Journal Name

Cite this: DOI: 00.0000/XXXXXXXXXX

Floating catalyst carbon nanotube synthesis assisted

by premixed hydrogen/air flames

Cen Zhang,** Bo Tian,“* Cheng Tung Chong,® Boning Ding,Y Luming Fan,®, Xin
Chang,* and Simone Hochgreb?

Received Date
Accepted Date

Carbon nanotubes (CNTs) were synthesised in the post flame region of premixed laminar flat
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H2/air flames using feedstocks containing ethanol and ferrocene. The as-produced nanomaterials

were collected downstream of the post-flame region at a fixed height above burner of 230 mm
and were characterised by various techniques including Raman spectroscopy, scanning electron
microscopy and X-ray diffraction (XRD). A formation window of ¢ = 1.05—1.20 was identified, and
the resulting flame temperatures were found to be the dominant limiting factor for producing CNTs.
CNT bundles were formed and the diameter of individual CNTs were observed to be smaller than
5 nm. The formation of CNTs was accompanied by production of highly crystalline nanoparticles
of a dimensions between 20 and 100 nm, which were identified as Fe;O4 by XRD.

1 Introduction

Carbon nanotubes (CNTs) were first discovered by Iijima in 1991
whilst using an arc discharge evaporation method for producing
fullerenel. These hollow-shaped CNTs typically consist of a sin-
gle or multiple walls of concentric graphene layers. The average
diameter of a single-walled CNT (SWCNTSs) is typically between
0.8-2.0 nm, while multi-walled carbon nanotubes (MWCNTSs) can
be orders of magnitude larger than SWCNTs depending on the
number of walls?. Owing to their unique physical structures in-
cluding curved graphitic layers and high aspect ratios, CNTs pos-
sess exceptional mechanical, thermal and electrical properties,
and therefore are regarded as an advanced functional material.
The past few decades have witnessed a rapid expansion of the re-
search community for CNTs. Their applications include but are
not limited to mechanically and electrically enhanced polymer
composites?™, multi-functional coatings®, ultrathin films”Z and
electrode components®,

The current mainstream methods for producing CNTs are
plasma arc discharge (PAD), pulsed laser vaporisation (PLV) and
chemical vapour deposition (CVD). The first two methods are
common ways for producing highly crystalline CNTs on a lim-

@ Department of Engineering, University of Cambridge, Trumpington Street, Cambridge
CB2 1PZ, United Kingdom. E-mail: cz299@alumni.cam.ac.uk

b College of Engineering and Technology, University of Derby, Markeaton Street, DE22
3AW, Derby, United Kingdom

¢ China-UK Low Carbon College, Shanghai Jiao Tong University, 800 Dong Chuan Road,
Shanghai, China

4 Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles
Babbage Road, Cambridge CB3 OFS, United Kingdom

ited scale, while CVD methods are popular tools for mass produc-
tion of CNTs. There are a few CVD configurations including fixed
beds?, fluidised beds1Y floating catalysts'!, and many other
combinations such as plasma-enhanced CVD methods™’2. Among
these methods, floating catalyst CVD or FCCVD has attracted in-
creasing attention by many researchers and industry due to its
continuous, scalable and controllable production characteristics.
Catalysts and carbon sources are initially vaporised and mixed
in this method before driven into the hot reaction zone, which
makes it possible to continuously produce CNTs in a large quan-
tity.

Flame-assisted synthesis is already a well-known alternative
technique for materials production, and responsible for the high
throughput of many commercial products such as carbon black,
fumed silica and titanium dioxide pigment are typically realised
via this method!3, Flame synthesis of CNTs was first reported by
Howard et.al using premixed hydrocarbon/oxygen flames (C,H,,
CoH, and CgHg) at low pressuresi®, Since then, different flame
configurations have been developed for producing CNTs, and
comprehensive reviews are detailed in Ref.12717,

