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Abstract

Synthesis of carbon nanotubes (CNTSs) was performed by using a laminar premixed
flame burner at open atmospheric condition. The growth of CNTs on the substrate was
supported catalytically by a transition metal under high temperature, hydrocarbon-rich
environment. Analysis of the CNTs using high resolution electron microscope reveals the
structure of synthesised nano-materials in disarray, clustered and tubular form. The graphitic
structure of the CNTs are rather similar for all fuel-rich equivalence ratios tested, with an
average diameter of ~11-13 nm. Removal of the amorphous carbon and catalyst in the CNTs
was performed via purification treatment using H202 and HCI solutions. Detail characterisation
indicates the oxidation temperature of purified CNTs ranges between 497-529 °C.
Deconvolution of the Raman spectra in the range of 900-1800 cm™ into five components show
the distinct characteristic bands of CNTs with I/lp ratio of 0.66-0.72 for all the samples tested.
In addition, the high level carbon concentration and sp? C-C bond in the CNTs was validated
by X-ray photoelectron spectroscopy analysis. The present study demonstrates that CNTs can
be effectively synthesised from fuel-rich hydrocarbon flames at ¢=1.8-2.0 supported by nickel-

based substrate.
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1.0 Introduction

Carbon nanotubes (CNTSs) are sheets of graphene rolled into tubular form. A single-
wall carbon nanotube (SWCNT) is defined as single graphene sheet of nanotube, while a multi-
wall carbon nanotube (MWCNT) consists of two or more graphene sheets of nanotubes [1].
CNTs have a mechanical strength 10 times greater than steel even though the density is 1/6 of
the latter due to the existence of sp? C-C bonds [2]. Additionally, CNTs are flexible [3] and
could withstand buckling under compression. The thermal conductivity of CNT is
approximately 6600 W/mK [4]. The superior properties of CNTs allow diverse applications in
products such as enhanced composite materials [5, 6], batteries [7, 8], ultra-capacitors [9] and
biosensors [10]. The high demand for CNTs prompts for techniques to synthesise CNTs at
economical scale.

Flame synthesis is a potential method that could be utilised to produce CNTs owing to
the high temperature and carbon-rich environment [11]. This condition is desirable for CNT
formation if transition metal catalyst such as Fe, Co and Ni is present. Flame synthesis is a
continuous-flow, scalable method with potential for considerably lower cost of production of
CNTs compared to other methods, such as those of chemical vapour deposition (CVD) [12],
laser ablation [13] and arc discharge [14] methods. Observation of carbon in tubular structure
produced by premixed flames was first reported by Singer and Grumer [15]. Since then,
different flame configurations have been used for CNT synthesis, including normal diffusion,
inverse diffusion, counter-flow, and premixed flames [16]. VVander Wal [17] demonstrated the
growth of CNTSs by using a normal diffusion flame supported by TiO> catalyst. Hu et al. [18]
managed to synthesise well-aligned MWCNTSs by using an ethylene diffusion flame on a thin-
film anodic aluminium oxide (AAQO) template coated with cobalt. The CNTs synthesised were
strongly bonded to the substrate and well-graphitised. It was reported that the diameter and

length of the CNTSs can be controlled via the template. Camacho et al. [19] carried out flame



synthesis of carbon nanostructures with diffusion flame established by methane, propane and
acetylene. Galvanized steel wire mesh was used as substrate. Results showed that methane
diffusion flame produced thin MWCNTSs, nanorods and nanofibers, while propane diffusion
flame yielded nanotubes. The products synthesised by acetylene diffusion flame were helically
coiled and twisted nanotubes. The oxidation temperature of the synthesised products ranged
between 610 - 712 °C.

