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Abstract

The effects of varying concentrations of ferrocene and thiophene on the

synthesis of carbon nanotubes (CNT) in a floating catalyst, flame-based re-

action system were investigated. Pre-vapourised ethanol was used as CNT

feedstock, and a surrounding premixed H2/air flames was used as the heat

source. Samples of the synthesised material were collected and analysed

using Raman spectroscopy, scanning electron microscopy, and transmission

electron microscopy to determine the properties of the collected CNT sam-

ples. Sulphur to iron mass ratios were varied from 0 up to 10.1, by changing

the relative amounts of thiophene and ferrocene. The latter was found to
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have only a marginal effect on the improvement in the yield of CNTs, but

led to enhanced yield of iron oxide nanoparticles. In comparison, the addi-

tion of sulphur exhibited an increase in the synthesis of CNTs as compared

to iron oxide nanoparticles, including their number density and length. An

optimum window of mass ratios mS/Fe at 0.1–2 was identified. A numerical

model for the diffusion of species is coupled with an equilibrium chemical

model for the resulting species to understand the mechanism of the synthesis

process, showing the range of elemental proportion conditions and residence

times favourable to high yield of CNTs.
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1. Introduction

Carbon nanotubes (CNTs) are one-dimensional nanomaterials known to

possess superior physical properties, including high mechanical strength and

flexibility [1], superb electrical [2] and thermal conductivity [3], thermochem-

ical stability and compatibility with processing in solution. The excellent

properties have attracted much scrutiny for a broad range of potential appli-

cations. CNTs, often used as additives to improve the performance of base

materials, have been applied to a wide range of devices such as mechanically

and electrically enhanced polymer composites [4–7], electrodes [8], multi-

functional coatings [9] and ultra-thin films [10]. The growing demand in the

fields of electronics and semiconductors, energy, battery and capacitors, ad-

vanced materials are expected to fuel the growth of the CNT market. In view

of the growing demand, significant efforts are needed to achieve production
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of low-cost CNT with high crystallinity to further enable its application in

various technological sectors [11].

Despite the popularity of using chemical vapour deposition (CVD) for

CNT production [12–14], flame-assisted methods have gained increasing at-

tention as an alternative technique for CNT synthesis that can significantly

increase the rate of production in the form of continous rather than batch

methods [15]. Flame synthesis is a continuous-flow, scalable method with po-

tential for high throughput and lower production cost as compared to other

known synthesis methods such as CVD [1], laser ablation [16] and arc dis-

charge [17]. There has been a long history of carbon material production

using flames, and the mass production of many commercial products, includ-

ing carbon black, fumed silica and titanium dioxide pigment, have already

been realised by flame methods [18]. Trace amounts of CNTs were first re-

ported by Howard et al. while using premixed hydrocarbon/oxygen flames

[19]. Thereafter, various flame configurations have been developed for pro-

ducing CNTs, which can be categorised into two classes based on the type of

flames in use, namely diffusion flames [20–22], and premixed flames [23–27].

Regardless of geometrical configuration, a stable and constant heat supply

must be ensured. Carbon sources in appropriate amounts must be carefully

selected, and catalysts, typically metal or metal-containing compounds (e.g.

iron [27, 28] and nickel [29, 30]), and/or sulphur-containing compounds (e.g.

thiophene), also play critical roles in the process for a successful synthe-

sis. Many researchers have investigated the role of metal catalysts, and it is

widely-accepted that the metal nanoparticles whose surfaces are activated or

deliquescent at high temperatures provide sites for the inception and growth
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of CNTs. The effect of varying concentrations of metal catalysts in CNT

synthesis has been reported both in CVD and flame synthesis processes. Li

et al. investigated the effects of ferrocene and thiophene on CNT synthesis

in a floating catalyst CVD system using ethanol as carbon sources [13, 31] in

an electrically heated furnace with hydrogen as the bath gas. They identified

an optimum range of ferrocene concentrations as 0.2–2.5 wt.% within which

the process seemed insensitive to the variation of ferrocene. Nonetheless,

the process showed a marked sensitivity to thiophene concentrations. The

optimum concentration of thiophene was found to be around 0.5 wt.%, at

which aerogels of highly crystalline single-walled carbon nanotubes (SWC-

NTs) could be produced, with a product purity greater than 96 wt.% were

attained. Chaisitsak et.al [32] systematically studied the influence of the ra-

tio of ferrocene to ethanol on the CNT synthesis a similar furnace system to

be in the range of 0.1-3.0 wt.%. Although CNTs were observed throughout

the whole range, the optimum condition was identified as 1.0-1.5 wt.% where

highly crystalline SWCNTs with fewer amorphous impurities were obtained.

They concluded that the ratio of ferrocene to ethanol predominantly affects

the formation of impurities and the crystallinity of CNTs.

