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Abstract

In this study, laser-induced incandescence (LII) diagnostic technique was applied for iron-based nanoparticle (NP) sizing
during the floating chemical vapor deposition (CVD) synthesis of carbon nanotubes (CNTs). Transmission electron micros-
copy (TEM) was used to characterize the nature and size of NPs. The LII signal was simulated by taking into account the
carbon-encapsulated iron NP density, heat capacity, size distribution, etc. A detailed sensitivity and uncertainty of the key
parameters on the evaluated particle size for this model has also been estimated. Using the developed approach, the evolution
of NPs in the gas phase along the reactor axis was investigated at 650, 750 and 850 °C. It was found that the evaluated sizes
from LII signals were in good agreement with the ones obtained by TEM measurements. The NP size is highly dependent
on the temperature under the studied conditions but it does not show obvious difference along the reactor axis. This study
reveals an important LII application prospect to understand the catalyst particle behaviors for better control over CNT growth
during the floating CVD process.

1 Introduction

Yiguo Xu and Yang Ma contributed equally to this work.
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Fig. 1 a Schematic illustration of CNT synthesis in a FCCVD reactor.
b Experimental setup for LII measurements. 1. Nd:YAG pulsed laser
(10 Hz, 1064 nm). 2. The stainless steel CVD reactor. 3. Small open-
ended tubes installed at different positions along the reactor (P1-P7).
4. Area containing NPs (outlet of the small tube). 5. Laser energy
meter. 6. 550-nm Dichroic shortpass filter. (7, 8). Bandpass filter 492
and 694 nm. (9, 10) Two PMTs. 11. Oscilloscope. (12, 13). Reflection
mirror. 14. Optic fiber detector

of ferrocene in the gas phase, as depicted in Fig. 1a. CNT
growth precedes through several processes, such as, the
NP nucleation and the following diffusion, precipitation
of decomposed carbon on the catalytic NPs. In practical,
all the processes may occur simultaneously at the same
region in the reactor. It has been believed that the catalyst
NP size and nature have a significant effect on the con-
trol of the CNT morphology, such as CNT diameter [14]
as well as their chirality [15, 16]. Therefore, control-
ling the formation of iron-based catalyst NPs is highly
desired for high-quality CNT synthesis at a large scale.
To achieve an in-depth understanding of the catalytic
NP formation mechanism, it is reasonable to develop an
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in-situ diagnostic technique to trace the catalyst evolution
and study the performance of these catalysts during the
FCCVD process.

LII phenomenon occurs when a high-energy pulsed laser
beam encounters particles like carbonaceous soot or metallic
particles. When particles are heated up by a pulsed laser of
~ 10ns duration, their temperature increases to ~ 4000 K
immediately for laser intensities of 1x 107 W/cm? or
greater [17]. Meanwhile, the particles loose energy by heat
transfer mechanisms such as conduction, radiation, evapora-
tion, oxidation, etc., among which thermal radiation leads
to the LII emission. The research on LII was first outlined
by Weeks and Duley [18]. It was found that the aerosol
particles generated form sub-micron powders of carbon
black and alumina released a momentary emission of light
when heated by TEA CO, laser pulses. The spectrum of
this emission related to the particle size. In 1977, Eckbreth
found several interferences during the Raman scattering
experiments, which were identified to be laser-modulated
particulate incandescence [19]. They also proposed an ana-
lytical model to describe this process. The real pioneer of
LII technique is Melton. In 1984, Melton improved the equa-
tions governing the laser heating and vaporization of parti-
cles [20]. This work exploited the potentiality of LII as a
powerful diagnostic tool for soot concentration measurement
and particle sizing. A time-resolved variant of LII (TiRe-
LII) was introduced to allow particle sizing by recording the
time-dependent particle emissions during particle cooling
after the laser heating by Roth [21, 22] and Will [23]. In
2004, Bladh extended the theoretical model for TiRe-LII to
include particle-size distributions and different spatial distri-
butions of the laser energy [24]. In the past decades, LII had
undergone significant developments. Following the earlier
modeling work of Weeks and Duley [18], different detailed
models were developed to serve as means to extend LII tech-
nique to a wider variety of conditions, including high pres-
sures and low temperatures [25-30]. In 2002, Vander Wal
et al. first applied LII to study the CNT flame synthesis [31].
Snelling and coworkers developed the auto-compensating
LII, henceforth LII technique can achieve a quantitative
measurement of volume fraction without further calibra-
tion process using another soot measurement technique [32].
The early experiments about LII focus on soot size meas-
urements [20, 23, 33]. Due to its non-intrusive, real-time
and in-situ nature, it has recently been spread to a variety
of sources, such as Cu [34], Mo [35-37], Ag [22], W [38],
Ti [39], Fe [39—-47], and Fe—C binary NPs [48, 49]. LII has
proven to be a powerful tool for particle concentration and
primary particle-size measurement, and was used in a wide
range of applications, such as combustion [50-52], particle
synthesis [34, 53] and environment [54-58]. However, LII
technique has rarely been applied for catalytic NP sizing dur-
ing CNT synthesis. The mechanistic investigation of carbon
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nanotube formation was examined by Cau et al. within the
framework of laser vaporization by combining LII and laser-
induced florescence (LIF) [59]. Recently, Yatom et al. also
conducted LII measurements in the carbon arc discharge for
synthesis of CNTs [60]. However, the synthesis of carbon
nanotube by laser vaporization and carbon arc discharge is
different from CNT growth by floating catalyst CVD.