Yuan et al. [20] reported the synthesis of MWCNTSs using a normal diffusion flame.
The fuel source used was methane, supplied through a 1.1 cm diameter of stainless-steel tube
and surrounded by a co-flow air. A Ni/Cr wire was inserted into the flame and held for 15-30
minutes. The optimum CNT yield was found to locate at around one-fifth to one-third of the
total flame height (65 cm). Post-synthesis analysis revealed that the wire contained MWCNTSs
with diameters between 20 to 60 nm. In another related study, Yuan et al. [21] utilised the same
burner but ethylene fuel was used. Results showed that dilution of gaseous hydrocarbon fuels
with nitrogen led to the production of aligned MWCNTSs. This could be due to the lower flame
temperature when nitrogen was introduced. Another experiment conducted by Yuan et al. [22]
showed that Ni-Cr-Fe wire oxidised using nitric acid led to the increase of CNT yield. They
proposed a three-step mechanism of CNT growth via diffusion flame synthesis method. The
metal catalyst first oxidised to form metal oxides in the flame, enabling carbon species to be
absorbed on the catalyst surface to form carbon precursors. The carbon atoms then diffused
into the catalyst and precipitated to form CNTSs.

Lee et al. [23, 24] reported the growth of MWCNTSs by using an inverse ethylene
diffusion flame. The inner tube used to supply air had a diameter of 11 mm, while the outer
tube supplying nitrogen and ethylene had a diameter of 94 mm. A stainless steel plate coated
with Ni(NOs)2 was used as substrate for CNT growth. Unlike normal diffusion flames, the fuel-

rich condition was outside the flame front, hence the formation of CNTs was observed at the



range of 5 to 7 mm from the flame centre in the radial direction. The formation of MWCNTSs
was mostly observed in the region with temperature range of 1000 to 1300 K, while the
formation of nanofibers was observed at a lower temperature range of 800 to 1000 K. Xu et al.
[25] demonstrated the growth of well-aligned MWCNTSs using methane inverse diffusion
flames. Spontaneous Raman spectroscopy was used to monitor the local gas-phase temperature
and carbon-based species. Result showed that the growth of CNTs was sensitive to substrate
composition, sampling position, temperature and species concentration. Vertically well-
aligned CNTs with uniform diameter of 15 nm were grown, and optimal CNT growth in regions
outside the visible soot/precursor luminescence was reported.

Premixed flame is established by mixing fuel and oxidiser prior to ignition at the burner
outlet. Duan and McKinnon [26] synthesised CNTs by using premixed benzene-air flame at
low pressure condition and observed the growth of MWCNTSs with significant amount of
amorphous soot. Howard et al. [27] also managed to observe CNTs and nano-particles
synthesised via a premixed flame configuration with acetylene and benzene as fuel sources.
Chowdhury et al. [28] extended the investigation by using various fuel source including
benzene, acetylene and ethylene (diluted with argon) to premix with air at low pressure
environment. Results showed that the size of produced MWCNTS ranged between 2 - 30 nm
with internal diameters of 1 - 10 nm.

Vander Wal et al. [29] managed to synthesise CNTs by using a high temperature tube
furnace with premixed flames supported by Fe and Ni catalysts. By premixing CO/H2 with air
and utilising Fe as catalyst, SWCNTs were produced. MWCNTSs were produced when
C2H2/H2/air flame was established and nickel was used as catalyst. In another related study by
the same group, the effect of fuel source on the growth of CNTs were investigated by using
premixed flames [30]. The growth of MWCNTSs was observed by using ethane, ethylene,

acetylene, and propane fuel-rich flame. Cobalt was used as catalyst and coated to a stainless



steel substrate. Interestingly, no CNTs were observed for methane flames established at fuel
rich conditions of ¢= 1.5 to 2, probably due to the lack of carbon precursor, contrary to the
results reported by using a methane diffusion flames [31].

