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Abstract: Flame synthesis involves a complex physio-chemical process to create optimal
conditions for carbon nanotube (CNT) growth. In the present study, a nickel catalyst undergoes
exposure to a methane diffusion flame at various durations, with subsequent measurement of the
CNT diameter. The average CNT diameter exhibits an increment until the 30-second mark, after
which the diameter stabilizes at 35 nm. This growth is attributed to the nearly instantaneous
occurrence of catalyst nanoparticle formation and CNT growth within the flame. The reshaping
of size, crucial in determining CNT diameter, results from the aggregation-agglomeration of
nanoparticle formation. The growth mechanism is partially elucidated by the vapor-liquid-solid
and solvation-diffusion-precipitation mechanisms, offering insights into the governing processes.
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1. Introduction

Carbon Nanotubes' (CNT) growth mechanism has been
the interest of many researchers for many years to
understand the basic principle of how the nanotubes grow.
Although carbon fibers' formation on metal has already
been realized for over a century " and utilized in many
applications; as recently done for denture-filler
composite?, lubricant applications ¥, and conductive
adhesive?. In the early 1970s, Baker pioneered forming
carbon filament on nickel, group VIII metal, and metal
alloys. His works led him to propose a growth mechanism
for sub-micrometer fibers, which is the fundamental
explanation for CNT growth currently widely accepted .
On the other hand, the vapor-liquid-solid (VLS)
mechanism proposed by Wagner and Ellis on the growth
of Si whisker can also be used to explain the growth

mechanism of carbon filament °®. Generally, the
mechanism involves three processes that include the
adsorption and dissociation of carbon-containing gas
precursor on the catalyst particle surface to form
elementary carbon atom, the bulk dissolving of carbon
atoms into nanoparticles to form a liquid metastable
carbide that diffuses within the particle, and the
precipitation of solid carbon at the rear side of the
nanoparticles to form carbon nanofilament ?. Due to a
vague understanding of the carbon bulk diffusion's driving
force, many researchers theorized different mechanisms
where the diffusion of carbon atoms would rather occur
on the catalyst surfaces. This is also explained why the
CNTs are hollow V.

In addition, Helveg provided in-situ image analysis on
MWCNT grown on nickel particle and proved that the
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MWCNT can grow on solid nickel particles through a
mechanism involving surface diffusion of carbon species
10 Hence, three steps vapor-solid-solid growth
mechanism was proposed, which involved the
dissociation of carbon precursor, the surface diffusion of
carbon atoms on the catalyst particle, and the carbon
precipitation in the form of nanotube growth. In another
study using in-situ image analysis, Yusop et al. observed a
structural change of carbon nanofiber (CNF) by
agglomeration due to Joule heating of particles to form a
hollow graphitic structure 'V. The effects of structural
change are also observed in the annealing process of a
formed carbon nanowire (CNW), which includes catalyst
particle deformation and carbon nanosheet rearrangement
to form carbon nanotubes when subjected to higher
temperature '?. In this case, the size of catalyst
nanoparticles increases due to particle sintering,
increasing the carbon diffusion and rearranging the solid
core into a nanosheet of multiple walls. The
transformation kinetics of the nanoparticles have been
possibly affected by the annealing temperature and time
13)

In the synthesis of MWCNT, a consensus agreement of
a theory that can explain its growth mechanism is still in
debate'?. This is due to the short explanation of the
simultaneous nucleation and growth of several carbon
walls of MWCNT. One key problem is to explain how
carbon atoms diffuse and assemble to grow inner walls if
the outermost wall is connected to the particle. Like
SWCNTs, MWCNTs diameter still correlates with the
diameter of the catalyst particle. The catalyst particle's
geometry is governed mostly by the strength of the
interaction between the substrate and the particle itself. In
a strong particle-substrate interaction, the nanotube
formation is restricted to growth via extrusion on the
particle; thus, the relationship between the original
catalyst particle size and CNT diameter can become, to
some extent, unpredictable '>. Some studies found that the
CNT diameter is independent of catalyst particle once it
exceeds a specific size resulting in catalyst particle to drop
into the carbon tube.