In this study, the LII technique is applied for character-
izing the NP sizes during the FCCVD synthesis of CNTs.
The typical equipment used in FCCVD is a horizontal quartz
tube heated by an electric furnace. However, in this situ-
ation, the NPs are also deposited on the inner wall of the
reactor and may contribute to the LII signal, which prevent
the response of the floating NPs from being collected by
the detector located outside the reactor. To avoid the effect
of the deposited NPs on the LII signals, a stainless steel
reactor with seven 15-cm-long stainless steel open-ended
tubes (6.3 mm in diameter) welded perpendicularly to the
reactor axis was designed and the gas exhaust was probed
by LII at the end of each 15-cm-long tubes. Then, we con-
ducted a validation experiment inside the reactor, where a
copper grid with lacey carbon films was placed into the tube
furnace. This comparative study revealed that there are no
statistical differences in size and structure between the NPs
inside the reactor and those collected at the location where
the LII signal was probed. Furthermore, the results obtained
by LII sizing were compared with TEM observation.The
good agreement between the NP sizes estimated by both
LII and TEM demonstrates the validity of this approach.
Using this approach, the evolution of NPs in the gas phase
along the reactor axis was investigated at different tempera-
tures. These results contribute to analyze potential relations
between the floating NPs and the CNTs on the substrate
which were barely discussed caused by the lack of a proper
method, revealing the great LII application prospect for the
FCCVD CNT growth mechanism research.

2 Experimental section

The experimental setup depicted in Fig. 1b comprises a
120-cm-long stainless steel reactor (45 mm in diameter)
heated by a horizontal electrical furnace (Carbolite). The
reactor was opened at seven positions using 15-cm-long
stainless steel tubes (6.3 mm in diameter) welded perpen-
dicularly to the reactor axis to provide optical access to
the reactive atmosphere for LII analysis [61]. No obvi-
ous size and structure change of NPs were observed from
inside of the reactor to the outlet of the small tubes. The
CVD process was carried out at 650, 750 and 850 °C under
argon atmosphere in the presence of hydrogen. Acety-
lene was also introduced in the system to serve as carbon
source [62, 63]. Gas flows were adjusted using digital mass

flow controllers (Bronkhorst) and the total flow rate was
kept constant at 1 L/min (0.78 L/min Ar, 0.20 L/min H,,
0.02 L/min C,H,). During the CVD process, a solution
of ortho-xylene (98.5% Alfa Aesar) containing dissolved
ferrocene (0.05 g/mL) was injected in the form of a spray
at a rate of 0.2 mL/min using a syringe pump equipped
with a liquid flow meter (Razel Science, R99-E) [64, 65].