Experimental studies have revealed that the yield of CNTs can be signif-

icantly enhanced by adding sulphur into CNT production process in floating

catalyst furnaces [13, 33–37]. In the 1990s, Tibbetts et al. [38] discovered

that sulphur promotes the formation of carbon filaments due to the ability

of liquefying the catalytically active iron particles. Moreover, they noticed

that higher sulphur concentration decreases the filaments’ quality in terms of

length and straightness. This was attributed to the elevated melting point of
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the particles beyond the eutectic, thus impeding filament growth. However, a

further investigation by the same author [39] contradicted the previous claim

and reported that an enhanced yield of CNT fibres was observed experimen-

tally at temperatures up to 1208 ◦C, beyond the Fe-C eutectic temperature

(1153 ◦C [40]). They concluded that sulphur promotes the dissolution of

carbon into catalyst nanoparticles [39]. Motta et al. extended the study of

sulphur in CNT synthesis and confirmed sulphur’s role of promoting length-

ening and entanglement of CNTs [40, 41]. Furthermore, their experiments

revealed that in the absence of sulphur, most iron catalyst particles formed

at high temperatures were encapsulated by layered carbon, which appeared

to deactivate the catalyst particles [40]. They pointed out that sulphur has

two distinct roles: one is to enhance CNT growth by surface diffusion, while

the other is to promote the assembly of carbon atoms onto CNT edges [40].

More recently, Yuan et.al [42] reported sulphur-induced chirality changes

while studying the role sulphur in an ethanol CVD process. Although minor

addition of sulphur-containing compounds (0.0001 wt.% carbon disulfide or

0.001 wt.% thiophene in ethanol) only helped improve the CNT yield, chi-

ral selectivity became manifest as the concentration of the sulphur-containing

compounds further increased, in particular when thiophene reached 0.1 wt.%

[42]. The possible cause was claimed to be the selective blocking of active

sites on the metal catalyst particles.

The role of sulphur in CNT production has rarely been investigated in

flame synthesis, although a couple of studies related to the role of sulphur in

flame synthesis have been attempted. Vander Wal et al. tested the effect of

sulphur in a ”pyrolysis flame”, in which where a steel tube placed was 1 cm
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above a flat flame McKenna burner fueled by a fuel-rich air/C2H2 [29]. Their

results showed that neither the yield nor the morphology of the CNT products

was improved by the addition of 0.8 vol.% thiophene in the reactant gases. A

more recent study by Okada et al. [43] fed sulphur vapour with ferrocene with

a sulphur/ferrocene mass ratio of 20 into a premixed Bunsen flame of diluted

C2H4/O2/Ar (ϕ = 1.05) to produce CNTs. Although high purity (carbon

of 90 wt.%), single-walled CNTs of an average diameter of 0.96 nm were

reported, no discussion of the role of sulphur was mentioned. As to the effect

of sulphur, the following questions arise: does adding sulphur (thiophene)

into a combustion system for CNT production have the same effectiveness

as that in a CVD reactor? And what might be the differences between these

two processes regarding the addition of ferrocene and thiophene?

In the present study, we explore the growth potential of CNTs using thio-

phene and ferrocene as the source of catalysts. A pilot ethanol jet serves as

carbon source, and a carbon-free hydrogen-rich flame provides the heat for

the reaction as a co-flow surrounding the reactant mixture of ethanol, thio-

phene and ferrocene. The effect of sulphur as a precursor for CNT growth

is investigated, and the morphology of the CNT material produced is ex-

amined. The potential of the flame synthesis method for high quality CNT

production and throughput is discussed.

2. Experimental

The schematic of the experimental setup is illustrated in Fig. 1. Details

of the system can be found in a previous paper [44], while we here briefly

describe the arrangements. The system consists of a premixed flat flame
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burner with a sintered copper ring (50 mm O.D., 10 mm I.D.) for stabilis-

ing H2/air flames. An alumina tube (10 mm O.D, 6 mm I.D.) was installed

at the centre for CNT reactant injection. The outlet of the central tube

was placed 5 mm above the burner plate to avoid burnout of reactant. A

clear fused quartz tube (75 mm O.D., 70 mm I.D.) surrounded the burner

plate enclosing the reacting environment. All gas flows were regulated by

mass flow controllers (Alicat Scientific, MC-500SCCM-D for Argon, MC-

10SLPM-D for H2 and CH4, MC-20SLPM-D for air), and the injection of

liquid reactants for the synthesis was controlled by a syringe pump (World

Precision Instruments). The reactants, consisting of varying proportions of

ethanol (the carbon source), ferrocene and thiophene, were fed into a fabri-

cated shear-based atomiser. The atomised droplets were carried by a stream

of argon into a temperature-controlled heated pipeline (maintained at 100

◦C) for the subsequent synthesis.

Operating conditions for the operating H2/air were constrained to rich

premixed regions of ϕ, from 1.05–1.2 to maximize reaction and minimize

oxidation.R2 Our previous study [44] demonstrated that a slightly hydrogen-

rich environment is favourable for CNT production, as little oxygen is left

in the pyrolysis zone, which helps to avoid rapid oxidation of the catalyst

Fe nanoparticles. Moreover, an slight excess of hydrogen can significantly

suppress the formation of soot nanoparticles and hence enhance the yield of

CNTs. On the other hand, excessive hydrogen can have negative effects on

CNT formation, as H radicals suppress the formation of SP2 graphitic struc-

ture [45] by converting C into gas phase substances [46]. Thus, a optimum

equivalence ratio window ϕ of 1.05–1.2 of the surrounding flame identified in
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Figure 1: Schematic of the experimental setup.

our previous study [44] was selected.R2 A trace amount of CH4 (0.4 vol.% in

mixtures) was intentionally doped into the H2/air mixtures to help visualise

flame fronts as a safety precaution. The reactant injection rate and the ar-

gon flow rate were fixed at 0.5 mL/minml/minR3 and 0.1 slpm, respectively,

which was an optimal combination of parameters for CNT synthesis found

in our previous study [44]R2. A stainless steel probe (6 mm O.D., 3 mm I.D.)