In general, different synthesis methods play a huge role
in determining the grown products' structure, quality,
properties, and production. Inflame synthesis, the growth
of CNT happens rapidly in a short amount of time,
contrary to conventional CVD synthesis, which usually
takes hours. The almost-instantaneous reaction in flame
draws up a huge potential for a mass-production. The
flame provides both heat and carbon supply, reducing the
energy intensity required in the carbon breakup process '>
17, CNT has been grown successfully in various flame
configurations, producing various morphology and
production rate 31625261724 Nevertheless, the control of
flame synthesis is still facing a more significant challenge
due to its complex environment. Therefore, an
understanding of the essential growth mechanism that
allows us to better control the synthesis is still quite
crucial.

The growth of carbon nanotubes in diffusion flame can
be explained generally by the VLS mechanism. However,
the nanotubes' transient growth is still unable to be fully
explained by the theory, especially in the synthesis where
the formation of catalyst particle and CNT has grown
almost instantaneously as seen in flame. In the present
study, a comprehensive analysis was done on the growth
of MWCNT on a nickel-based catalyst. The analysis's
primary focus is to define the transient growth of the
particle size and CNT diameter and their correlation
towards their growth mechanisms in instantaneous
reaction.

2. Experimental details

Catalyst preparation was done by titrating nickel nitrate
on a silicon wafer substrate. Nickel nitrate was chosen as
a catalyst precursor for its high catalytic activity when
synthesizing in flame. Firstly, the 0.182g of nickel nitrate
hexahydrate crystal was dissolved in 0.1-liter ethanol to
get a solution of 0.1 M and kept in a reagent bottle before
being sonicated for 5-10 minutes for a complete dissolve.
Subsequently, the substrate was prepared. Silicon wafer
disk was cut into 1 x 0.5 cm? and sonicated in acetone for
10 minutes. Finally, the nickel nitrate solution was
drop/titrated on the prepared silicon wafer and let dried for
20 minutes at room temperature.

The CNT synthesis setup employed a laminar methane
diffusion flame burner with a concentric fuel and oxidizer
tubes with 17 mm and 26 mm diameter, respectively. The
positioning system was installed for the localized data
collection, where the substrates were placed into the flame
at specific location in horizontal direction with £ 1 mm
accuracy. In the experiments, the sample height above the
burner (HAB) was fixed at 15 mm. The entire synthesis
was done at ambient pressure in an enclosed space to
minimize the entrainment of air and maintain continuous
gas flow. Lab grade methane with 99.995% purity that
flows in the central tube is monitored by Omron flow
sensor at 0.3 slpm. Mixture of oxygen 99.9% and nitrogen
99.9% that flows in outer tube are controlled by a
precision metering valve with Honeywell™ sensors, at a
flow rate of 0.7 slpm and 3.0 slpm, respectively. The
samples were exposed in the flame at exposure time
ranging from 5 to 60 seconds.

The as-grown CNTs were examined in Field Emission
Scanning Electron Microscope (FESEM) (Zeiss
Crossbeam 340) and Energy Dispersive X-ray (EDX)
analysis to analyze the deposited materials' morphology
and elemental composition. Besides, Raman spectra
analysis (HORIBA XploRA PLUS) with 532 nm
wavelength laser was done at standard temperature and
pressure directly on the as-grown CNTs. The images from
FESEM analysis were post analyzed using Digimizer™
software to measure the grown CNTs and catalyst
particles' diameter manually. The diameter measurement
of one hundred unique CNT strands were recorded for
every sample. The measured data were tabulated into
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histogram plots for further statistical analysis.