Goel et al. [32] compared the growth of CNTs by using premixed and diffusion flames
with benzene as hydrocarbon sources. It was reported that diffusion flame resulted in higher
yield of CNTs compared to premixed flames. The growth of CNTs is strongly affected by the
residence time for premixed flames. Woo et al. [33] utilised a double-face wall stagnation flow
burner to synthesise CNTs with ethylene as fuel and nickel as catalyst. MWCNTSs were
observed to grow on the substrate. The experiment highlighted that CNT growth is sensitive to
mixture’s equivalence ratio at high stretch rate conditions. Height et al. [34] utilised premixed
acetylene flame supported by iron pentacarbonyl catalyst to grow SWCNTs. CNT was formed
at the temperature range between 1500 and 1800 K and at equivalence ratios of ¢=1.5-1.9.
The diameter of the individual CNT ranges between 0.9 and 1.5 nm. Diener et al. [35]
concurred that acetylene and ethylene were suitable for synthesising SWCNTs while benzene
was effective in producing MWCNTSs.

Flame synthesis has been shown effective in synthesising CNTs without both large
setup cost and huge energy input [36]. Due to variation in flame configuration, operating
condition and fuel source, the morphology, structure and overall quality of CNTs produced
would vary and require detailed characterisation. Previous investigations have focused on
visual characterisation using electron microscope. In this experiment, the CNTs synthesised by
premixed flames are characterised in detailed. The effect of mixture’s equivalence ratio on the

growth and morphology of CNTSs is investigated.



2.0 Experimental

The experimental setup for CNT synthesis is shown in Figure 1. A premixed flame
burner was utilised to establish an open, cone-shaped flame at atmospheric condition. The
burner body is cylindrical in shape, with inner tube diameter of 70 mm and height of 350 mm,
while the contoured nozzle outlet is 20 mm in diameter. Propane was employed as fuel source
to premix with air to establish a fuel-rich flame, providing the carbon source for CNT growth
[37]. Two mass flow controllers (Sierra; SmartTrack50, +1% accuracy) were utilised to
regulate the mass flow of air and fuel supplies. Nano-sized nickel catalyst (Sigma-Aldrich; 65
wt % nickel) was coated on a substrate of stainless steel wire mesh (10 x 10 cm) placed above
the premixed burner for CNT growth. The mesh number of the substrate is 80. The distance
between the burner nozzle outlet and the substrate was fixed at 10 cm. [The fuel/air ratio is
defined in terms of a non-dimensional variable known as equivalence ratio ¢, which is the ratio
of the actual fuel-to-oxidizer ratio normalized by the stoichiometric fuel-to-oxidizer ratio: ¢=
(F/A)actuar / (F/A)stoichiometric, Where F is the number of moles of fuel, A is the number of moles
of air. Stoichiometric fuel/air mixture is denoted as ¢ = 1, whereas fuel-lean and fuel-rich
mixtures are denoted as ¢< 1 and ¢> 1, respectively. \In the present study, the air-fuel was
varied between the equivalence ratios of ¢ = 1.8 and 2.2. The synthesis time for all test cases

was 15 minutes. The operating conditions are shown in Table 1.
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Figure 1: Schematic of experimental setup for CNT flame synthesis.

Table 1: Operating conditions

Equivalence ratio Propane mass flow rate, Air mass flow rate,
[ i (g/s) mg (g/s)
1.8 0.09 0.75
2.0 0.09 0.74
2.2 0.10 0.73




2.1 Post-synthesis purification treatment

The raw CNTSs synthesised by flame was purified to remove impurities such as nickel
particles and amorphous carbon prior to characterisation. The CNTs were purified by
immersing them in 30% hydrogen peroxide (H202) for 24 hours, followed by immersion in
hydrochloric acid (HCI) for 24 hours [38]. H20- is an effective oxidising agent used to remove
amorphous carbon [39] while HCI dissolves the nickel catalyst deposited on the CNT surface
[40]. A magnetic stirrer was used to ensure the CNTs are well immersed and mixed in the
solution. A filter paper was used to separate the CNTs from the solution. Distilled water was

used to rinse the CNTs until pH 7 was reached.