positioned at a height above burner (HAB) of 230 mm was used for collect-

ing the as-produced nanomaterials onto a PTFE membrane filter (SKC Ltd,

pore size 0.45 µm ). Three individual Raman spectroscopy measurements

(HORIBA XploRA PLUS) were carried out using a 532 nm laser on each

sample at random locations, covering a region with a diameter of roughly 1.2

µm each. The obtained Raman spectra were then normalised against their
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respective global peak value before an averaged Raman spectrum for each

sample was produced. The samples were further examined by X-ray diffrac-

tion (Empyrean) using a Cu anode, scanning electron microscopy (Zeiss Leo

Gemini 1530VP FEG-SEM) and transmission electron microscopy (FEI Tec-

nai Osiris FEGTEM).

We examined 11 different reactant mixtures containing various propor-

tions of catalyst precursors in ethanol solvents at different ϕ from 1.05–1.2

as shown in Table 1).

Table 1: Experimental conditions for the study of catalysts. The flame equivalence ratio
ϕ was varied from 1.05–1.2, and the injection rate of ethanol was kept at 0.5 mL/min
ml/minR3 while the argon gas flow rate was maintained at 0.1 slpm.

Table 2: Experimental conditions

No. Thiophene Ferrocene mS/Fe

(wt.%) (wt.%) (-)
1 0 0.1 0
2 0 0.3 0
3 0 0.5 0
4 0 1.0 0
5 0 2.0 0
6 0 3.0 0
7 0.1 1.0 0.1
8 1.5 2.3 0.8
9 1.6 1.0 2.0
10 2.0 0.5 5.1
11 2.0 0.25 10.1

3. Numerical analysis

A series of calculations were performed to gain insight into the CNT

synthesis processes, including temperatures and species distributions within
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the reactor, and to better understand the mechanisms of the CNT formation,

including estimates of the temperature and composition of the mixture in the

product gases of the surrounding flame, via a 2-D axisymmetric model of the

process of diffusion of products and reactants across the central layer.

3.1. 1-D reactor model

The flame temperature of the 1-D burner stabilised H2/air flame was es-

timated using the chemical kinetics GRI-Mech 3.0 [47] assisted by the open-

source software, Cantera [48]. This software has a variety of tools for investi-

gating processes involving chemical kinetics, thermodynamics, and transport.

The flame temperature was calculated based on a constant burner tempera-

ture and at atmospheric pressure at an equivalence ratio equal to 1.05 as we

did in our previous study [44].R2 More details of the solution method can be

found in Ref.[48, 49].

3.2. 2-D diffusion model

A 2-D model was developed which simulates the post-flame mixing be-

tween the centrally injected reactants (ethanol and argon), and the surround-

ing hot products (water and nitrogen) from the premixed hydrogen flame.

The model is based on a co-flow diffusion flame model [50, 51], here applied

for similar conditions. The gases are assumed to be ideal, and have the same

transport properties. The model assumes identical diffusivity for all species

and heat and ignore the energy equation for ethanol pyrolysis, so that the

conservation equations for the reactant ethanol could be written as:

ρuz
∂Ye

∂z
+ ρur

1

r

∂

∂r
(rYe) =

1

r

∂

∂r

(
rρDf

∂Ye

∂r

)
(1)

10



where r is the radius from the centre; Df is the diffusivity of the mixture.

Ye is the mass fraction of ethanol. The variables ur and uz are radial and axial

gas velocity respectively. The the initial temperature of feedstock, Te,0, is set

to the measured value of 100 ◦C, and the surrounding hot gases, Ti,0, is set to

1471 ◦C. from the 1-D Cantera flame model.R2 The value of Ti,0 is calculated

based on a constant burner temperature of 25 ◦C and at atmospheric pressure

as in our previous study [44]. Heat loss via conduction to surroundings was

considered, but the radiation loss is not taken into account. R2 A mixture

fraction, ξ. is defined as the extent of mixing between the inner and outer

streams:

ξ =
Yi − Yi,0

Ye,0 − Yi,0

(2)

where Yi is the species mass fraction of species i, Ye,0 and Yi,0 are the initial

concentration of ethanol and species i respectively. By assuming uniform

constant (with temperature) specific heats for the mixture assuming adi-

abatic mixing between the streams, we obtain an expression for the local

temperature:

T = YeTe,0 + (1− Ye)Ti,0 (3)

The mass conservation equation in axisymmetric cylindrical coordinates is:

∂

∂z
(ρuz)+

1

r

∂

∂r
(rρur) = 0 (4)

The momentum equations in both axial and radial directions are:

ρuz
∂uz

∂z
+ρur

∂uz

∂r
=
1

r

∂

∂r

(
µr

∂uz

∂r

)
+ ρg (5)
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and

ρur
∂ur

∂r
+ρuz

∂ur

∂z
=µ

[
1

r

∂

∂r

(
r
∂ur

∂r

)
− ur

r2

]
(6)

The density of the mixture at constant pressure conditions is:

ρ = ρref,0
T0

T

W

Wref

(7)

where the subscript ref denotes a reference molecular weight. The molecular

weight of the mixture is calculated based the flame products (25.7 wt.% H2O

and 74.3 wt.% N2) emerging from the stabilised flame:

