
convection, and its bottom part loses heat through the
conduction to the underneath glass slide. The time-dependent
temperature profiles within the Si particle bed are determined
by solving the following one-dimensional unsteady heat-transfer
equation:

aT d aT
(el = ko) + a1 = R exp(—a2)
2)
where (pc,)e ke and ag are the effective heat capacity (J/(m®

K)), thermal conductivity (W/(m K)), and absorption
coefficient (m™') at 450 nm for the Si particle/air mixture, R
is the reflectivity of the Si particle/air mixture at 450 nm, and
Io(t) is the Xe flash flux density (W/m?). The initial and
boundary conditions are expressed as

initial conditions: T(z, t = 0) = 300 K

boundary conditions: T(z = —1mm, t) = 300 K,
oT
k—

t z=d
where d is the thickness of the Si particle bed and h is the
convective heat transfer coeflicient of ambient air and is set to
be 10 W/(m? K).”’

The effective heat capacity (pc,).s of the Si particle/air
mixture is calculated by using the mixture averaged property

(pcp(T))eff = (1 - P)pSiCSi(T) + Ppaircp,air(T) (3)

where P is the porosity of the Si particle bed, and pg;, p., cs;
and ¢, ,;, are the density and specific heat capacity of Si and air,

‘pyair

respectively. The effective thermal conductivity k.(T) of the Si

= h(300K — T(d, t))
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Figure 4. (a) Computational domain and corresponding boundary conditions. (b) Calculated effective thermal conductivity of Si particles at 298 K
as a function of particle diameter and porosity. (c) Effective absorption coefficient as a function of porosity. Calculated time-dependent temperature
profiles of 30 nm Si particle bed for porosity of (d) 0.95 and (e) 0.85. (f) Extracted maximum temperature within the Si particle bed as a function of

their sizes and porosities.

particle/air mixture can be modeled well using the effective
medium theory20 as it accounts for the heterogeneous nature of
the mixture and the volume fraction of Si particles in the
mixture is within the percolation limit:*®

okl T) = k(D) _
£a(T) + 2kg(T)

ksi(T) — ko (T)

(=" ksi(T) + 2k q(T)

(4)

where P is the porosity of the Si particle bed, kg(T) is the size
and temgerature—dependent thermal conductivity of Si
particles,””*” and k,;,(T) is the temperature-dependent thermal
conductivity of air.”"** The calculated kg at 298 K is shown in
Figure 4b as a function of Si particle size under different
porosities. The plot shows that k. is a strong function of
porosity. At low porosity, k.g is higher and shows dependence
on the size of Si particles due to the presence of a larger
amount of Si particles. In contrast, at high porosity, k. is lower
and shows little dependence on the size of Si particles since the
majority of the volume is air. The effective absorption
coeflicient o is assumed to be similar to porous Si films,
and the values are extrapolated by linear fitting of the reported
absorption coefficients of porous Si'*****~*” (Figure 4c). Here,
we assume a constant effective absorption coeflicient in our
simulation for the following reasons. First, there is limited data
in published literature on the size-dependence of the absorption
coefficient for Si particles.”® Second, the purpose of our
simulation is to qualitatively identify the controlling parameters
that affect the flash ignition behavior. Finally, to demonstrate
that the value of the effective absorption coefficient has a very
small effect on our simulation, we tested a 20 nm Si particle bed
packed at 0.85 and 0.95 porosities and compared the calculated
maximum temperature with constant versus size-dependent
absorption coeflicients. The results show that the difference in
Toox is less than 5% (Table S3), which does not affect our

m
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conclusion. This computation further justifies that our
approximation is valid for qualitative comparisons. Similarly,
the reflectivity of the Si particle bed at 450 nm was adopted
from porous Si film data in the literature.”® The shape of the Xe
flash flux density profile, I)(t), is experimentally measured using
a photodiode (PDA36A, Thorslab) and curve-fitted using
MATLAB (Figure S1b). The exact value of Iy(t) in eq 2 for
different flash power settings is determined by matching the
time integrated value of I;(t) with the corresponding measured
Xe flash radiant fluence (Figure Sla).

Figure 4d,e plots the time-dependent temperature profiles
within the Si particle (30 nm in diameter) beds of two different
porosities (0.95 and 0.85), both exposed to the same incident
Xe flash fluence of 2.15 J/cm’ Qualitatively, the dynamic
temperature profiles are similar for these two porosities. At t =
0 ms (i.e., the initiation point of the flash), the temperature of
the Si particle bed is at 300 K everywhere. At t = 0.5 ms, a
temperature hot spot appears close to the glass slide because
more light absorption occurs near the glass side due to the
exponential decay of light absorption with distance.”” At t = 1
ms, the peak temperature drops due to the decline in the flux
density from the Xe flash (Figure S1b), and the simultaneous
heat loss to the glass slide and nearby Si particles. At =2 and 5
ms, the peak temperature continues to drop, and the overall
temperature profile is broadened due to the thermal
conduction. Nevertheless, the overall temperature of the Si
particle bed is much higher for the higher porosity case (Figure
4d,e). This difference becomes evident when the maximum
temperature (T,,,) that the Si particle bed has reached is
plotted in Figure 4f as a function of the Si particle diameter and
porosity. Here, we consider the calculated maximum temper-
ature during the flash heating of silicon particle beds (Figure 4f)
instead of the onset temperatures from DSC experiments
(Figure 1b) due to several reasons. First, the heat transfer and
heat loss processes are different between DSC and flash. The Si
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Figure S. Sensitivity coefficients of various parameters with respect to the maximum temperature that a Si particle bed can achieve. Condition: 30

