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On the feasibility of Laser-Induced Incandescence technique for TiO2 nanoparticles
analysis

J. Yi'*, C. Betrancourt!, N. Darabiha?, B. Franzelli*

tUniversité Paris-Saclay, CNRS, CentraleSupélec, Laboratoire EM2C, 91190, Gif-sur-Yvette, France.

Abstract

This work-in-progress study aims to develop a method to verify the possibility of measuring the Laser-Induced
Incandescence (LII) signal from TiO, nanoparticles. For this, the optical system for LIl was first validated on flame-
generated soot particles. Then, spectrally-resolved measurements of laser-induced emission of TiO, nanoparticle-
laden aerosol were performed. At 355 nm laser wavelength, the laser-induced emission spectrum presents a response
to laser fluence and detection gate delay typical of the black-body radiation, i.e., dependent on the particle temperature.
It is concluded that laser-induced incandescence is possible for non-carbonaceous TiO, nanoparticles.

Introduction

Turbulent flame synthesis is today considered as a
promising technique for the large-scale production of
nanoparticles with high purity at a reduced cost [1]. In
most applications, the unique properties of produced
nanoparticles (e.g., increased catalytic activity, change in
optical property, lower reaction sintering temperatures
[1]) closely rely on their nano-size, so there is a crucial
need to understand the processes underlying
nanoparticles production in turbulent flames. For this, the
generalization of in situ experimental techniques
classically used to characterize soot production in flames
to non-carbonaceous nanoparticles, such as titanium
dioxide (TiO) [2], can be considered as a promising
opportunity to gain knowledge on flame synthesis
technology.

Among them, the laser-induced incandescence (LII)
technique is classically used to obtain spatially-resolved
information on soot volume fraction and primary particle
size in flames [3]. This technique consists of heating the
particles to a high temperature using a pulse laser.
Subsequently to the heating phase, the particles cool
down and emit thermal radiation to the surrounding
environment. The signal intensity is proportional to
particle volume fraction. The temporal signal decay is
related to the particle size since large particles tend to
cool down slower than small particles. Even if this
technique is well-established for soot particles, its

application to nanomaterials, particularly non-
carbonaceous particles [4-6], presents specific
difficulties in terms of their different optical

characteristics compared to soot.

One important property for LII mechanisms is the
refractive index m; [7]. The refractive index m; = n, —
ik, is a wavelength-dependent optical property
describing the scattering characteristic (opacity) with the
real part n, and the light-absorbing capacity (color
strength) with the imaginary part k; [8]. This value is
directly related to the amount of particles’ laser energy
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absorption and the LII signal emission [9,10], so it is an
important factor for the particle heating and the LII
emission process. The typical values of E(m;) for
different types of soot and TiO; nanoparticles are shown
in Fig.1. E(m,) can vary on the particle size [11], phase
[12], and other process variables in their fabrication
[13,14]. The TiO; nanoparticles generally show very low
E(m;) compared to those of soot in the visible range

(Fig.1).
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Figure 1: The spectral dependence of absorption function
E(m,), for soot particles generated by propane premixed
flames (Habib [14] and Chang [15]) and typical values for soot
modeling (Snelling and Michelsen [16]) for TiO2 particles from
Siefke [17], Liu [18] and Sarkar [19].

Therefore, the first difficulty in extending LIl from
near-grey-body soot to non-carbonaceous nanoparticles
is the low absorption function E(m;) of TiO; in the VIS-
IR wavelength range. In the LIl process, the particles
have to absorb the incident laser beam to be heated to a
higher temperature. Due to the low values of E (m,) for
TiO,, particle heating by excitation laser whose
wavelength is above UV range is expected to be
challenging. In specific, classically used VIS-IR range
light for particle heating could fail to heat the particles
efficiently, as mentioned in the case of alumina in [20].