W =

(
0.743(1− Ye)

WN2

+
0.257(1− Ye)

WH2O

+
Ye

We

)−1

(8)

The diffusivity of the mixture at 293 K is assumed to be equal to that of

air, as in previous studies [52, 53]. Dref = 0.2 × 10−4 m2/s [54], and the

dependence on the temperature is [55]:

Df = Dref

(
T

Tref

)1.67

(9)

The viscosity of the gaseous mixture is assumed to be that of the nitrogen at

300 K and 101 kPa: µv,ref = 1.79 × 10−5 Pa·s [56], and Sutherland’s law [57]

is used in the estimation of the dynamic viscosity of the mixture at different

temperatures,

µv = µv,ref

2.78Tref + 8Cs

2.78T + 8Cs

(
T

Tref

) 3
2

(10)

where Cs is Sutherland’s constant. The value of Cs = 120 for standard air

[58]. The numerical results are calculated for an outer flame equivalence
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ratio of ϕ = 1.05, where H2 and air are supplied at 7.0 slpm and 16.7 slpm,

respectively, and results in a initial axial velocity of ui,0 = 0.6 m/s and a

temperature of 1471 ◦C. Ethanol vapour and argon are injected through the

central tube at molar ratio of 38% and 62%, respectively. This yields an

initial axial velocity for the central stream of ue,0 = 0.27 m/s. Based on

these initial assumptions, the 2-D model simulates the whole mixing process

and uses the estimated flame temperatures as an input to model the spatial

distribution of mixing temperatures and mixture fractions of the synthesis

in an axisymmetrical domain and with boundary conditions as follows:

z = 0 Ye = 1 uz = ue,0 ur = 0 for 0 ≤ r ≤ rp (11)

Ye = 0 uz = ui,0 ur = 0 for r > rp

z = ∞ Ye = 0 uz = 0 ur = 0

r = 0
∂Ye

∂r
= 0

∂uz

∂r
= 0 ur = 0

r = ∞ Ye = 0 uz = 0 ur = 0

where rp is the inner diameter of the inner port. Combining Eqs. (1) to (10)

with the boundary conditions stated in Eq. (11) allows a solution for ethanol

mass fraction Ye, velocities uz and ur, and T to be obtained numerically.

3.3. Thermodynamic equilibrium calculations

The thermodynamic equilibrium of a mixture can be represented by a set

of simultaneous non-linear equations connecting the thermodynamic prop-

erties of substances, subject to the laws of atomic conservation [59]. An

equilibrium model was constructed containing H, C, O, S and Fe elements,
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and 100 species in three phases (solid, liquid and gas).

Most of the species considered have well-establised properties for con-

densed phase iron carbide, Fe3C(s) and Fe3C(l) were extracted from Burcat’s

thermodynamic database [60], as were the properties for gas phase thiophene,

C4H4S(g), and ferrous sulphide, FeS(g). Cementite, or Fe3C, is a metastable

phase and it is very likely to decompose into Fe and graphite at higher tem-

peratures beyond its melting point [61, 62]. Thermodynamic properties of

ferrocene, Fe(C5H5)2, were extracted from Fulem et al.’s theoretical estima-

tions [63]. R2

Thermodynamic data for CNTs in literature are rather scarce, and the

governing factors that determine the thermodynamic properties of CNTs

have yet to be systematically investigated. However, experimental studies

on CNTs by Pradhan et al. [64] showed that the specific heat capacity

of multi-walled CNTs (MWCNTs) and single-walled CNTs with different

orientations were within 7% of those of graphite powder. Kabo et al. [65]

used an adiabatic calorimeter to determine that the ratio of heat capacities

of MWCNTs to graphite was 1.03 between 300 and 370 K, and predicted that

the specific heat capacity of MWCNTs resembles that of graphite beyond 370

K. By referring the thermodynamic properties of CNTs measured by Kabo

et al. [65], we found the Gibbs free energy of CNTs resemble closely to that

of graphite between 300 and 2200 K. Based on these findings, we selected

graphite as an reasonable representation of all solid carbon products in the

simulations, under the symbol of C(s) [65, 66].R2

We chose an optimum mixture consisting of 1.5 wt.% thiophene and 2.3

wt.% ferrocene to study the elemental distribution of C, S and Fe atoms
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into their corresponding species from 100 ◦C up to the flame temperature

of 1471 ◦C at ϕ = 1.05 (7.0 slpm H2 and 16.7 slpm air). The results were

then compared to that without sulphur, i.e. 0 wt.% thiophene and 2.3 wt.%

ferrocene at ϕ = 1.05. The results are graphed in the following sections

to reflect the species/phase transition of a specific element as temperature

increases.

The methodology of the numerical analysis is as follows. First, the ex-

perimental parameters, including the reactant species, mass fluxes and the

burner temperatures, for the CNT synthesis serve as the key inputs for the

computational study. The 1-D flame simulations use these experimental re-

sults to calculate the flame temperatures and the post-flame products, which

are the input parameters for the following 2-D diffusion model. The spatially

resolved distribution of mass fractions of the reactants and the surrounding

and the local temperatures estimated by the 2-D model are then used for the

thermodynamic equilibrium calculations. Finally, a spatially-resolved distri-

bution of equilibrium species resolves the species considered for a full picture

of the entire process from a thermodynamic perspective.