The gas exhaust was probed by LII at the end of each
15-cm-long stainless steel open-ended tubes, as shown in
Fig. 1b. The LII signals were generated using a pulsed
Nd:YAG laser (Excel, Surelite II-10), which delivered
1064-nm emissions with 7-ns pulse duration and 2-Hz rep-
etition rate. The non-focalized laser beams had a diameter
of 7 mm and the laser fluence was monitored using an
energy meter (Gentec, UP19K-15S-VM-DO0) at different
Q-switch values. The laser beams were directed along the
CVD reactor so that the excitation of the floating parti-
cles occurred at the outlet of each open-ended tubes. The
incandescence signals were collected at different positions
along the reactor using an optical fiber facing each one of
the open-ended tubes. The detection was arranged perpen-
dicular to the excitation axis to minimize Rayleigh scatter-
ing. A beam splitter divided the collected particle radia-
tion into two beams, which were arranged perpendicular
to each other. Narrow band-pass filters with the center
wavelengths of 492 + 10 nm and 694 + 10 nm were placed
in each beam to limit the radiation to a narrow spectral
range. The radiations were converted into electrical signals
using two identical high-speed photomultipliers (Hama-
matsu, H10721-20) equipped with external amplifiers
(Hamamatsu, C5594-44). The signals were digitized and
recorded by a 2-GHz digital storage oscilloscope (Lecroy,
Wavejet 354A). For particle-size evaluation, the measured
LII signal was fitted by calculated curves obtained by
variation of count median diameter (CMD) and standard
deviation o,. A least-squares method by Levenberg and
Marquardt was used for curve fitting [66].

For comparison purposes, the samples of the floating
particles were collected at the outlet of each open-ended
tube. Sampling was conducted by introducing copper grids
at the positions where the LII signals were recorded. The
copper grids were withdrawn after being exposed to the
gas outlet for five seconds and used for TEM observa-
tion. TEM was performed using a FEI Titan instrument
equipped with a probe-corrected condenser operating at
200 kV. The histogram of NP distribution was determined
by counting and sizing the primary particles from several
TEM images. The histogram was fitted by a lognormal
size distribution using a least-squares method and CMD
as well as standard deviation can be obtained. Under each
experimental condition, more than 100 particles were used
for a statistic analysis.
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3 Results and discussions

The measurements were based on the model described by
Eremin et al. [48, 49, 67]. The detail description of the
model and the procedure of determination of key parameters
are demonstrated in the supplementary file. After determi-
nation of the key parameter in the LII model, the measured
LII signals can be evaluated by fitting cooling curves to the
experimental profiles under variation of the particle size.The
representing LII signal and the best fit curve of calculated
LII signal are presented in Fig. 2. It was found that the LII
result is in good agreement with TEM measurements. As
discussed in recent works [40, 42, 48, 49, 68], variations
in the assumed properties and the experimental conditions
can cause errors of the evaluated particle sizes. Therefore,
the sensitivity and uncertainty of the key parameters on the
evaluated particle size for our LII model were estimated. In
the present study, seven key parameters, NP density p,, NP
heat capacity c,, thermal accommodation coefficient (TAC)
ar, the ratio of the heat capacities of the gas y, the molecu-
lar weight of ambient gas y,, the gas temperature 7, and
the heat-up temperature Tg were taken into account. The
values of ap, NP density p, and NP heat capacity ¢, may
be changed depending on the carbon shell structure. The
uncertainty of the NP density p, depends on the Fe/C mass
ratio in particles. According to the TEM results, in the case
of Fe/C mass ratio 1:1, the uncertainty of the NP density is
between — 38% and 5%. While in the case of Fe/C mass ratio
5:1, the uncertainty of NP density is ranging from — 13 to
5%. The carbon shell structure has a more profound influ-
ence on the NP heat capacity. For a NP with a Fe/C mass
ratio 1:1, the maximum possible uncertainty of the NP heat
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Fig.2 Measured LII signal of NPs at the center of the reactor P5 at
850 °C in the gas phase and the best fit curve of the calculated LII
signal
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capacity reaches + 119%, which is the difference between
the pure iron heat capacity value and the value for Fe/C
mass ratio 1:1. It should be noted that only when all the NPs
exhibit a core-shell structure with a Fe/C mass ratio 1:1, the
maximum uncertainty of the NP heat capacity can reach.
But according to TEM observations, the Fe/C mass ratio
should be between 1:1 and 1:0. So, the uncertainty of the NP
heat capacity always is smaller than + 119% The value of
ar is determined by comparing the LII measurements with
TEM results; hence, the real uncertainty of @ can not be
estimated. Since the differences of normalized y? for ay from
0.07 to 0.17 are very small during the two-parameter data-
fit procedure (Figure S3b), the possible value of ay is from
0.07 to 0.17. The molecular weight of ambient gas y, and the
ratio of the heat capacities of the gas y are related to the gas
composition. The gas composition will change according to
the CVD conditions. y, can be in the range of 28.74 (for air)
to 39.39 (for argon). While, y is ranging from 1.39 (for air)
to 1.667 (for argon). The deviation of the gas temperature 7,
and the heat-up temperature Tg are set to be +5%.