Unlike CVD methods which typically rely on furnaces, a flame
synthesis setup uses heat from a flame through direct combus-
tion of flammable mixtures. This method may be categorised
into two main classes based on the types of flames in use: dif-
fusion flames872 and premixed flames%1"22 In either case, an
appropriate carbon source must be selected for the CNT produc-
tion.During synthesis, elemental metal nanoparticles (typically
Ni, Fe, Co, etc. ) act as catalysts, over which the inception of the
solid graphitic layers is initiated at high temperatures1®. CNTs
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then grow upon the surfaces of the catalytically active nanoparti-
cles, supported either by metal alloy substrates®Z, or suspended
as particles in the gas phase23/20,

Diffusion flame systems have a variety of arrangements includ-
ing co-flow122728 inverse2? and counter-flow223031 configura-
tions. These systems are favoured due to their ease of assembly
and minimal risk of flashback characteristics. However, soot for-
mation is a common problem for diffusion flames if hydrocarbons
are used as the carbon source. Furthermore, CNTs must be ex-
tracted from the flame at a very early stage, as the catalytically
active nanomaterials are otherwise deactivated by the rapid oxi-
dation across the flame zone?,

In contrast, premixed flames offer certain advantages relatively
to their diffusion counterparts, in that the flame structure is one-
dimensional and well characterised, with fixed equivalence ra-
tios which determine the product temperature. Owing to these
benefits, the characterisation of the synthesis process by numeri-
cal analysis such as thermodynamic equilibrium calculations be-
comes possible, which render the configurations as an attractive
tool to unveil the underlying mechanisms of CNT synthesis®2. On
the other hand, premixed flames can only be stabilised at certain
equivalence ratios, thus limiting the range of compositions that
can be achieved.

The synthesis configurations can be categorised into two
groups: floating catalyst and catalyst support 18222433 setyps,
The former has potential for large scale production of CNTs due
to the absence of substrates compared with the latter. For the
floating catalyst method, precursors and carbon sources are ini-
tially vapourised before delivery to the reaction zone, in a similar
way to FCCVD in furnaces 24, There are only a few of studies
using the floating catalyst premixed flame method, most of which
were conducted at low pressures. Diener et al.2! tested different
fuels (C;H,, C,H4 and CgHg) and catalyst metallocenes (Fe, Ni
and Co) for CNT synthesis at 10 kPa. C,H, and C,H, flames were
reported capable of producing SWCNTs with a small quantity of
MWCNTs, at ¢ of 1.7-3.8; whereas C¢Hg/O, flames were found
to be capable of producing impurity-filled MWCNTs—estimated as
10% of the overall solid carbon output-over the same equiva-
lence range. Height et al.2 further investigated CNT synthesis in
premixed C,H,/0,/15%Ar flames at 6.7 kPa using iron pentacar-
bonyl (Fe(CO)s) vapour as the catalyst, at a feeding concentration
of 6000 + 500 ppm (by mole) for the synthesis. They identified a
window of ¢ for CNT formation as 1.5-1.9 and the overall yield
of nanotubes was estimated as 0.1 wt.% of carbon and 2.5 wt.%
of iron. In addition, iron oxides, primarily Fe, O3, were identified,
and they claimed the growth of CNTs was a result of the catalytic
character of Fe,O3. More recently, however, there seems to be a
consensus that the continued growth of CNTs is attributed to cat-
alytic elemental metal nanoparticles rather than oxides123130]
This interpretation was backed by Wen et al.’s study?® using the
same experimental setup as Height et al.2> with different pre-
mixed flame compositions—CHy/0,/15%Ar flame at 26 kPa. In
that study, two types of iron nanoparticles during synthesis were
determined by X-ray diffraction (XRD): iron oxides (Fe;O,4 and
Fe,03) and elemental iron; and the latter was identified as the
direct catalyst for the growth of CNTs rather than the former.
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Rather directly burning catalyst precursors with combustible
mixtures in flames, Vander Wal et al. created a configuration
where the synthesis takes place via pyrolysis instead of complete
combustionZ38, This setup consists of a McKenna burner with
a central tube and a stainless steel tube which is placed a few
millimetres above the burner. Ferrocene carried by different gas
mixtures, CO/H,/He or C,H,/H,/He, was injected through the
central tube and then into the stainless tube, while C,H,/air pre-
mixed flames were stabilised on the burner plate surrounding the
tube for heat generation. They found CO was more effective than
CoH, as the carbon source, as the latter promotes the forma-
tion of polycyclic aromatic hydrocarbons (PAHs). These species
were detrimental to CNT formation owing to their high thermo-
dynamic stability and the inherent resistance to catalytic crack-
ing®®. In addition, they suggested that an appropriate amount
of H, in the synthesis might remove excess carbon coating on
catalyst nanoparticles and hence help retain the activity of the
catalytic sites for CNT growth=Z,