2.2 Characterisations of CNTs

The equipment utilised to provide qualitative and quantitative information on the CNTs

synthesised are described in the following subsections.

2.2.1 Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy

(EDX)

A field electron scanning electron microscope (JEOL JSM-6701F) coupled with energy
X-ray spectroscopy (EDX) was used to observe the surface morphology of synthesised CNTs
and to determine the elements present in the sample. CNT samples collected from the substrate

were purified before being placed on a carbon conductive tape for analysis.



2.2.2 Transmission electron microscopy (TEM)

A TEM (Hitachi; model: HT7700) was used to characterise the structural properties
and identify the inner morphology of CNTs. The TEM was operated at 120 kV accelerating
voltage and high-resolution mode to image the micrograph of CNTs. Prior to TEM imaging, a
small amount of CNTs sample was dispersed in 1 ml of methanol. The methanol was immersed
in an ultrasonic bath for 2 hours to prevent agglomeration of CNTs. A copper grid mesh with
mesh number 300 (ProSciTech; model: GSCU300FL) was immersed in the methanol solution
for few seconds and dried before inserting into the specimen rod. The TEM micrographs were
used to measure the external diameter, internal diameter and interlayer spacing of CNTs. The
diameters of CNTs were measured based on the average value of 100 individual CNTs. The

interlayer spacing was measured based on the grey value of line profile across the wall of CNT.

2.2.3 X-ray powder diffraction (XRD)

X-ray power diffraction (XRD) provides information about the structure of crystalline
materials. An XRD (Rigaku; model: HyPix-3000) was used in the present experiment to
characterise the synthesised CNTs. A Cu X-ray source Ko (4=0.154 nm), monochromated
radiation was used. The CNTs samples were scanned for the range of 2° to 100° (26 angle)

with 0.02° step.

2.2.5 Raman analysis

Raman spectrum analysis provides signature spectrum for all types of carbon allotrope.
A Raman spectroscopy system (HORIBA; model: XploRA PLUS) was used in the present
study. Raman analysis was performed with a 532 nm wavelength laser and the spectrum was

recorded under standard atmospheric condition. The analysis was done by placing the CNT



sample on a glass substrate, and the Raman spectra were recorded from 100 - 4000 cm™. Each

spectrum was recorded for a duration of 30 s with 20 scans.

2.2.6 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is used to characterise the thermal properties of
carbonaceous materials. A thermogravimetric analyser (TA Instruments; model: Q500)
coupled with a FT-IR spectrometer (Nicolet iS10) was used in present study. 10 mg of CNTs
sample was heated from room temperature to 900 °C at heating rate of 10 °C/min with air
flowing at 60 cm®/min. Parameters such as the initial oxidation temperature (T;), oxidation
temperature (To) and residue weight were determined from the weight loss curve and first

derivative of weight loss curve.

2.2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is utilised to obtain information related to
elemental compositions and functional groups on the material surface. An XPS equipment
(Shimadzul; model: AXIS Ultra DLD) was used to detect the functional group of purified
CNTs. The XPS test was conducted by using a standard aluminium X-ray anode (150 W) to
generate photoelectron in vacuum environment. Pass energy, energy step and Dwell time were
setto 160 eV, 1 eV and 100 ms respectively. The functional groups attached in the CNT sample

was determined via peak fitting technique.