The second difficulty concerns the detection of laser-
induced emission. A low signal is expected with the
negligible E (m;) in the LII detection wavelength range
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(400-700 nm)[9,10]. Furthermore, the possible overlap of
atomic and molecular emissions from various sources
(excited-state emission from gas, electronically excited
vaporized  species, chemiluminescence, particle
photoluminescence, incandescence) makes it even more
difficult to distinguish the nature of the signal, as detailed
in [21].

Finally, other physicochemical properties that show
different aspects than those from carbonaceous particles
add more complexities in the LII modeling for particle
sizing. For example, the LIl models should be tuned for
lower sublimation temperatures for non-carbonaceous
materials compared to soot particles [21]. The melting
process [10] can influence particle heating and cooling
rates because of differences in physical properties
between solid and liquid states.

In the pioneering works of the CNR-ICMATE group
[6,22,23], the laser-induced emission of flame-
synthesized TiO, has been investigated. They conduct
spectral measurements on flame-generated TiO;
nanoparticles deposited on a filter and directly on the
flame spray. The fourth harmonic (266 nm) of a pulsed
Nd:YAG laser was used to heat the particles. The spectral
emission was collected using a spectrograph with an
intensified charged coupled device (ICCD) camera by
delayed detection (longer than 50 ns) to delete
fluorescence. The emissivity of TiO, was derived from
extinction  measurement. In  the  experimental
configurations retained by the CNR-ICMATE group, two
technical issues may occur: the detected signal may be
affected by the use of a sampling glass filter [23] and by
the possible existence of carbon coating around the
considered flame-synthesized TiO, nanoparticles [24].

To circumvent the possible issues of CNR-ICMATE
group works [6,22,23], in the present work commercial
engineered TiO, nanoparticles with high purity are
dispersed in aerosol form, instead of considering a glass
filter sampling of flame-synthesized TiO, nanoparticles.
This new contribution will allow to further confirm or
disprove the conclusions from the CNR-ICMATE group
works [6,22,23].

The paper first reviews the LII theory derived from
Plank’s law under various laser fluences and detection
gates. Two experimental set-ups for investigating flame-
generated soot and TiO, nanoparticle aerosol are
presented in three parts: particle generation, laser
excitation, and signal collection. Spectrally-resolved LII-
emissions of soot particles in flames are measured to
obtain a reference experimental behavior with laser
fluence and detection gate delays in addition to the
theoretical formulation. Then, spectrally-resolved laser-
induced emission measurements from pure TiO; particles
are performed. The results are compared to the spectral
behavior of LIl soot measurements to verify the LII-like
nature of signal emission from TiO; nanoparticles.

1. LI theory: effect of laser fluence and detection gate
delay

Numerical models describe particle heating and
cooling mechanisms, including conduction, radiation,

and sublimation. The governing heat and mass transfer
equations during the LIl process can be written as:
nd3(t) darT,

—F P dt Qabs - ‘?Cond - ‘?sub - ‘?rad (1)
dm,
ar = M (2)

where d,,, m,, and T, are particle diameter, mass, and
temperature; p and c, are the density and the specific
heat of the particle; ¢, is the laser absorption; and
Gcond> Qsup, aNd  Grqq are the heat losses due to
conduction, sublimation, and radiation of particle. g,
is the mass-loss rate from the particle surface during the
sublimation process.

Nanoparticles’ laser energy absorption rate in the
Rayleigh regime (rrd,, /1., <<1) is given by

2d3
ans (1) = 3L E(my,, JFa(0) ®)

where A, is the excnatlon laser wavelength, F is the
laser fluence (joules per unit area), q(t) is the temporal
profile of the laser pulse, and E(m,) is the absorption
function of complex refractive index m;:
2
my—1
(=) @
my + 2
As already stated in the introduction, it can be
concluded from Eq. (3) that the nanoparticle absorption
rate and, consequently, its heating through laser energy
strongly depend on E(m,,, ). Therefore, efficient heating
of TiO; nanoparticles may be challenging due to small
values of E(m,,, ) observed in Fig. 1.
The radiation emitted by one particle at the

thermodynamic equilibrium can be derived using the
monochromatic emittance I, (Aep, T) of Plank’s law,

2mhc? hc L
Ipp(Aem, T) = [exp (/1 k
em™B

E(my) =—Im

A T) Bl 1]_ ®)

where h is the Planck constant, kg is the Boltzmann
constant, ¢ is the speed of the light, and 7., is the
emission wavelength.