To further extend our understanding of CNT synthesis via flame
methods, a floating catalyst configuration similar to that proposed
Vander Wal et al. is proposed. In this paper, we demonstrate a
controlled way of producing CNTs using a background premixed
H,/air flames as the heat source for conversion. A parametric
study of the various factors affecting the synthesis process was
also carried out, including the role of ¢, feedstock injection and
carrier flow rates.

2 Experimental

The apparatus consists of a premixed flat flame burner, a flow sup-
ply system, and a sampling unit, as depicted in Fig. |1l Premixed
H,/air flames were stabilised on a sintered copper ring (outer
diameter 50 mm). An alumina tube (Almath Crucibles Ltd., re-
crystallised alumina 99.7% purity) of 10 mm outer diameter and
6 mm inner diameter was installed at the the centre of the ring for
injecting vaporised ethanol (carbon source) and ferrocene (iron
precursor). The tube outlet was purposely placed 5 mm above
the burner surface to prevent burnout of carbon sources and cat-
alysts by flames. The reacting environment was enclosed by a
clear fused quartz tube of 75 mm outer and 70 inner diameter
(Robson Scientific, Si0; 99.995%). All flames were operated at
atmospheric pressure.

In order to avoid excessive oxidation of the carbon source and
catalyst precursors, operating conditions were constrained to rich
premixed regions where ¢ > 1.00, from 1.00-1.50. While a tiny
amount of CHy (~0.4 vol.%) was doped for helping visualise the
hydrogen flame front as a safety precaution. The contribution of
CHy, to the calculations of ¢ of the flammable mixtures was taken
into account.

The experiments initially used the proportions of ethanol and
ferrocene that have been successfully applied in FCCVD pro-
cesses1132%42]  The liquid feedstocks were injected by a syringe
pump (World Precision Instruments) at a range of injection rates
into a purpose-built atomiser fed by a stream of argon that car-
ried the atomised feedstocks into a temperature-controlled heated
pipeline before entering the alumina tube for the subsequent syn-
thesis. The atomiser and the pipeline were heated and main-
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Fig. 1 Schematic of the experimental setup.

tained at 100 °C to ensure the liquid feedstocks could be fully
vaporised. Ethanol (boiling temperature at 78.37 °C), thiophene
(boiling temperature at 84 °C) and ferrocene (sublimation tem-
perature > 100 °C) were fully vaporised. The temperature of the
vaporised feedstock and the carrier gas were in situ monitored
by a thermocouple inserted inside the pipeline, just below the
bottom of the burner, to ensure the injected feedstock was fully
vaporised. The baseline feedstock used for the synthesis consisted
of 99 wt.% ethanol and 1 wt.% ferrocene. If not explicitly stated
otherwise, the feedstock injection rate and the flow rate of the
argon flow used for carrying the vaporised reactants were set to
0.5 ml/min and 0.1 slpm, respectively. Accordingly, the mass flow
rate of the gaseous feedstocks emerging from the central tube was
0.01 g/s, corresponding to a velocity of 0.27 m/s at the exit of the
central tube given at a temperature of 100 °C. To achieve a pre-
cise regulation of all gas flows and catalysts, mass flow controllers
(Alicat Scientific) were used in the system. Ethanol was chosen
as the carbon source and the solvent for dissolving ferrocene and
thiophene catalysts. N, was for diluting the post-flame products
before discharging to the exhaust.

The synthesised materials were collected via a stainless steel
probe (6 mm outer and 3 mm inner diameter) positioned at the
height above burner (HAB) of 230 mm onto a PTFE membrane
filter (SKC Ltd, pore size 0.45 um ). PTFE filters are chemically
inert and hydrophobic, and therefore ideal for aerosol sampling
in moisture-rich environments. The sampling flows were driven
by an ejector pump (SMC ZHO5L-X267) and further discharged
to an exhaust. A cold finger device was designed to remove wa-
ter vapour formed during the synthesis. This device consists of
a tee pipe fitting with one port connected with a long stainless
steel tube inserted into a cold bath filled with ice. This creates a
localised cold site, which helps effectively condense and reduce
water vapour from the sampling flow.