4. Experimental Results

4.1. Effect of ferrocene

Figure 2 shows the average normalised Raman spectra of the nanomate-

rials produced using different mass proportions of ferrocene yFe at ϕ = 1.05.

A sharp and distinct G-band at 1590 cm−1, D-band at 1330 cm−1 and the

radial breathing mode (RBM) feature at lower wave numbers (< 300 cm−1)

for different yFe considered. The peak at 670 cm−1 appearing on all the
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Raman spectra is believed to be that of magnetite Fe3O4 [67, 68]. Yet the

variation of this peak shows no positive correlation with yFe. Further, the

changing yFe does not appear to affectaffects the intensity ratio of G-band to

D-band, IG/ID, an indicator of CNT quality or purity [69]. The ratio IG/ID

peaks when the mass fraction of the ferrocene in the central tube feedstock

yFe equals to 3.0% in contrast to the lowest at yFe = 2.0%. Similar results

are obtained at higher ϕ. As ϕ increases from 1.05 to 1.2, an increase in

background noise in the Raman spectra and fading CNT Raman features

including a drop in IG/ID, an increase in the magnetite peak and vanishing

RBM band are clearly observed for all yFe. This indicates that the CNT

number density has a much higher temperature dependence over the concen-

tration of ferrocene. Accordingly, the results suggest that with the addition

of ferrocene, CNTs can be successfully synthesised over a range of yFe, but

higher number density and better quality of CNTs can only achieved at higher

temperatures above 1300 ◦C, as suggested by the theoretical estimations [44].

As ϕ increases from 1.05 to 1.2, a decreased yield of CNTs is evidenced by the

increase in noise arising the Raman spectra, accompanied by the fading CNT

Raman features for all yFe. A drop in IG/ID, an increase in the magnetite

peak and the vanishing RBM band are observed. The results show that

with the addition of ferrocene, CNTs can be successfully synthesised over

a range of yFe, but higher yields and higher quality as defined by the G/D

ratio are obtained at higher temperatures above 1300 ◦C, as suggested by

the theoretical estimations [44].R2 This temperature range is consistent with

the results reported by floating catalyst CVD studies where 1150–1450 ◦C,

and seems to be ideal for SWCNT formation [40].
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Figure 2: Average normalised Raman spectra of the samples produced using reactant
mixtures with different mass fractions of ferrocene yFe at different ϕ of 1.05.
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SEM analyses were performed to examine the as-produced materials at

the nanoscale. Figure 3 shows the morphology of the samples produced at

ϕ = 1.05 over different yFe where a web-like scaffolding structure prevails.

Direct measurements on the images suggest that the diameter of individual

CNTs or CNT bundles synthesised at different yFe are of the order of 10

nm, and their lengths can vary from 10 nm up to 1 µm. By comparison, the

variation of yFe appears to have little impact on the morphology of the CNT

products, and no marked changes of the number density of CNTs against

nanoparticles are observed. Yet there is a positive correlation between yFe

and the overall yield of solid products including nanoparticles and CNTs, as

these solids are seen more closely packed at higher yFe due to the increased

amount of iron input with increasing yFe. The results reveal that the CNT

synthesis is insensitive to the variation of yFe so long as there exists an

iron precursor. The iron precursor then decomposes into catalytically active

nanoparticles on which CNTs start to form and grow given at a suitable

temperature. The remaining fraction of iron atoms, in a relatively larger

quantity, preferably combine with oxygen to form iron oxides due to the

presence of H2O. The morphology of samples produced with varying ϕ for

different yFe were also examined by SEM. In general, the evolution of the

sample morphology as ϕ varies from 1.05 to 1.2 closely resemble our previous

findings: the web-like scaffolding structure is replaced with by aggregates

of nanoparticles with few CNTs observed in the analysis [44]. The SEM

results combined with the previous Raman spectroscopy further reveal the

dominating role of temperature on the yield and quality of CNTs produced

in the process in contrast to a weaker effect by the variation of ferrocene

18



concentrations.R2

Figure 3: SEM images of samples produced at ϕ = 1.05 using feedstocks of different mass
fractions of ferrocene yFe.

4.2. Effect of sulphur catalyst

Figure 4 demonstrates the average normalised Raman spectra for samples

synthesised at ϕ from 1.05 to 1.20 using reactants in a range of sulphur-to-

iron mass ratios, mS/Fe, from 0 to 10.1, corresponding to the conditions of

Test 4 and 7-11 (see Table 1), respectively. According to Fig.4, the effect

of sulphur on the production becomes manifest even at very low sulphur

levels. Although the Raman spectra at various mS/Fe appear alike at ϕ =

1.05 showing distinct CNT features, those with sulphur show a differentiated

pattern compared to that without: a comparable IG/ID ratio at around 3.5,

an intensified RBM and second order G’-band, and a lowered peak associated

with magnetite Fe3O4 at 670 cm−1.