3.0 Results and discussion

3.1 Morphology of CNTs

Post-flame synthesis observation of the substrate shows that at region I, high density of
CNTs grew on the surface of the substrate impinged by the luminous premixed flame zone.
The CNTSs formed are in disarray and in random direction, as shown in the FESEM micrograph
magnified at x 5k in Figure 2b. In this region, the bluish flame that impinges the substrate is
the main reaction zone where excited CH* [radicals were radiated. The main reaction zone is
where the flame front locates with the highest temperature, thus allowing high diffusional rate
of carbon into the transition metal catalyst [41]. Within the flame reaction zone, intermediate
product gases are formed during homogenous gas phase reactions. The main gas precursors
that promote the formation of nano-structured solid carbon are hydrocarbon (CnHm) and carbon
monoxide (CO). Hydrocarbon decomposes at high temperature to form solid carbon. Carbon
monoxide participates in deposition of solid carbon via Boudard reaction (2CO() <> Cs) +
CO2qg AH=-171kJ/mol) and hydrogenation reaction (CO + H2 < C¢) + H2O AH =-131
kJ/mol) [16]. Propane fuel undergoes pyrolysis process during reaction and produces acetylene.
Acetylene reacts with other radicals to become polyacetylenes or polyacetylenic radical.
Through cyclization process, polynuclear aromatic hydrocarbon (PAH) is formed. These PAH
then stacks up in platelet to form CNTSs in the presence of catalyst. Without catalyst, the PAH
will form soot in agglomerated form [42]. In region I, no CNTs were observed, only nickel
particles in nanoscale (Figure 2c) coated on the substrate surface. This region is the pre-reaction
zone where no reaction takes place. The fuel/air mixture was fed into the reaction zone (region

1) for further chemical reaction.
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Figure 2: (a) Distribution of CNTs on a substrate (50 mm x 100 mm) after flame synthesis
process and micrograph of (b) CNTs deposited on substrate (region I), magnified at x5 K and

(c) nickel catalyst that is unreacted (region Il). Flame synthesis was performed at ¢ = 2.0.

Figure 3: FESEM micrographs of (a) raw CNTs grew on the substrate magnified at x25 K and
(b) post-treated CNTs magnified at x 100 K. Flame synthesis was performed at ¢ = 2.0.

FESEM imaging of the raw CNTs magnified at x25 K is shown in Figure 3a. Particles

of nickel were observed to deposit on the surface of CNTs. This is due to the high temperature



environment in the flame region that caused the nickel (Tmert = 1450 °C) to melt and deposited
on the CNT surface to form small particles. The particles on the CNTs were confirmed by EDX
point-based analysis which shows high level of nickel. EDX analysis performed on the bulk
raw CNT sample shows that carbon content is approximately 82.7% wt, while nickel content
is about 9.9% wt. Other trace elements detected in the sample are Si, Al, O, which originate
from the catalyst used. Nickel is reactive towards C2H2, coupled with particle size of 5 nm and
above, the formation of CNTs is favourable. Konya et al. [43] reported that nickel is effective
in synthesising well-graphitised carbon nanotubes. The level of purity of CNTs can be
increased via post-treatment of using HCI solution to remove the nickel particles. Figure 3b

shows the post-treated CNTs magnified at x100 K.

3.2 TEM micrographs of CNT structures

The CNTs were observed to be long, cylindrical in shape and hollow in the middle of
the tube. The CNTs’ physical appearance is in disarray, often in entangled form with different
bends and curvatures due to their long structural length, as shown in Fig. 4a. High-resolution
TEM micrograph shows that catalyst particles are encapsulated by the graphitic structure and
located at the tip of CNTs, as shown in Fig. 4b. Based on the vapour-liquid-solid mechanism,
the carbon radical species produced during decomposition of propane are absorbed on the
surface of the nickel catalysts, followed by bulk diffusion of carbon atom into the metal
catalysts. When liquid metastable carbide reaches supersaturated stage, solid carbon
precipitates to form CNTSs [44]. The measured temperature on the substrate during synthesis of
CNTs were in the range of 869 — 1014 °C, which is favourable for carbon deposition due to
gas-solid interactions. Figure 4c shows the micrograph of amorphous carbon in the samples.
Amorphous carbon encapsulates the nickel particles, leading to catalyst deactivation and

subsequently prohibits the formation of CNTs [16].



Figure 4: High resolution TEM images of (a) CNTs in disarray form, (b) nickel catalyst
encapsulated by graphitic structure at the tip of CNT and (c) amorphous carbon formed in the

sample. The CNTs were synthesised at ¢ = 2.0.