The monochromatic LIl signal at

wavelength 2., is expressed using Plank’s law:
2 3

Suir (lem, T (f)) = 4 i E(m/lem)lbb (lem: T (t))
2 dg 271’hC

he -

The expressmn of the LIl signal underlines its
dependences with emission wavelength, temperature and
time, as already pointed out in the introduction. As
discussed in the introduction, the emission signal from
TiO; nanoparticles may be difficult to be measured since
it is expected to be low when looking at the E(m;,, )
values in Fig. 1.

Plank spectra I, (Ao, T) Of Eq. (5) are presented in
Fig. 2 for different particle temperatures. These spectra
present a substantial variation of intensity in the visible-
IR wavelength range. The maximum intensity of the
spectral profile shifts towards smaller wavelengths when
considering higher temperature values. This typical
black-body  radiation behavior, called Wien’s

emission




displacement law, is used in this work as a first LII signal
indicator of particles’ laser-induced signal.
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Figure 2: Spectral radiance of black-body for various
temperatures. The dotted line corresponds to Wien's
displacement law.
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Figure 3: Temperature temporal profiles of particles
experiencing LII for various laser fluences at 1064 nm. Results
from numerical simulations of monodispersed spherical soot
particles in an ambient environment (d,=40 nm, E(m;)=0.4,
thermal accommodation coefficient «=0.37). The dotted line
represents the laser profile considered for the simulation.

Figure 3 illustrates the temporal temperature profile
of the LIl signal simulated for various fluences using an
in-house code based on the signal modeling description
of Lllsim [25] and the conduction model developed by
[26].
From this temporal profile of the particle temperature,
two important aspects of the LIl behavior are observed:
(1) The particle temperature increases by increasing
the input laser fluence F conforming to Eq. (3).

(2) For a given fluence, the temperature decreases
with time due to the particle cooling. This
temperature decreasing will induce a shift of the
LIl spectral profile, as shown for black-body
radiation in Fig. 2.

Accordingly, by measuring the induced spectrum as a
function of laser fluence F and detection gate delay 7, it
is possible to verify the incandescent nature of the laser-
induced signal of TiO; nanoparticles if the black-body
behavior is retrieved.

2. Experimental set-up

The experimental set-up in Fig. 4 is composed of
three elements: the system for particle generation, the
laser excitation, and the signal collection.

ICCD
Spectrometer ]
Laser
Collector é
attenuator .
H H —=—{{Beam trap
mirror Aperture lens Burneror
Optical cell

Figure 4: Schematic of the experimental set-up to investigate
laser-induced emission from flame-generated soot particles
(section 3.1) using a pulse laser YAG at 1064 nm with a top-hat
spatial profile and from TiO2 nanoparticle-laden aerosol
(section 3.2) without aperture and lens using a pulse laser YAG
at 355 nm with a Gaussian spatial profile.

2.1 Particles generation: soot particles in flames and
dispersed TiO, nanoparticles

Two different particle generation systems are
considered here when performing the measurements on
soot or TiO2 nanoparticles.

A steady non-premixed methane flame stabilized on
a co-flow burner designed at Yale University [27] is used
to generate the soot particles. The burner consists of a
stainless-steel inner tube for methane injection with a
diameter of 3.9 mm and a wall thickness of 0.5 mm. It is
surrounded by a concentric air co-flow of a diameter of
76 mm. The air passes through 3 mm glass beads and
two layers of honeycomb sections (cell size of 0.8 mm)
to obtain uniform straightened flow without flow
disturbances.