The as-produced samples collected on the PTFE filters were di-
rectly analysed by Raman spectroscopy (Horiba XploRA PLUS) in
the range of 50-3000 cm™~! using a 532 nm wavelength laser. If
not explicitly stated otherwise, 3 separate Raman spectroscopy

measurements were carried out on each sample at random lo-
cations, which covered a spot with a diameter of roughly 1.2
um) each. The obtained Raman spectra were then normalised
against their respective global peak value before an averaged Ra-
man spectrum for each sample was produced. The nanomaterials
were further analysed by X-ray diffraction (Empyrean, Cu anode),
scanning electron microscopy (Zeiss Leo Gemini 1530VP FEG-
SEM) and transmission electron microscopy (FEI Tecnai Osiris
FEGTEM).

3 Product gas temperatures

The expected state of the 1-D burner-stabilised flame was sim-
ulated using Cantera software. In the Cantera software tools,
flames are assumed stabilised on a burner surface via heat trans-
fer to the burner by conduction. The equations for mass, energy
and species, along with the ideal gas state equation and chemical
kinetic rates for the fuels used are solved. The resulting temper-
ature is a function of the the boundary conditions provided by
the mass flow rate, mixture composition and temperature of re-
actants. Details of the solution method are detailed in Ref. 4344

4 Results and discussion

4.1 Effect of temperature on the sample Raman spectrum

The temperature of the mixture is a critical parameter controlling
the formation of nanomaterials.

Figure 2| shows the variation of calculated adiabatic (7,) and
burner stabilised (7},) flame temperatures and mass fluxes (i)
of the premixed H,/air mixtures over equivalence ratios (¢ from
1.00 to 1.50. The adiabatic temperature, T,, peaks at $=1.05, as
determined by the maximum energy release per unit heat capacity
of the equilibrium mixture. In contrast, the expected temperature
above the burner, 7;,, monotonically decreases from 1580 °C with
increasing ¢ and reaches a plateau at around 1300 °C when ¢
gets to 1.3. In the present experiment, ¢ was varied by changing
the air flow rate while keeping that of H, fixed at 7 slpm, which
resulted in a decreasing /i with increasing ¢ (see Fig. Hence,
the actual flame temperature 7,, was significantly lower than its
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Fig. 2 Calculated adiabatic (7;,) and burner stabilised (7,) flame temper-
atures and mass fluxes (") of the premixed Ha/air mixtures as a function
of equivalence ratios (¢). 7, were calculated based on a constant burner
temperature of 25 °C and at atmospheric pressure.

adiabatic counterpart, primarily to the lower total heat release
rate. Lower equivalence ratios were not used, as they were ex-
perimentally found to deliver lower CNT yields, as expected from
an oxidising environment.

Figure |3| shows the average normalised Raman spectra of sam-
ples produced at the baseline condition over different ¢ from 1.00
to 1.50, corresponding to 71’ from 0.21 to 0.14 kg/m?/s, and a
calculated burned gas velocity of 1.21 to 1.07 m/s, respectively.
Raman features of CNTs, G-band and a high intensity ratio of the
G-band to D-band, I;/Ip, are clearly seen between equivalence
ratio of 1.00 and 1.15. The broad band at ~670 cm™! is believed
to be a feature peak of magnetite (Fe304)434¢: while a shoulder
alongside this peak at 731 cm™! is attributed to the background
signal from the PTFE substrate. As ¢ increases, the CNT Raman
features gradually fade away. In contrast, as ¢ approaches the
stoichiometric point (¢ = 1.00), higher I;/Ip ratios are achieved,
compared with those at richer conditions. This implies a positive
relationship between the yield of graphitic-CNTs at the highest
synthesis temperatures.