3.3 Effect of equivalence ratio on growth of CNTs
3.3.1 TEM imaging and analysis

The CNTSs produced from rich propane/air flame with equivalence ratios of ¢=1.8,2.0
and 2.2 are shown in Figure 5a, b and c, respectively. The clusters of CNTs synthesised at¢ =1.8
is not as dense as ¢=2.0 and 2.2, which is expected as fuel-richer flame contains higher amount
of carbon content. Closer examination of the CNT structure reveals well-defined (0 0 2) lattice
fringes, as evidenced in the TEM micrographs of Fig 5d, e and f, which are independent of the
mixture’s equivalence ratio. The structure shows CNTSs that consist of layers of wall. The
average tube wall diameters derived from 100 samples are 12.3, 12.1 and 11.3 nm, with
standard deviations of 4.87, 5.68 and 5.21 nm for ¢ = 1.8, 2.0 and 2.2 respectively. The dz2oo
values obtained from the grey scale profile across lattice structures are 0.31 nm, 0.32 nm and
0.32 nm for ¢= 1.8, 2.0 and 2.2 respectively, as shown in Fig. 5g, h and i. The present interlayer
spacing values of CNTs are comparable to those derived from the chemical vapour deposition
method, which are in the range of 0.32-0.35 nm [45]. Results show the consistency of the CNTSs’

structure obtained regardless of the mixtures’ equivalence ratios.
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Figure 5: High resolution TEM micrographs of CNTs synthesised with premixed propane/air at ¢ = (a, d) 1.8, (b, €) 2.0 and (c, f) 2.2 and the
corresponding grey scale profiles across CNT wall.



3.3.2 XRD analysis

The XRD spectra of raw CNT sample synthesised at ¢ = 1.8, 2.0 and 2.2 are shown in
Fig. 6. In general, the XRD spectra for all cases show the pattern of nickel oxide, nickel carbide,
nickel and CNTs. The peak appearing at 26.15° is the C(0 0 2) reflection of the hexagonal
graphite structure, indicating the graphite structure of multi-wall CNTs. The sample shows the
highest intensity of the graphite peak C (0 0 2) for ¢ = 2.0, with a calculated interlayer spacing

of 0.34 nm.

Comparison of the graphite peak shows that ¢= 2.0 exhibits the highest relative
intensity and lowest nickel oxide peak intensity. The graphite structure peak for ¢= 1.8 is
slightly lower than ¢ =2.0. The peak for graphite structure is located at 26.0° and the calculated
interlayer spacing of graphite (2 0 0) is 0.342 nm. For mixture of ¢=2.2, the relative intensity
is evidently lower. The graphite structure peaks at 26.5° with the interlayer spacing of graphite
(2 0 0) of 0.336 nm. At ultra-rich condition, the rate of hydrocarbon deposition to form PAH
is higher than decomposition and dissolution in carbon. The PAH formed will deactivate the
catalyst for CNT growth, leading to formation of amorphous carbon due to excess of carbon.
During the flame synthesis process, oxygen reacts with the nickel particle catalyst to form
nickel oxide. Formation of nickel oxide will impact CNT growth because nickel oxide does not
dissolve carbon, leading to deactivation of the catalyst [46]. Despite the slight variation in

graphite peak intensity, the overall spectra for all cases are almost similar.
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Figure 6: XRD patterns of CNTs sample synthesised at ¢ = 1.8, 2.0 and 2.2.