As the ratio of mass between thiophene and ferrocene in the central tube

feedstockmS/Fe increases, those cases with zero sulphur (mS/Fe = 0) are more

sensitive to the change of temperature compared with those with sulphur,

which is evidenced by the variation of IG/ID as indicated in Fig. 5. From

the figure, IG/ID for mS/Fe = 0 decreases strongly from 7.7 down to 2.2
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Figure 4: Average normalised Raman spectra of the samples produced using feedstock
with varying mass ratios of sulphur to iron mS/Fe from 0. to 10.1 at different ϕ of (a)
1.05, (b) 1.10, (c) 1.15 and (d) 1.20.
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as ϕ increases from 1.05 to 1.10. In contrast, for cases at mS/Fe > 0 the

addition of sulphur appears to help retain the CNT Raman features of the

samples against the decreasing temperature as ϕ increases, particularly for

those with higher mS/Fe. Specifically, it shows that IG/ID for mS/Fe =

0.1 only drops slightly from 3.2 to 2.8 as ϕ increases from 1.05 to 1.10,

indicating an enhanced resistance to the drop of temperatures compared to

the case without sulphur. Moreover, in contrast to a monotonic decrease in

the cases of mS/Fe ≤ 0.1, an increase in IG/ID over increasing ϕ is seen, in

particular for mS/Fe = 5.1mS/Fe = 5R3 where IG/ID rises over 70% from 3.6

to 6.2 as ϕ increases to 1.10. As ϕ reaches 1.20, CNT features disappear for

the zero sulphur case. But for sulphur cases, the products’ Raman spectra

highly resemble those at ϕ = 1.05, including IG/ID, albeit slightly higher

signal-to-noise ratios and an enhanced intensity of magnetite. The role of

sulphur, as the results imply, seems to partly offset the adverse effect of

lower temperatures due to increasing ϕ, which lowers the minimum threshold

temperature required for the inception and growth of CNTs.

To further understand the changes of the Raman spectra of CNTs as a

result of sulphur addition, the Raman spectra near the region between the

D and G bands, 1200–1650 cm−1, are deconvoluted into 4 Lorentzian peaks,

D, D3, G− and G+ modes using the Gaussian-Lorentzian fitting function

[70], for the cases at ϕ = 1.05 as illustrated in Fig.6. Due to the high

similarity in the Raman spectra, the spectrum for mS/Fe = 0.8 is chosen to

represent those of higher mS/Fe. The shaded dots illustrate the original data

while the thick black line and the thin lines in various colours represent the

fitting curve and the deconvoluted peaks, respectively. Clearly observed in
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Figure 5: Average normalised Raman intensity ratios of the G-band to D-band IG/ID as
a function of equivalence ratios ϕ from 1.05 to 1.20 for the samples produced using the
feedstocks of different sulphur-to-iron mass ratios mS/Fe from 0 to 10.1.
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Figure 6: Normalised Raman spectra (shaded dot) and their spectral deconvolution into
Lorentzian peaks in the range of wave number between 1200 and 1650 cm−1 for the samples
produced with different sulphur-to-iron mass ratios mS/Fe from 0 to 0.8 at ϕ = 1.05.
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Fig.6 is the marked transition of the Raman spectra as mS/Fe increases. A

broadening effect is seen at the G-band, in particular at lower frequencies,

owing to the increased intensity of D and D3 peaks after the addition of

sulphur. Specifically, the relative intensity ratio between D and D3 peaks is

hardly affected by the sulphur catalyst, merely rising from 1.3 to 1.6 asmS/Fe

increases from 0 to 0.8. Rather, their normalised intensities are tripled and

doubled at mS/Fe = 0.1 and 0.8, respectively. The D peak, a common feature

present in carbon allotropes, is associated with defects in materials, whereas

the D3 peak is mostly observed in amorphous carbon, in particular soot [70].

Apart from the broadening line shape of the G-band, downshift of the G+ and

G− peaks are also observed for all the samples with mS/Fe ≥ 0.1 regardless

of the variation of ϕ. Such characteristic feature in the G-band appears

to be consistent with those found in metallic CNTs, under a specific name

of Breit-Wigner-Fano lineshape [69, 71]. The phenomena of an enhanced

intensity of the RBM and G’-band, and downshifted and lowered G-band

features have also been observed by experimental and numerical studies in

isolated metallic SWCNTs comparing with the semiconducting counterparts

[69, 71, 72]. Hence, the present experimental results may imply that adding

sulphur to the synthesis would contribute to a transition from semicondcuting

to metallic chirality.

XRD analysis was applied to investigate the identity of the crystalline

nanoparticles. Illustrated in Fig.7 are the XRD patterns of Fe3O4, PTFE

substrate and the synthesis materials produced at ϕ = 1.05. The results,

together with the featured Raman peak at around 670 cm−1 shown in Fig.4,

confirm the crystalline nanoparticles are primarily Fe3O4, to which the CNT
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Figure 7: XRD pattern of PTFE substrate and the samples produced at ϕ = 1.05 using
the feedstock with different sulphur-to-iron mass ratios mS/Fe from 0 to 5.1.
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fibres are attached.

Figure 8.(a)-(c) compares the SEM images of samples produced at ϕ =

1.05 with mS/Fe of 0.1, 0.8 and 10.1. By comparing the SEM images in

Fig.3, the addition of sulphur induces a marked change in the morphology,

even given a very small amount (0.1 wt.% of thiophene in the feedstock).

Isolated CNT fibres and their webs are more clearly seen on the samples with

sulphur, showing an increased number density of CNTs despite the presence

of nanoparticles. Moreover, CNTs formed with sulphur are produced in a

much larger quantity and longer lengths in contrast to those formed without

sulphur. The diameter of CNTs or CNT bundles (see the insert of Fig.8.(b))

formed can vary but are below 10 nm, comparable to those at mS/Fe = 0.