A closer examination of the peak intensity ratio of the G-band
to D-band, Is/Ip, over different ¢ between 1.00 and 1.15 is il-
lustrated in Fig[4] The Ig/Ip ratio at each ¢ is an average value
taken from 12 Raman spectra in total obtained from two samples
collected from two independent experiments. For each sample,
6 different Raman spectroscopy measurements were performed
at random locations, and each covered a spot of a diameter of
roughly 1.2 um. Clearly, the I;/Ip ratio decreases from 6.9 to 1.5
as ¢ increases from 1.00 to 1.15, which exhibits a positive correla-
tion between 7, and I/Ip ratios, i.e. the higher the temperature
the better quality of CNTs formed. Meanwhile the standard devi-
ation decreases from 3.8 to 0.3 over the same region. The reason
for change in unsteady deviation as ¢ approaches to 1.00 is un-
clear, but could be a result of in-sample different locations, or
fluctuating temperatures and stoichiometries in the slowly flap-
ping reacting zone as shown in Fig[l](b). The later is evidenced
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Fig. 3 Normalised Raman spectra of the samples produced at different
equivalence ratios ¢ from 1.00 to 1.50. The feedstock consisted of 99.0
wt.% ethanol and 1.0 wt.% ferrocene, and was injected at 0.5 ml/min and
carried by argon at 0.1 slpm.

by the observation when ¢ reaches 1.00 that the reddish flapping
reaction zone switches to glowing yellow, indicating that ethanol
from the central tube burns with excess oxygen due to fluctuat-
ing stoichiometries. Hence, the combustion of the ethanol vapour
produces soot particles rather than graphitic materials, which is
the likely cause of the large standard deviation in the Raman spec-
troscopy measurements.

i
N

[N
o
T
1

)
T
1

Raman intensity ratio of G-band to D-band (I G/ID)
(2]

1 1.05 1.10 1.15
Equivalence ratio ¢

Fig. 4 Variation in peak intensity ratios of G-band to D-band for different
¢ from 1.0 to 1.15. The feedstock consisted of 99.0 wt.% ethanol and 1.0
wt.% ferrocene, and was injected at 0.5 ml/min and carried by argon at
0.1 slpm.

The combined results in Fig. [3] and [4] show that both flame
temperature is a dominant parameter controlling the synthesis
and quality of CNTs. Moreover, there exists an apparent minimum
threshold temperature at ~1300 °C corresponding to ¢ = 1.20,
above which the Raman signatures of CNTs, G and D-bands, starts
to emerge. This finding is in line with the results reported by
FCCVD experiments, where the formation of SWCNTs and the
same Raman signatures start to form beyond 1100 °C113447,

Figure[5|shows the average normalised Raman spectra of the G-
band and D-band of the samples produced at ¢ from 1.00 to 1.15,
which are deconvoluted into five Lorentzian peaks in the range
of 10002000 cm~! using a Gaussian-Lorentzian fitting func-
tion, a common algorithm applied for analysing Raman spectra
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Fig. 5 Average normalised Raman spectra (shaded dot) and their spec-
tral deconvolution into Lorentzian peaks in the wavenumber range from
1000 to 2000 cm~! for ¢ from 1.00 to 1.15.

of CNTs48. The composite fitting curve, represented by the black
thick line, can be fitted in an excellent agreement with the Raman
spectra over different ¢ for all cases ((R? >0.98, where unity indi-
cates a perfect fit). Specifically, the G-band comprises the G~ and
G' components whereas the D-band comprises the D4, D, and D3
components. Compared with the G-band of graphite, which has
only a single Lorentzian peak at 1582 cm™!, the G-band of CNTs,
particularly for SWCNTs, typically consists of both G~ and G* at
1570 cm~! and 1590 cm ™!, respectively?. The G+ feature is be-
lieved to be associated with the vibrations of carbon atoms in the
direction of the axis of a CNT, the G~ feature, on the other hand,
is a result of the vibration of carbon atoms along the circumferen-
tial direction of a CNT#2, The Raman spectrum at ¢ = 1.05 shows
the highest Gt peak (~0.8) compared with the other conditions,
decreasing as ¢ deviates from 1.05. Conversely, the normalised
intensity of the G~ peak increases with ¢ deviating from 1.05,

resulting in a decreased GT/G™ intensity ratio. Based on Dressel-
haus et al.’s findings, the relative intensity of G*/G~ has a marked
chirality dependence where semi-conducting CNTs have higher
G*/G~ values while those of metallic CNTs are close to unity42,
However, this theory was built on the experimental study of iso-
lated SWCNTs rather than bundles, hence, whether the theory
still holds remains an open question, and a detailed investigation
is needed.