In the present study, Sobol’s method was used to perform
a detailed sensitivity analysis for our LIl model by consider-
ing each parameter’s individual contribution (the first-order
index S;) and the total contribution (the total-order index S+;)
[69-72]. The greater the sensitivity indices are, the more
critical parameters are for the model. An input factor will
be considered to be important, if it explains more than 1/k
(k is the number of the estimated parameter) of the output
variance. For a given factor, a notable difference between S
and S; flags an important role of interactions for that factor
in the output. A detailed sensitivity analysis of these influ-
ences (pp, Cps AT, ¥ Has Tg, Tg) on the evaluated particle size
for our model is presented in Fig. 3a, b. Results show that
the relative sensitivity is related to the Fe/C mass ratio in the
NPs. In the case of NPs with Fe/C mass ratio 1:1, e is the
most important parameter. It explains 45.3% of the output
variance. Followed by a and Pp> the total-order index of ay
and p, are 0.338 and 0.182, both larger than 1/k = 0.143.
Thus, a; and p,, are also important variables. Furthermore,
all the input factors explain 97.8% of the output variance
singly. The small difference between the total-order index
and the first-order index of each parameters stands for the
weak interactions between the parameters, which proves
their independence. For NPs with a Fe/C mass ratio 5:1,
the Sobol sensitivity index of Py and c, are 0.04 and 0.173,
respectively. It indicates that p, and ¢, become less impor-
tant with the increase in the Fe/C mass ratio. More atten-
tion should be paid to the parameter a in the experimental
application since it becomes the most important parameter,
accounting for 85.6% of the variance of the response vari-
able. The sum of the first-order index reaches 0.93, which
means that the variance of the response variable can be well
explained by the uncertainty from the individual parameters.
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The mean size evolution of NPs in the gas phase as a
function of the CVD duration was investigated by LII meas-
urements at temperatures 650, 750 and 850 °C. It is found
that temperature exhibits a pronounced effect on NP forma-
tion in the gas phase. No LII signals were detected at 650 °C
at all positions along the reactor. LII signals were detected
successfully at 750 and 850 °C. Figure 4 shows the mean
size evolution of NPs in the gas phase at the center of the
reactor as a function of the CVD duration. The CMD of NPs
is almost constant in all 60 min at both 750 and 850 °C. It
means that the system reaches an equilibrium state during
the FCCVD process with the continuous injection of ferro-
cene and carbon sources. Furthermore, the evaluated CMD
of NPs in the gas phase by LII at 750 and 850 °C is about 5.1
and 12.5 nm in all the time, respectively. The corresponding

Fig.4 NP size evolution in the gas phase at the center of the reactor
as a function of CVD duration

TEM image and size distribution of NPs obtained at 750
and 850 °C with CVD duration of 12 min are depicted in
Figure S6 and in Fig. 2. It can be seen that the NP size is
about 5.9 and 11.7 nm by TEM measurements. These results
suggest that the evaluated CMD by LII is in good agreement
with the one by TEM measurements and the CMD of NPs
greatly increases with the temperature increasing from 750
to 850 °C..