3. Results and discussion

3.1 Characterization of carbon nanotubes

Figure 1b shows the Raman spectra of as-grown CNT
from catalyst exposed for 30 s in flame under fixed
condition. These conditions produce entangled CNT of
different lengths but similar crystallinity which is shown
by the Raman spectra with smaller D- and sharp G-band
peaks. The distribution of Raman spectra at other
conditions shows the consistency of CNT crystallinity
regardless of exposure time in flame consistent with other
studies 2”. In typical multi-walled carbon nanotubes,
Raman analysis having graphitic peaks at 1550 to 1600
cm!, which correlates to the formation of CNT with high
degree order and symmetry. On the other hand, the defect
peak that falls in the range of 1250 to 1450 cm! is
correlated to the CNT defects and disorder and G' peak
falls between 2500 and 2900 cm™' due to second phonon-
photon response. Figure 3b shows Ip / Ig ratio of the as
grown multi-walled carbon nanotubes. Respectively, all
CNT that has grown at different sampling time exhibit
similar Ip /I results. The Intensities of D-band (Ip) and G
band (Ig) show a ratio Ip/Ig with a narrow range around
1.0 indicating the existence of high crystallinity tubular
wall with a high degree of graphitization®®.
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Fig. 1: (a)Raman analysis of the grown CNT. (b) The
distribution of ID/IG shows the crystallinity of the grown CNT
at varied exposure times.

It can be seen from Fig. 2a that dense CNT forests are
formed when the catalyst is exposed to the flame. The

highest CNT density form at the optimum growth region
near to the flame centerline is indicated by previous work
I, The overall density increases until the synthesized
carbon nanotubes reached a uniformity in its growth.
From Fig. 2b and 2c, bright spots of catalyst particle can
be observed on the tip of the grown CNTs. Generally,
CNTs with catalyst particle will grow along the substrate
surface following a particular crystalline arrangement 2%,
This mechanism is similar to well-known tip growth
model explained in published literature. Catalytic particles
formation on the substrate's surface happens in the high
temperature environment of the flame before the carbon
from hydrocarbon cracking diffused to the surface of the
catalyst. The carbon atoms transport into the catalyst are
driven by diffusion to continuously being stacked and
forming tubes of carbon. The low magnitude force of
interaction between the catalyst particle and the substrate
elevates the particles during nanotube growth, creating
CNTs with catalyst particles situated at the tip. In contrast,
a more robust catalyst-substrate interaction force leads to
CNT formation with catalyst particles positioned at the
base. Despite this, the accelerated CNT growth is
attributed to heightened catalytic activities. The formation
of hollow tubular carbon nanotubes is a consequence of
the higher diffusion rate of carbon atoms on the catalyst
surface compared to bulk and/or subsurface diffusion. The
increase in diameter with increasing sampling time
demonstrates a rise in the catalyst involved in the reaction.

ARG
Fig. 2: FESEM images of the CNT at different
magnification. (a) 1K magnification, (b) 10K magnification,

and (c) 50 K magnification. Bright white spots indicate the
catalyst particles
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Fig. 3: CNT diameter distribution at 5 seconds increment. (a)-(f) marks the transient stage where average diameter increases while (g)-(1) shows a steady distribution of CNT diameter when exposed into
flame under the same flame condition
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3.2 CNT diameter distribution at various sampling
time

Carbon nanotubes diameter was measured using
Digimizer™ image post-processing analysis software
with the statistic number of 100. The diameter distribution
for sampling time up to 60 seconds with a 5-second
increment is plotted in the histogram shown in Fig. 3. For
shorter sampling time, the histogram tends to skew to the
right indicating the presence of predominantly CNT with
a smaller diameter. It also shows that the growth of CNT
is rapid at this stage, with many new tubes forming at a
concise duration. As the synthesis time increase to 35
seconds, the histogram started shifting towards a more
normal distribution while at the same time increasing the
average diameter, indicating maturity in the CNT growth
process. Interestingly, the diameter distribution seems to
achieve a steady distribution when the synthesis is
prolonged longer than 35 seconds with an average
diameter of 38 nm. The chart in Fig. 3 shows the transient
growth of average CNT diameter up until 35 seconds
before the distribution becomes stable. The histogram
distribution agrees with previous study that found the
diameter and length of CNT grow with exposure time in
flame and conclude that it is due to the continuous
addition of the nanotubes' concentric layer 3?.