The rise of the D-band of a CNT Raman spectrum is associ-
ated with defects or disorder in the materials, and its intensity
is mainly a result of the D4, D, and D3 components at ~1200
em~!, ~1340 em~! and ~1500 cm™!, respectively?, The exact
wavenumbers may deviate depending on the carbon structures
of samples and the laser excitation wavelength. The D3 and D4
peaks can only be observed in soot or amorphous carbonaceous
materials®?, whereas the D peak is widely seen in many carbon
allotropes except for diamond. The rise of the D peak, as the
most prominent peak in the D-band, attributes to the vibration of
disordered graphitic lattice®?>L, On the shoulder this peak, the
D4 and D3 peaks are usually observed at lower and higher fre-
quencies, respectively. The former is believed to be a result of the
stretching vibrations of polyene-like structures and ionic impuri-

2152 while the latter has links with the amorphous contents
50152

ties
presenting in soot such as organic molecules and fragments
Generally, the normalised intensity of the D-band comprising all
the three featured peaks increases as ¢ departs from 1.05, indicat-
ing a inversely proportional relationship with temperature. While
that of the D4 peak keeps increasing as ¢ increases, in contrast
to the other D peaks, which may indicate an increased propor-
tion of polyene-like structures and ionic impurities formed in the
materials.

Figure [f]shows the morphology and structure of nanomateri-
als synthesised at ¢ from 1.00 to 1.20 using the baseline feed-
stock. From Fig. [f](a), the majority of the products consist of
crystalline nanoparticles of characteristic size of 20-100 nm. Dif-
ferent shapes of nanoparticles are observed, including pyramid,
sphere, cube and diamond. At ¢=1.00-1.15, CNTs are loosely
distributed and attached to the nanoparticles, as indicated by the
arrows, tending to form a filamentous or web-like morphology. As
¢ increases to 1.2 and beyond, one starts to observe aggregates or
lumps of nanoparticles, exhibiting a fundamentally different mor-
phology. This implies a highly limited quantity of CNTs produced
at this condition. The TEM image of CNTs products at ¢ of 1.05
suggests that the as-produced CNTs were inclined to form bun-
dles with a diameter of the order of 10 nm and a length ranging
from 100 nm up to 1 um. Further, the diameter of the constituent
individual CNTs was measured to be around 1 nm, implying the
CNTs were single-walled.

XRD analysis was applied to investigate the identity of the
crystalline nanoparticles. Ilustrated in Figl7] are the XRD pat-
terns of Fe3O4, PTFE substrate and the synthesis materials pro-
duced at ¢ = 1.05. The results, together with the featured Raman
peak at around 670 cm~! shown in Fig confirms the crystalline
nanoparticles consist primarily of Fe304, to which the CNT fibres
are attached.

The mass flux 7 of the Hy/air mixtures directly affects the
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Fig. 6 Morphology and structure of the samples produced from the experiments. (a) SEM images of the as-produced nanomaterials at ¢ from 1.00 to

1.20 and (b) TEM image of SWCNTSs produced at ¢ = 1.05.
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Fig. 7 XRD pattern of Fe;O,, PTFE substrate and nanomaterials pro-
duced at ¢ = 1.05 using the baseline feedstock.

synthesis process at a fixed equivalence ratio. Higher mass fluxes
rates lead to higher rates of heat release relatively to the heat loss,
leading to higher temperatures (Fig. [8p) . We investigated this
parameter by varying i at the fixed equivalence ratio ¢ = 1.05.
Test 1 corresponds to a baseline case at i’ = 0.1 kgm~2s! (3.5
slpm H, and 8.4 slpm air), whereas Test 2-4 were taken at 1.5, 2
and 3 times the mass flow rate of Test 1, respectively. The feed-
stock consisted of a fixed reactant flow of 99.0 wt.% ethanol and
1.0 wt.% ferrocene, and was injected at 0.5 ml/min and carried
by argon at 0.1 slpm.