As mS/Fe increase beyond 0.8, the improvement of the number density of

CNTs ceases, and the morphology starts to transit into a closely packed

clumps embedding CNT fibres beneath from a cotton-like morphology as

demonstrated in Fig.8.(c).

As indicated in Fig.4, the CNT Raman features still remain pronounced

as ϕ increases, indicating that, in contrast to the cases without sulphur, the

production of CNTs is less affected by the increase of ϕ or lower flame tem-

peratures, when sulphur added. This suggests an extended lower limit of

synthesis temperature and hence an enlarged formation window as a result

of sulphur. Hence we examined the samples produced at higher ϕ using

SEM. Figure.8.(d)-(f) summarise the transition of morphology of samples

produced at ϕ = 1.20 with increasing mS/Fe from 0 to 5.1. For mS/Fe=0,

CNTs are neither found by SEM nor by Raman spectroscopy, indicating the

absence of CNTs. Rather, closed-packed crystalline magnetite of around 50
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Figure 8: SEM images of the samples produced at ϕ = 1.05 using the feedstock with
mS/Fe of (a) 0.1, (b) 0.8 and (c) 10.1, and at ϕ = 1.20 with mS/Fe of (d) 0, (e) 0.8 and
(f) 5.1.

nm prevail in the image (Fig.8.(d)). When sulphur added to the synthesis,

the morphology of the products significantly changes. From Fig.8.(e) and

(f), the morphology of both cases closely resembles regardless of different

mS/Fe, showing a weakened impact by the variation of sulphur concentra-

tion as synthesis temperature decreases. These two samples both exhibit the

cotton-like structure with shorter CNTs compared to those at lower ϕ con-

necting crystalline nanoparticles similar to Fig.3. This provides the direct

evidence that adding sulphur extends the lower limit of synthesis tempera-

ture. It is possible to examine the lengths of the SWCNTs produced in of six

cases showed in Fig.8 (a) to (f) via direct measurements in the SEM images.
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However, SWCNTs are bounded together, and the spatial orientations of the

bundles are varied, preventing the accurate determination of length. Future

work may be done on using dissolution techniques to separate the CNTs for

such measurements, which were beyond the current study.R2

Figure 9: TEM images of the samples produced at ϕ = 1.05 using the feedstock with the
sulphur-to-iron mass ratio mS/Fe of 1.2 (2.0 wt.% of ferrocene and 1.9 wt.% of thiophene).

TEM images of the samples with mS/Fe = 1.2 produced at ϕ = 1.05 in

Fig. 9 confirm the existence of SWCNTs as the hollow cylindrical structures

are clearly seen. Figure 9(a) depicts a splitting CNT bundle originated from

the nanoparticles on the upper-left of the image. This CNT bundle has

an outer diameter of 6.5 nm, consisting of individual single-walled CNTs

of around 1 nm in diameter. The CNT bundle splits into 2 or 3 smaller

CNT bundles as it grows away from the nanoparticles. Figure 9 (b) provides

a closer look at the roots of a CNT bundle. It is seen that most of the

nanoparticles are highly crystallised, possessing well-ordered arrangements
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of atoms or molecules. These ordered structured are either iron oxides or

elemental iron solids, which are covered by multiple layers of amorphous

carbon.

5. Discussion

The characterisation of the as-produced materials from the flame synthe-

sis provides insight into the process of flame synthesis. According to Raman

spectroscopy, XRD, SEM and TEM analysis, CNT bundles of individual nan-

otubes of diameter around 1 nm are produced along with vast amounts of

crystalline nanoparticles that are identified as iron oxides, primarily mag-

netite Fe3O4. The quality of CNTs in terms of length and diameter shows

insensitivity to the change of the ferrocene input, while the number density

of the iron oxide nanoparticles exhibit positive correlation with the ferrocene

concentration. Sulphur is identified as an effective promoter for CNT syn-

thesis as the CNTs produced with sulphur exhibit a longer length and a

better number density compared to those without sulphur. Furthermore, the

experiments suggest that the addition of sulphur extends the lower limit of

threshold temperature required for CNT growth, i.e. CNTs can form at a

lower temperature which extends the growth phase for CNTs if sulphur is

present. To gain further understanding of the effect of catalysts on the CNT

production, additional 2-D simulations of the expected mixture fraction and

temperature have been performed, and the results are shown in Fig. 10.

Results illustrated in Fig. 10, from left to right, are the spatial distribution

of mixture fraction ξ, local temperature T , and the image of the synthesis

region, respectively. The reactants, representing ethanol and argon, injected
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Figure 10: Simulated results for the axisymmetric pyrolysis zone under combustion syn-
thesis. The outer mixture is calculated at ϕ = 1.05 (7.0 slpm H2 and 16.7 slpm air) and
the central ethanol stream is injected at 0.5 mL/minml/minR3 and carried by an argon
stream at 0.1 slpm. Rightmost image shows a photograph of the flame under pyrolysis
condition.
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Figure 11: (a)-(c) Thermodynamic equilibrium transitions of C, Fe and S atoms from ξ
of 0 to 1.0 at ϕ = 1.05 (7.0 slpm H2 and 16.7 slpm air) with the ethanol feedstock of 1.5
wt.% thiophene and 2.3 wt.% ferrocene. (d) Thermodynamic equilibrium transition of Fe
atoms at ϕ = 1.05 (7.0 slpm H2 and 16.7 slpm air) with the ethanol feedstock with no
sulphur (2.3 wt.% ferrocene only).
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from the central tube that has ξ = 1, diffuse out quickly with increasing axial