The methane flow has a bulk velocity of 28 cm/s
(0.189 sIm), and air co-flow has a bulk velocity of 15
cm/s (27.8 slm). Both flowrates are controlled using mass
flow controllers (Bronkhorst EL-FLOW). These
conditions result in a visible flame of 40 mm height, as
shown in Fig. 5 (left).
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Figure 5: (left) Flame luminosity image (by ICCD camera) of
the non-premixed methane co-flow flame considered here for
the soot particle case. (right) Picture of the optically-accessible
cell for LIl system on TiO2 nanoparticle-laden aerosol.

The LIl measurements have been conducted at the
peak soot volume fraction on mature soot (Height Above
the Burner HAB =31 mm).

For TiO, nanoparticle-laden aerosol, the laser-
induced emission measurements are conducted
considering nanoparticle aerosol dispersion in a non-
reactive ambient environment. Commercial TiO;
nanoparticles (nanografi, NG04S03508 Rutile, purity:
99.99+ %) are transported by air (16.67 slm, 9.8 m/s, and
Re ~ 3700) in a 1L flask volume placed inside an



ultrasonic water bath (360W). The solid-gas flow passes
through a 1L buffer volume to have a homogenous
distribution of particles. Finally, the solid aerosol is
dispersed in an optically-accessible cell (6 cm cube), with
1-inch windows for laser path and a 2-inch window for
detection, as presented in Fig.5 (right). The flow is
evacuated out to the top hood. The TiO, nanoparticles are
then irradiated by a laser pulse inside the cell, and the
corresponding  signal is collected through the
perpendicular window by the collector.

Since the dispersion of the TiO, powder is time-
variant, the particles inside the first flask volume are
refilled after each series of measurements (m,= 150 mg
of particles). It has been verified that a variation on the
initial quantity of solid nanoparticles mg, does not affect
the particle’s spectral behavior.

The pure TiO; nanoparticle-laden aerosol is used to
avoid any effect of undesired carbonaceous coating in the
measured signal, which is commonly mentioned in the
synthesis of pure metal-oxide nanoparticles via flame
spray pyrolysis [24,28]. By using air to disperse particles
in measurement volume, the obtained laser-induced
emission is free of interferences like laser-induced
fluorescence of flame gaseous species or possible laser
interaction with the sampling glass filter [23].

2.2 Laser excitation

Two laser excitation strategies have been developed
to minimize the interferences of signals and maximize
laser absorption of particles.

For flame-generated soot particles, an Nd: YAG laser
beam (Continuum, Surelite 3) of 1064 nm wavelength
with a repetition rate of 10 Hz and 5 ns FWHM pulse
duration is used. The beam presents a top-hat 0.7 x 0.8
mm? energy distribution by the rectangular-shaped
aperture. The top-hat laser is then relay-imaged to the
vertical centerline of the flame. The laser energy can be
controlled using an attenuator consisting of a half-wave
plate and a polarizing beam splitter. For soot particles in
flames, the fundamental harmonic is preferred here to
avoid the parasite signal from laser-induced fluorescence
of polycyclic aromatic hydrocarbons (PAH) and soot
light scattering [9].

For TiO, nanoparticles, the particles in the control
volume are heated by a pulsed 355 nm Nd: YAG laser
(Quantel, Q-smart 450), with a repetition rate of 10 Hz
and a 5 ns FWHM pulse duration. This beam is a spatially
Gaussian distribution with a diameter of 6.5 mm. The
laser pulse is headed directly to the optical cell by a
mirror, without any other aperture or lens. The laser
energy is controlled via an attenuator adapted for 355 nm.

The laser wavelength of 355 nm has been chosen
here to ensure that TiO, nanoparticles absorb the laser
beam and so as to be heated (Fig.1).