Figure [8[(@) shows the normalised Raman spectra of the as-
produced samples at Test 1-4. The Raman signals become sharper
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and more distinct with the increase in mass flux 7 . For the low
mass flux case Test 1, neither the G-band (~1590 cm™!) nor the
D-band (~1350 cm™!) are clearly identified, a sign of low yield
of graphitic products. As i’ increases, the featured peak at 731
cm~! originating from the PTFE substrate diminishes, suggest-
ing an increased yield of nanomaterials. It is worth noting that
the radial breathing mode (RBM)-a unique Raman signature of
CNTs as a result of the coherent radial vibration of C atom at fre-
quencies of 120-350 cm~'#%_js captured by Raman spectroscopy
as shown on the spectra of Test 2-4. Meanwhile, other Raman
features of CNTs, the G-band, D-band and G’-band, also show
up. Apparently, higher 72~ favours the formation of CNTs rather
than the opposite, and it is evidenced by the drastic elevation of
the I /Ip ratio which increases from 0.98 to 10.0 as 7~ changes
from 0.1 to 0.3 kg m~2s~!. Again, the calculated 7}, suggests that
the threshold temperature for CNT formation is around 1300 oC,
which agrees with the findings highlighted in Fig.

A detailed examination of the material morphologies for dif-
ferent i from Test 2 to 4 was conducted by SEM as shown in
Fig. [8l(c). The figure illustrates the evolution of morphology of
the nanomaterials as s’ increases. The morphology for Test 1 is
very similar to that of Test 2, and is therefore not included in the
figure. For Test 2, only densely-packed solid nanoparticles were
observed by SEM rather than CNTs, although some CNT fibres
might be embedded beneath the nanoparticles as indicated by the
Raman spectrum. As the mass fluxes (and corresponding temper-
atures) increased, corresponding to Test 3 and 4, CNTs formed
a filamentous framework with crystalline nanoparticles attached
(Figle). This type of arrangement implies an increased yield of
CNTs, and an enhanced number density of CNTs to nanoparticles.
More specifically, CNTs are more easily observed in Test 4 than



G-band

RBM D-band G'-band

Test 4

Y A N

W

Test 2

Raman intensity

500 1000 1500 2000 2500

Raman shift (cm'1)

1600 — : | - T

1500

1400

1300

Burner stabilised flame temperature (°C)

1200 — : ' :
0.1 0.2 0.3

Mass flux m” (kg m?*s™)

(c)

Fig. 8 (a). Normalised Raman spectra of the nanomaterials produced at ¢ = 1.05 over different si” (0.1, 0.15, 0.2, and 0.3 kg m—2s~! corresponding
to Tests 1—4, respectively). (b). Variation of calculated burner stabilised flame temperature 7, as a function of 7" (at atmospheric pressure and at an
inlet temperature of 25 °C). (c). SEM images of the nanomaterials collected at Test 2—4. The feedstock consisted of 99.0 wt.% ethanol and 1.0 wt.%
ferrocene, and was injected at 0.5 ml/min and carried by argon at 0.1 slpm. Arrows indicate location of flamentous CNT.

any other conditions, due to a larger quantity and longer lengths
of the CNT materials.

4.2 Effect of reactant injection rate

The rate of injection of the centrally injected reactants ¢ and the
carrier gas flow rate V,, were investigated in the following exper-
iments.

The background burned air conditions of the were fixed at
¢ =1.05 (7 slpm H, and 16.7 slpm air), which yielded a calculated
synthesis temperature of 1450 °C, leading to a expected burned
gas velocity u;, of 57.3 cm/s. The effect of V4, was first examined
by varying its value from 0.05 to 1.0 slpm, whilst keeping ¢ fixed
at 0.5 ml/min. Figurg9f(a) shows the average normalised Raman
spectra of nanomaterials synthesised at different V,,.. In general,
the variation of V4, shows little effect on the CNT synthesis up to
0.5 slpm, corresponding to a flow velocity of 64.0 cm/s compara-
ble to that of the surrounding burnt gas flow of 57.3 cm/s. These
Raman spectra exhibit a similar pattern as the Raman features of
CNTs previously observed near the stoichiometric ratio, and the