3.3 Growth mechanism of particles and CNT

According to the widely accepted VLS mechanism of
CNT growth, the process involves several steps. Initially,
carbon atoms subjected to high-temperature flame
undergo cracking, facilitating the transformation of nickel
nitrate into molten nickel. Subsequently, the nickel surface
serves as the adsorption site for the free carbon. Finally,
tubular carbon nanomaterials form by the diffusion and
deposition of the precipitated carbon due to the grown
graphene sheet's curling on the surface. This process also
agrees with the Solvation-diffusion-precipitation growth
mechanism proposed by Van der Waal et al !9, In this
mechanism, and the formation process is divided into five
essential steps includes catalyst precursor decomposition,
metal nanoparticle formation, decomposition and
deposition of carbon on the catalyst surface, carbon
diffusion into the catalyst, and carbon nanotubes
nucleation-growth. The dynamics of growth is dominated
by time-varying kinetics of chemical decomposition,
catalytic reaction, catalyst poisoning, and molucular
diffusion.

Catalyst nanoparticles are formed by the decomposition
of the catalyst precursor that occurs rapidly once the fast
heating reaches a sufficiently high temperature. The
process involved nickel nitrate crystals decomposed and
aggregated into small, nano-sized nickel particles, which
serve as the basis for CNT growth 3V, Typically, the
endothermic process in the decomposition of nickel
nitrate hexahydrate leads to NiO formation '¥. It involves
the water evaporation and dehydration, partial
decomposition into intermediate species, before finally
decomposing into NiO at 250-300°C. The onset of

catalytic reaction and nucleation happen at the same time
by the arrangement of carbon atoms on the catalyst
nanoparticles' surface, producing catalyst cap on tube tip
before the lift-off. Fast heating rate from the combustion
process occurs in a degree of milliseconds. Figure 4 shows
the EDX after 5 seconds of sampling into the flame where
the presence of nickel and carbon can already be observed.
The nanoparticles' size is known to be prepared by various
factors, including concentration of the solution, the
quantity, the method of deposition, and annealing 3?.
When sampling time is prolonged, there is a possibility of
the aggregated nanoparticles to sinter into large particles
via particle coalesce and migration or Ostwald ripening 3
in annealing-like environment. Kukovitsky deduced that
annealing's effect produced a bigger nanoparticle, which
helped deposition CNT with a bigger diameter *¥. In
addition, the identical diameter of CNT produced from
different initial particle sizes suggests an expansion in the
size of catalyst nanoparticles during the whole process, as
illustrated by Fig. 6a.
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Fig. 4: EDX analysis of CNT grown at 5 seconds of
sampling time. The presence of carbon (product), nickel
(catalyst), and silicone (substrate) is already observed due to
the rapid process.

Fig. 5: Nickel catalyst is seen in the middle of CNTs strands
suggesting the sintering of one particle onto another strand,
forming a single long strand with multiple catalyst particles.

The particle size expansion will reach a critical size
where the sintering stops due to surface tension and
capillary forces from the grown CNTs, pushing the growth
to be only in length. There is also a possibility that the
already-grown CNTs on the particle to deposited on the
exposed end of another tube, creating one single strand of
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CNTs with two particles, one at the end and another in the
middle, as seen in Fig. 6b and from SEM image in Fig. 5.
This case is also seen in spray pyrolysis synthesis in CVD,
as reported by Deck and Vecchio 3. In a shorter sampling
time, however, it is possible that the nickel nitrate does not
ultimately undergo these aggregation-agglomeration-
sintering processes and thus limiting the growth region on
the surface of the catalyst. As a result, the active sites for
CNT growth are also narrow, which produces small
diameter CNTs. It is determined from the experiment that
a minimum of 35 seconds of exposure in flame is needed
to fully grown particles to an optimum size and produce a
uniform CNT diameter. The rapid process forms rising
diameter distribution, as shown in Fig. 5. Exposing a
sample in flame longer than 35 seconds yields a constant
CNT diameter distribution of around 389 nm.
Nonetheless, the first 35 seconds are the essential stages
to be understood to have better control over CNT flame
synthesis.

fa)

CH.

& o “
- Q g. -Nx) Hi - 3
| som———— g

B B et =
Agglomeration

Aggregation Steady growth

(b)

Aggregation

Fig. 6: Formation of catalyst nanoparticle and growth of
CNT based on the aggregation-agglomeration-sintering
process. (a) Particle sintering that leads to increase in particle
size and carbon diffusion rate to form large nanotube diameter.
(b) Particle deposited on top of another to form a long strand of
CNT with multiple particles in between.