Table 1: Summary of the experimental set-ups for flame-
generated soot particles and TiO2 aerosol.

Purpose Flame-generated TiO: aerosol
soot
Laser Surelite 3 Q-smart 450

Wavelength 1064 nm 355 nm
Pulse duration 5 ns 5 ns
(FWHM)
Top-hat .
Beam profile (Rectanpgular 0.7 Gau???ﬂﬁound
mm by 0.8 mm) ' )
Gate width 5ns 20 ns

2.3 Signal collection

For both soot and TiO, diagnostic systems, the same
collector is used to collect the induced signal at 90° of the
laser path. The collector is constituted of two achromatic
lenses with a magnification factor of 2. The collector is
connected to a spectrometer (Princeton Instruments,
HRS-500) with a grating groove density of 150
groove/mm, and an |ICCD camera (Princeton
Instruments, PI-MAX 4, Gen Il intensifiers HBf) by the
mean of a multimode optical fiber (Thorlabs,
FG365UEC) with a core diameter of 365 um.

For the prompt measurement of the TiO, system, a
532 nm notch filter is used in front of the collector to
reject the 532nm residual of the laser. For flame-
generated soot particles, the measurement volume is 0.4
mm? cuboid. For the TiO, dispersion diagnostic system,
the measurement volume is a cylinder of 6.5 mm.

The ICCD camera is operated with a gate width
adapted for each system (summarized in Table 1). In the
case of T1O,, bigger gate width is used to improve the
signal-to-noise ratio. With the on-CCD accumulation
function of the ICCD camera, over 500 single shots are
acquired and then averaged for each measurement in both
cases. Different gate delays (7; = 0 — 1000 ns) are
considered for the temporal acquisition of laser-induced
emission.

The detection system is calibrated using a tungsten
filament lamp for signal intensity and a mercury lamp for
wavelength.

3. Laser-induced signal characterization

In this section, the typical laser-induced
incandescence signal of soot as a function of laser fluence
F and gate delay 7, is presented and analyzed based on
LIl theory. Then the same studies are performed on laser-
induced emission of pure TiO; particles.

3.1 Laser-induced incandescence behavior of soot
particles in flames irradiated at 1064 nm

Figure 6 shows the prompt (t; = 0) emission spectra
of soot particles under various laser fluences F for an
excitation laser wavelength of 1064 nm. The spectra are
fitted by Eqg. (6), considering a constant absorption
function (E(m;) =0.4) to determine the heated soot
temperature. The LIl signals exhibit continuous spectra
in the visible wavelength range, with the signals
decreasing to low levels for small wavelengths. When
increasing the laser fluence, the curves move towards
short wavelengths, indicating increased particle heating
temperatures. This behavior conforms to the LIl theory
presented in section 1. Furthermore, it can be observed
that at high fluences, the LII spectra show distinct peaks
at 516 nm (C, swan band).
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Figure 6: Emission spectra of laser-induced emissions of soot
particles under various laser fluences F at prompt. The
temperature inside the parenthesis is fitted using Eq. (6), with
constant E(m,;) = 0.4. All curves are normalized by the
maximum value obtained for fluence F= 0.35 J/cm?.

By changing the gate delay t,; with respect to the
prompt timing for a given fluence (F = 0.3 Jicm?), this
black-body-like tendency is again confirmed in Fig. 7. By
increasing the detection gate delay 7,4, the spectra peak
shifts to big wavelengths due to the soot temperature
decrease.

The spectral trends with various laser fluences and
detection gate delays confirm the LIl nature of the
measured laser-induced emission from soot particles.
These trends validate the experimental protocol retained
in this work to demonstrate the possible induced
incandescence behavior of TiO2 nanoparticles.
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Figure 7: Emission spectra of laser-induced emission for soot
particles for different gate delays 7, for fluence F = 0.3 J/cm?.
The temperature inside the parenthesis is fitted using Eq. (6),
with constant E(my) = 0.4. All curves are normalized by the
maximum value obtained at zero gate delay (t; = 0).