nm Si particle bed at the porosity of 0.85.

particle bed is nearly isothermal in DSC but has a large
temperature gradient during flash ignition, so the ignition
temperature will be different in these two cases. Second, our
calculated maximum temperature of the silicon bed in Figure 4f
is based on a simple model to investigate the controlling factors
for flash ignition. Third, our model has a number of
approximations, such as using constant light absorption
coefficient for the Si particle bed and using effective medium
theory to estimate the thermal conductivity. Clearly, the
calculated maximum temperature of flash heating of silicon
particle beds is quite insensitive to the Si particle diameter but
strongly depends on the porosity. Hence, these trends suggest
that the porosity, not Si particle size, dominantly affects the
optical ignition properties of Si particle beds.

The ignition criteria for flash ignition is that the maximum
temperature of the Si particle bed caused by flash photothermal
heating, T, exceeds a certain critical temperature. Thus, the
higher the T, the more likely the particle bed is going to
ignite. Hence, to evaluate which parameter affects ignition the
most, we numerically calculate the sensitivity coeflicient of T,
with respect to porosity, flash radiant fluence, effective heat
capacity, effective absorption coefficient, and effective thermal
conductivity. We define a sensitivity coefficient (S;) with
respect to a parameter f as

_ onT, .

Sp=—=

dln (%)
where T, is the maximum temperature that the Si particle bed
can achieve both spatially and temporally, and f are the input
parameters in eq 2. The sensitivity analysis was performed for a
typical case of 30 nm Si particles packed at a porosity of 0.85,
with a flash radiant fluence of 2.15 J/cm® Each parameter /3 is
perturbed by 5%, and the new T, was computed, which was
used to calculate the corresponding Sj, which is shown in
Figure S. A positive value of Sy means that increasing the value
of parameter f will increase T, which will lower the flash
radiant fluence needed for ignition. First, Sp is the largest
positive sensitivity coefficient, which implies that ignition is
greatly facilitated by increasing the porosity. Second, Sy is also
positive, as expected, as increasing the energy provided to Si
particles will increase T, Third, Sy is the largest negative
sensitivity coefficient because higher thermal conductivity kg
corresponds to a faster heat diffusion, inhibiting the formation
of local hot spots. Fourth, S, is also negative, which is
counterintuitive. The reason is that higher absorption
coeflicient a4 means that most light absorption (equivalently
heat generation) takes place within a narrower width of the Si
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particle bed close to the glass slide end, which results in a
steeper thermal gradient. The steeper temperature gradient
leads to more heat loss to the glass slide and hence generates a
negative sensitivity coefficient. Finally, S,c,.¢ is negative
because a larger heat capacity of the Si particle bed will require
more heat to raise its temperature.

Conclusion. In summary, the ignition properties of Si nano-
and micron-sized particles in air were quantitatively determined
under both slow and fast heating rate conditions using DSC
and Xe flash ignition tests, respectively. At slow heating
conditions, the reaction onset temperature for Si nano- and
micron-sized particles is in the range of 800 to 950 °C. Smaller
Si particles have a lower onset temperature and release more
heat during their oxidation in the TGA/DSC because of their
larger specific area and shorter diffusion length scales. At fast
heating conditions with a Xe flash lamp, the minimum ignition
radiant fluence for Si nano- and micron-sized particles is in the
range of 0.6 to 2.2 J/cm” The porosity of the Si particle bed,
rather than the Si particle size, strongly affects the minimum
ignition radiant fluence. This dependence is because higher
porosity reduces the effective thermal conductivity, absorption
coeflicient, and heat capacity. All these factors lead to the
formation of hot spots within the Si particle bed, which lead to
ignition. In practice, ignition is a complex phenomenon since
critical ignition conditions depend on the energy input rate, the
heat loss rate from the system to its surroundings, and the heat
generation rate from reactions. Nevertheless, since the TGA/
DSC experiment is an isothermal experiment, so the onset
temperature can be regarded as the minimal temperature
needed for ignition. Finally, the fundamental understanding on
Si ignition obtained here will be beneficial to safe handling,
storing, and utilizing Si particles for diverse applications and
preventing unwanted ignition and combustion.
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