The NP size at different position along the reactor axis
at 850 °C was also evaluated by LII measurements. At P1,
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no LII signals were detected. At P2 very week LII signals
can be detected. But the detected LII signals are too week
to be analyzed for particle sizing, indicating that very few
NP nucleation takes place in the gas phase at P2. From P3
to P7, we can detect strong LII signals. Therefore, the NP
size from P3 to P7 can be evaluated, which is presented in
Fig. 5. The corresponding TEM images and size distribution
of NPs are also presented in Figure S7 and Figure S8. The
NP size at position P3, P4, P5, P6 and P7 obtained by LII
sizing are 10.7, 10.3, 12.5, 12.2 and 11.0 nm, respectively.
In previous works, computational fluid dynamics (CFD)
simulations were implemented to describe NP nucleation
process [73-75]. These simulations predicted that iron NP
size will increase along the reactor axis. However, in the
present study, the evaluated NP size does not show obvious
difference from P3 to P7. The NP size almost keep constant
the along the reactor. Furthermore, it is well known that
highly dense CNTs can synthesize successfully at the 650 °C
on the substrate at the same CVD conditions [61, 76], but at
650 °C no NPs were detected in the gas phase. It is empha-
sized that no CNTs were found in CVD samples collected in
the gas phase by TEM analysis (Figure S1) and the CVD
samples were identified to be carbon-encapsulated iron NPs.
Their size is far from that on the substrate as observed in
our previous study [61]. Because of the graphite layer, the
carbon-encapsulated iron NPs are thermally stable, they can-
not directly contribute to the CNT growth in the gas phase
or coalesce on the substrate to form large NPs for the CNT
growth on the substrate. Based on the above discussions, it
can be deduced that iron NPs on the substrate must nucleate
by another mechanism. It is hypothesized that iron NPs form
in the gas phase by homogeneous nucleation when the iron
partial pressure is higher than its saturated vapor pressure.
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Fig.5 NP size evolution in the gas phase at different positions in the
CVD reactor at 850 °C
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Since the direct bond cleavage pyrolysis of hydrocarbon
carbon only happens at temperature much higher than
850 °C [49], it can be concluded that carbon atoms mainly
come from the catalytic decomposition of hydrocarbon on
the iron NP surface. They dissolve into iron NPs and then
precipitate from iron NP surface. Once carbon atoms aggre-
gate to a certain amount, the growth of iron NP will termi-
nate due to the encapsulation of the carbon layers. At high
temperature, fast decomposition of ferrocene will promote
the NP nucleation and coalescence, finally leading to larger
NPs. In addition, NPs in the gas phase are finally encapsu-
lated by graphite layers, and they do not contribute to CNT
growth on the substrate. By contrast, NPs on the substrate
form by heterogeneous nucleation. The substrate plays a key
role in promoting the NP nucleation, which results in much
larger iron NP than those in the gas phase. Thus, NPs formed
on the substrate can be used as the catalysts for the CNT
growth in the studied conditions.

4 Conclusion

In summary, LII diagnostic technique was applied for NP
sizing during the CVD synthesis of CNTs in this study. TEM
shows that NPs in the gas phase exhibit a core-shell structure
with an iron core and carbon shell. Therefore, the procedure
of calculating the theoretical LII signal was developed for
the carbon-encapsulated iron NP. A detailed sensitivity and
uncertainty of the key parameters on the evaluated particle
size for this model were estimated. Results show a strong
dependence of the sensitivity and uncertainty on the struc-
ture of NPs. In the case of the NPs with Fe/C mass ratio 1:1,
according to Sobol sensitivity index, ¢, ar and p, are impor-
tant parameters. The possible deviation caused by the p,, and
¢ is 61.1% and — 54.4%, respectively. While for the NPs
with Fe/C mass ratio 5:1, (e and Pp become less important. ay
is the most important parameter. The uncertainty of the par-
ticle size resulted from p,, and ¢, also decrease to — 28.4%
and 14.4%, respectively. Using the developed approach, the
evolution of NPs in the gas phase along the reactor axis
was investigated at 650, 750 and 850 °C . The evaluated
size by LII is in good agreement with the one obtained by
TEM measurements. The NP size is highly dependent on
the temperature under the studied conditions but it does not
show obvious difference along the reactor axis. According
to these results and discussions, it is reasonable to believe
that NPs form in the gas phase originated by homogene-
ous nucleation, and they do not directly contribute to CNT
growth taking place on the substrate surface.

This study demonstrates that the LII technique is a use-
ful tool to trace the NP evolution during the floating CVD
process. However, LII is limited to the detection of NPs with
the size larger than serval nm. The whole NP nucleation
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concerns some fundamental processes, such as decomposi-
tion of ferrocene and atoms collision. Thus, to investigate
the early stage of NP nucleation, other diagnostic techniques,
such as LIF [59, 77-79] or Raman, are also highly desired.
The investigation of iron atoms and carbon radicals in the
gas phase would confirm the NP nucleation mechanism.
Furthermore, the particle agglomerates are observed in the
TEM images. So, a planar LII approach could be expected
for further modification of the furnace, to achieve a more
precise visualization of the NPs coagulation regions [80].
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