associated I /Ip ratios are all at around 5.0, suggesting a pro-
duction of high quality CNTs. In contrast, when Vj, reaches 1.0
slpm , at an estimated flow velocity equivalent to twice the value
of the surrounding hot gases, the synthesised materials shows a
much poorer Raman spectrum, indicating a decreased yield of
CNTs and an increased proportion of amorphous carbon solids.
This behaviour shows that for low values of the central gas ve-
locity, CNT formation is controlled by the diffusion of heat, and
corresponding reaction between the central reactants, heated by
the surrounding gases. Beyond a certain inlet flow rate, however,
heat diffusion through the reactant layer is insufficiently fast, and
the inner reactant core leaves the system unreacted.

The reactant injection rate ¢ was varied from 0.1 to 2.0 ml/min
for a constant carrier flow rate V4, of 0.1 slpm, thus increase-
ing the concentration of reactants by a factor of 20. The aver-
age normalised Raman spectra of the nanomaterials produced are
shown in Fig[9|(b). Generally, the G-band and the RBM can be ob-
served for all ¢, except for the lowest flow rates of 0.1 ml/min
where no Raman features of CNTs are discerned, for which only
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Fig. 9 Average normalised Raman spectra of the samples produced at
¢ = 1.05 as a function of (a) different injection rates ¢ from 0.1 to 2.0
ml/min, and (b) different argon flow rates V4, from 0.05 to 1.0 slpm.

Fe30,4 nanoparticles are detected by Raman spectroscopy, as the
concentration of carbon source precursors are too low. As ¢ in-
creases beyond 0.1 ml/min, it is found that an optimum condition
is reached, at which the Raman spectrum exhibits the most dis-
tinct features for ¢ from 0.3 to 0.5 ml/min. Beyond 0.5 ml/min,
the Raman spectra exhibit a broadened G-band and an enhanced
D-band for all the conditions considered. The broadening effect
appears due to the rise of the D3 peak, which is linked with amor-
phous species such as organic molecules or fragments>2>2 a5 dis-
cussed in the previous section. A drop in Ig/Ip ratios signals a
decreased yield of CNTs for higher . The behaviour suggests that
there is a minimum reactant concentration for the formation of
CNTs, and that at some critical concentration, it is no longer the
limiting factor for their formation. Beyond a certain concentra-
tion, the rate of heat diffusion into the central reactant column
becomes rate limiting, so that higher concentrations just lead to
poorer quality CNTs, and converstion into alternative products.

5 Conclusion

In this study, we have successfully demonstrated the feasibility of
using a Hy/air background premixed flame to continuously pro-
duce CNTs using ethanol and ferrocene. The results are sum-

8| Journal Name, [year], [voI.],1-E]

marised as follows:

1. The temperature and stoichiometry of the surrounding gases
is key to successful CNT synthesis, and operating at equiv-
alence ratios just rich of the stoichiometry point is recom-
mended. Rich operation (¢ > 1.00) is more favourable for
producing CNTs, as no oxygen is left in the pyrolysis zone,
avoiding rapid oxidation of the catalyst nanoparticles.

2. SWCNTs form as nanometer-thick fibrelets connecting the
surrounding Fe3O4 crystals formed.

3. Higher mass fluxes of the surrounding burned gases lead to
higher heat release per unit heat loss, and thus higher tem-
peratures. This contributes to higher quantities, length and
quality of CNTs formed.

4. There is an optimal range of both carrier flow rate and reac-
tant concentration which maximises the quantity and quality
of CNTs sampled. The results seem to indicate that there the
limiting factor is the rate of diffusive heating of the reactants
by the surrounding gases: beyond a limiting reactant gas or
concentration flow rate, the heat cannot be transferred fast
enough, and the CNT product quantity and quality degrades.

The present method is promising and inexpensive means of for
CNT generation , particularly if the catalyst is chosen to be a de-
sirable part of the product, for example oxide particles connected
to CNTs for electrodes. However, significant work is required to
better quantify the product yield. A detailed study of the effect
of various ferrocene proportions in ethanol and the role of thio-
phene on the CNT synthesis has been carried out and is to be
published in a future work.
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