3.2.3 TGA analysis

Thermogravimetric analysis (TGA) was used to analyse the thermal stability and purity
of the CNT samples [47]. CNTs with higher oxidation temperature indicates higher crystallinity
level [48]. The oxidation temperature of carbon depends on the level of graphitic structure.
Figure 7 shows the weight loss curves and first derivatives of CNT samples synthesised at

different equivalence ratios. Oxidation temperature of the samples can be divided into three



stages. At temperatures below 350 °C, water content and some absorbed species are removed,
resulting in weight loss in the sample; between 350 — 400 °C, amorphous carbon and disordered
carbon starts to oxidise. At temperatures above 400 °C, oxidation of amorphous carbon and
CNTs occur simultaneously [49]. In the present study, oxidation of the sample starts at around
450 °C and completes at around 650 °C. The weight loss curve shows that CNT yield increases
with the increase of equivalence ratio. The remaining residues after the oxidation process are
65%, 56%, and 42% for equivalence ratios ¢ = 1.8, 2.0 and 2.2 respectively, indicating a trend
of decreasing residues with increasing equivalence ratio. At higher equivalence ratio (richer
flame), the concentration of carbon species is higher, thus enabling higher rate of diffusivity of

carbon into transition metal [50].

The weight loss graph shows CNT sample losses weight insignificantly before the main
oxidation peak. This indicates that the presence of amorphous carbon is relatively less, as the
amorphous carbon could have been oxidised in the flame during such a flame synthesis process,
leaving the relatively stable graphitic materials which are CNTs. The first derivative of weight
loss graph shows that all samples have oxidation temperatures of around 500 °C. The oxidation
temperatures for CNTs synthesised at ¢ =1.8, 2.0 and 2.2 are 525°C, 529°C and 497°C
respectively. Carbon yield increases with increasing equivalence ratio, but an ultra-rich (¢ =

2.2) flame condition leads to poorer graphitic characteristic.
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3.2.4 Raman spectroscopy analysis

The Raman spectra of untreated CNTs synthesised at various equivalence ratios are
shown in Figure 8. The Raman spectrum for the present CNTs shows three characteristic peaks,
namely D-band at 1340 cm™*, G-band at 1582 cm™ and G' at 2700 cm* for all the equivalence
ratios tested, indicating the typical multi-wall CNTs” Raman spectrum [47]. The G and G' band
in the Raman spectrum indicate the presence of graphitic sp? materials [51], while the D band
is attributed to the presence of amorphous carbon and defect of CNTs [52]. The D' band is
observed as the weak shoulder of G band at higher frequency. All carbon allotrope with sp?
structure is reflected in the G' band peak that is in the range of 2500 cm*- 2800 cm™ in the
Raman spectra. The radial breathing modes at low frequency are not observed due to large
diameter of the tubes [53]. Deconvolution of the spectra in the range of 900-1800 cm™ into five
Lorentzian peaks using Origin software is shown in Figure 9. The D’ band located at ~1620
cm is attributable to the presence of edge carbon atoms [54]. The D3 and D4 bands are shown
in the range of ~1450-1500 cm™ and ~1100-1200 cm, respectively. The nature of D3 line is
uncertain, with some researchers attributing it to stacking and turbostratic structures [54, 55].
The D4 band is attributed to amorphous impurities in graphite materials [56] or adsorbed ions
[57]. The ratio of the G and D band intensity, lc/Ip ratios, for the CNT samples synthesised at
¢=1.8, 2.0, and 2.2 are 0.72, 0.66 and 0.67 respectively, with ¢ =1.8 showing the highest

crystallinity level.
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3.2.5 X-ray photoelectron spectroscopy analysis