3.2 Laser-induced emission behavior of dispersed
TiO; nanoparticle aerosol irradiated at 355 nm

The same strategy used previously for soot particles
is applied to characterize the laser-induced emission of
dispersed TiO, nanoparticles as a function of the laser
fluence and detection gate delays to verify (or not) its LII
nature.

Figure 8 shows the emission spectra of laser-induced
emission of TiO, nanoparticles for different laser

fluences with a delay of 50 ns to avoid unwanted atomic
emissions [23,24]. The spectra show monotonic
evolution as a function of the wavelength and are shifted
with the laser fluence toward small wavelengths.

This shift can be interpreted regarding the LIl theory
as a temperature increases for a higher fluence so that the
peak of the spectra is blue shifted. The change of peak
position between spectra is not as noticeable as in Fig. 6
for soot particles. This may be due to the fact that TiO,
nanoparticles are characterized by a small absorption
function E(my,,_ ). Therefore, during the particle heating
process, the laser is hardly absorbed so that the particle
temperature is hardly increased and implies a moderate
evolution of the emission spectra. The temperature fitting
is here not conducted since E(mlem) for TiO; is nearly
zero in 400 — 700 nm (Fig.1).
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Figure 8: Emission spectra of laser-induced emissions of TiOz
nanoparticles at various fluences for 74,=50 ns. All curves are
normalized by the maximum value obtained for fluence F = 0.4
Jlem?,

Figure 9 shows the laser-induced emission spectra of
TiO, nanoparticles for various gate delays t, for a laser
fluence F = 0.3 J/cm?. From the prompt signal (z;= 0 ns),
it is possible to observe the atomic Ti signal from the
sharp peaks close to 500 nm. The peak is not present for
14>50 ns, as observed in [23,24]. By increasing the gate
delay 7, the spectra move towards longer wavelengths.
Again, this trend is in agreement with the LII-like nature

of the laser-induced emission of TiO, nanoparticles.
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Figure 9: Emission spectra of laser-induced emission of TiO2
nanoparticles for different 7, at F=0.3 J/cm2. All curves are
normalized by the value at 700 nm obtained at prompt.




Conclusions

In the context of flame-synthesis of nanoparticle
production, the laser diagnostics for soot may be
generalized to non-carbonaceous particles to improve our
knowledge in nanoparticles flame synthesis.

The goal of this work-in-progress study was to verify
the feasibility of laser-induced incandescence
measurements on engineered TiO, nanoparticles aerosol.
First, the experimental system was validated with
conventional flame-generated soot particles by verifying
that the emission spectra follow the black-body radiation
behavior. Then, the LII feasibility on TiO, nanoparticles
was verified using a particle dispersion system at ambient
non-reacting conditions to avoid not only the
interferences from flame-generated emission but also the
possible formation of a carbonaceous layer on the
particles or matrix effect with a sampling glass filter. The
measurements show that the titanium dioxide
nanoparticles can present the black-body-like radiation
response to different laser fluences and different gating
delays despite the difficulties in excitation and detection
of LIl measurements from small absorption function
E (m,) in the visible range for TiO,. On the other hand,
at the prompt, unwanted atomic emissions are observed
for high laser fluences. It is possible to avoid these non-
incandescent emissions by applying lower fluence or
delayed detection, as suggested in [23].

Future works will expand the same LIl system into
flame-synthesized TiO, nanoparticles. The feasibility of
LIl on TiO; nanoparticles in flames will address the in
situ particle sizing during their formation. Based on the
volume fraction and size distribution information under
the influence of flame configuration, the chemical and
physical mechanisms governing the formation of TiO;
nanoparticles can be deeply understood for further
industrial purposes.
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