The catalyst average diameter distribution shown in Fig.
7 justifies the grown of catalyst particle size at a higher
rate than the growth of CNTs. As the sample temperature
rises rapidly during the flame exposure, the formation of
nickel nanoparticles from nickel nitrate crystal happens
instantaneously. The reduction of nickel nitrate into metal
nickel nanoparticles set off at a much lower temperature.
Likewise, the reduced nickel nanoparticle oxidized at a
temperature of 450 °C and melted at a temperature of 600
°C. Subsequently, the formation of NiO activates a growth
area for carbon deposition from the fuel stream. As a result,
the growth of CNT occurs shortly after and follows the
same trends as the catalyst particle counterpart. According
to Lobo, nucleation grows selectively on the surface of the
catalyst 3.

The nucleation may occur on the flat contact between
the substrate and particles. Graphene grows laterally to the
contact surface's perimeter and bend upward when the
particle is grasping more carbon atoms from neighboring

interstitial carbon atoms available inside the catalyst solid
structure. The particle will be lifted off while the growth
continues. When a new flat layer graphene nucleates on
the bottom surface again, CNT with multiple layers will
grow. Thus, steady growth involving absorption of carbon
and diffusion of carbon into growth sites occurs.
Prolonging sampling time will increase the number of
carbon atoms involved in the reactions and create a longer
and wider CNT. Once the absorption rate is substantially
higher than diffusion, catalyst particles will encapsulate
with carbon atoms and therefore stop the reaction. When
the particle size has grown to a steady and uniform size at
35 seconds flame exposure and above, the grown CNT
also reached its steady diameter distribution at the same
time exposure. Possibly, when the active sites on the
catalyst particle size are growing, rapid carbon deposition
and diffusion keep adding concentric layers to the grown
CNT. Smaller particle size tends to have a faster
absorption rate due to the high surface to volume ratio 3.
This can be seen in rapid CNT diameter growth at
sampling time up to 35 seconds. Similarly, when the
catalyst particle size reached its maximum growth around
55 nm, the active sites on the particle surface only
adequate to grow CNT up to certain size and thus also
form the steady diameter growth distribution.
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Fig. 7: The average diameter distribution for catalyst
particles and CNT

Figure 8 shows the correspondence correlation between
the growth of catalyst nanoparticles and carbon nanotubes
when exposed to flame at different times. The CNT
diameter grows within the size of particles and is not
independent even when it reached ~40 nm in size,
contradict the results found by Kukovitsky 3¥. However,
this difference is because the catalyst formation in this
setup is simultaneously grown with CNT, where the entire
process happens in flame exposed at a high-temperature
elevation. The process indicated by the VLS and
solvation-diffusion-precipitation ~ growth  mechanism
require the growth of catalyst particle to occur and activate
a growth site first before any deposition of carbon can be
done. Thus, the one-step process resulted in the consistent
growth between CNT diameter and particle size.
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CHT diameter (nm}

40 15
Particle size {nm)

Fig. 8: Correlation between carbon nanotube diameter and
catalyst particle size at various sampling times. The
instantaneous reactions show that the formation of both
particles reached a uniform size after 36 second sampling.

4. Conclusion

The analysis of CNT diameter is extensively studied in
methane diffusion flame using the nickel-based catalyst.
The purpose of the study is to investigate the transient
growth of CNT and the correlation with growth
mechanism. Growth mechanism that is governed by
vapor-liquid-solid process generally explains the
simultaneous formation of catalyst nanoparticles and CNT
growth during the exposure in flame. The sampled catalyst
was exposed in standing flame for duration of 5 to 60
seconds. The increase in the average diameter of CNT and
catalyst particles in the transient stage from 5 to 35
seconds shows the dependencies of CNT diameter growth
towards the growth of catalyst nanoparticle size over time.
The completed growth of catalyst particle averaging at
55nm, also at 35 seconds resulted in the steady
distribution due to the catalyst growth's maturity also
reflected in the steady diameter distribution at 35 nm of
the grown CNTs.
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