XPS analyses elements on the surface and provides information on the functional
groups of CNTs within the depth of < 10 nm. The XPS spectrum of purified CNT sample
synthesised at ¢=2.0 is shown in Figure 10a, showing the presence of carbon, oxygen and
insignificant amount of silicon with the percentages of atomic concentrations of 88.3%, 10.9%,
and 0.8% respectively (Table 2). The high percentage of carbon concentration indicates the
effectiveness of purification process. No nickel catalyst was detected, as the catalyst particles
on the surface were removed by purification process, while those covered by the graphitic
structure were not detected by the surface analysis. Peak fitting performed on spectrally
deconvoluted C(1s) peak provides information on the functional groups of the CNTSs, as shown
in Table 3. The overall peak in the range of 283-292 eV could be fitted by six peaks, as shown
in Fig. 10b. The highest binding-energy peak (284.4 eV) in Cls is attributed to the sp? C-C
bond, while the other five peaks are non-tubular carbon structure (285.6 eV), C-O (286.2 eV),
-O-C=0 (287.5 eV), carbonates group (289.3 eV) and n-n* (291.0 eV). The XPS spectra
confirms the attachment of functional groups with the peaks at 286.2, 287.5 and 289.3 eV,
corresponding to carbon atoms attached to different oxygen-containing moieties and the n—n
transition loss peak was detected at 291.0 eV. The peak at 285.6 eV is attributed to defects on
the nanotube structure, which is relatively insignificant (< 5%) [38, 58]. Result shows that the
CNTs contain high level of sp? carbon structure with low concentration of oxygen-containing

functional groups.



10

35
1 4a C(1s)
30]
25]
220]
2 ]
jg 4
= 15]
] O(1s)
10]
5]
Sip) |
- - — - — T —
300 600 900 1200
Binding Energy (eV)
108
b cc
8
2z &
2
kS
=
4
| Non-tubular Carbonates
structure
0,
— 77—
280 284 292 296

Figure 10: XPS spectra of (a) purified CNTs and (b) functional groups of C1(s) derived from

peak fitting. The CNTs are synthesised at ¢ = 2.0.



Table 2: XPS analysis results for purified CNTs

Elements Position (eV) FWHM % Area
C (19) 284.0 2.75 88.3
O (1s) 533.0 3.83 10.9
Si (2p) 103.0 4.27 0.81

Table 3: Functional groups of CNTSs derived from peak fitting C(1s) peak

Functional group Position (eV) % Area
Cc-C 284.4 71.3
Non-tubular structure 285.6 4.0
Cc-O0 286.2 9.1
-0-C=0 287.5 6.3
Carbonates 289.3 6.1

n-n* 291.0 3.2




4.0 Conclusion

The structure and morphology of CNTs synthesised by propane flame premixed with
air at fuel-rich equivalence ratios of ¢ =1.8-2.2 was examined. CNTs were observed to grow
on substrate area impinged by the flame where abundant carbon species in the flame diffused
into the transition metal catalyst before precipitating to form CNTs. Characterisation of the
CNT structure shows layers of wall in the tube with rather uniform tube diameter in the range
of 11-12.5 nm. The d20o0 value obtained from grey scale profile across lattice structures was of
~0.32 nm. X-ray diffraction analysis shows the graphite structure peaks at ~26.0°-26.5°, with
an interlayer spacing of graphite (2 0 0) of 0.33-0.34 nm. Although amorphous carbon and
nickels were observed to be present in the CNTS, purification treatment utilising H.O, and HCI
solutions was applied to remove impurities. TGA analysis shows that increasing equivalence
ratio led to higher CNT yield owing to the increase of carbon content in the flame, with the
oxidation temperature of CNTSs ranging between 497-529 °C for all tested cases. The Raman
spectra analysis reveals the typical spectra of multi-wall CNTs, denoted by the distinct D and
G bands. Deconvolution the Raman spectra in the range of 900-1800 cm-1 into five Lorentzian
peaks further shows the D’, D3 and D4 bands. The relative intensity ratio of the G and D band,
Ie/lp ratio, are in the range of 0.66-0.72 for all samples, with ¢=1.8 showing highest graphitic
level. Surface analysis conducted via XPS shows the CNTs contain carbon concentration of
88.3% with high level of sp? C-C bond. The findings show that equivalence ratio of ¢=1.8-2.0
tend to produce well-graphitised CNTSs, indicating the potential of premixed hydrocarbon-rich

flame as alternative method for synthesising CNTSs.
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