distance, and the temperature by definition shows the opposite behaviour,

since they are connected using reaction [50]. The temperature at r = 0

rapidly increases to 1000 ◦C at just 6 mm in the axial direction, quickly

reaching the threshold temperature suitable for making SWCNTs suggested

by floating catalyst CVD studies [13, 31, 73]. Figure 10(c) shows the actual

synthesis region where the reddish glow is likely due to the luminescence from

the heated iron oxide nanoparticles.

Mass fractions and temperature distributions can be calculated using the

2-D model, from which the equilibrium species can be calculated as shown

on Fig. 11. In this figure, we note that a linear function connects the mixture

temperature and mixture fraction, as depicted in the top and bottom scales

of each subplot. Zero mixture fraction corresponds to pure hot burned gases,

and unity mixture fraction, the pure incoming reactant stream.

Figure 11 shows how the elements C, S and Fe are partitioned at equilib-

rium according to the expected temperatures and mixture fractions found in

the 2-D simulations. Figure 11(a) shows how conversion of ethanol to solid

carbon C(s) becomes possible for mixture fractions of 1.0 to 0.460.46 and

1.0R3, corresponding to the temperature range of 100 to 841 ◦C, respectively.

For higher temperatures and lower mixture fractions, the ratio of carbon to

the surrounding oxygen is insufficient for conversion in spite of the higher

temperatures, and equilibrium favours the formation of oxygenated species

CO2 and CO. One must keep in mind of course that equilibrium is a limit

case, and that the conversion is likely kinetically limited by temperatures

available. The addition of sulphur was not found to significant affect the
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distribution of carbon, and it is the same as in Fig. 11(a).

The partition of S itself as shown in Fig.11(c) as a function of ξ. The pure

reactant mixture and down to ξ ≥ 0.5 converts to solid iron sulphides, FeS(s)

and FeS2(s), corresponding to temperature below 786 ◦C. At lower ξ towards

higher temperatures, all S atoms are at equilibrium converted primarily to

H2S.

Fig.11.(b) and (d) compares the partition of iron atoms for the case with

sulphur to that without, respectively. Major differences are found at ξ ≥ 0.5,

which overlaps the region for C(s) formation. For the case with sulphur,

iron oxides and iron sulphides both form at high ξ or low temperatures, in

the form of Fe3O4(s) and FeS2(s). As ξ decreases, or temperature increases,

solid iron sulphides, primarily FeS(s), become the dominant iron-containing

species up to around 0.58 where solid iron carbides, Fe3C(s) forms. As ξ

decreases from 0.58 to 0.5, Fe3C(s) and FeS(s) are seen to coexist in that

range, corresponding to 676 to 786 ◦C, respectively. In comparison, for the

no sulphur case (see Fig.11(d), iron oxides dominate the iron species at ξ ≥

0.6: FeO prevails at ξ between 0.6 and 0.76 and Fe3O4 at ξ ≥ 0.76. As

ξ decreases, Fe3C(s) exist between 0.43 and 0.6, corresponding to 882 and

659 ◦C, respectively. From ξ ≤ 0.42, both cases exhibit the same species

distribution where iron transits from solid ironwhere iron transits from iron

transits from solid ironR3 α-Fe(s) to γ-Fe(s) up to ξ = 0.23. As ξ decreases

further, iron is oxidised again to form FeO in solid and gas phases, along

with the formation of gas phase iron and Fe(OH)2(g).

By comparing the two cases, the roles of sulphur become clearer from the

perspective of thermodynamic equilibrium. First, it prevents iron from oxi-
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dation at lower temperatures by binding iron into iron sulphides, which likely

preserves the activity of iron nanoparticles for the following CNT formation,

as this ”poisoning” effect [74] is usually reversible [42]. Second, the coexis-

tent region for FeS(s) and Fe3C(s) and the ”delayed” formation of Fe3C(s)

due to the presence of sulphur suggest that the formation of iron carbides is

moderated by sulphur as temperature changes. This process might reserve

the activity of iron from being deactivated by layered carbon or iron carbides

as suggested in [40]. Further, the equilibrium results provides the hint for the

locations suitable for CNT formation. By referring the formation window of

ξ for solid carbon C(s), iron sulphides and iron carbides, the possible region

for CNTs and catalyst nanoparticles formation is bounded by an envelope

of ξ between 1.0 to 0.460.46 and 1.0R3, corresponding to the temperature

range of 841 to 100 ◦C, indicated in the insert in Fig.10.(b). Such finding

explains the reason why the overall length of the SWCNTs produced by the

present method is markedly shorter than those by CVD methods as limited

formation region and short residence time significantly limits the growth of

CNTs.

6. Conclusions

We systematically investigated the effects of ferrocene and thiophene on

the CNT synthesis using a floating catalyst combustion system where pre-

mixed H2/air flames at different ϕ from 1.05 to 1.2 were used as the heat

source. Different characterisation techniques were used to determine the

properties of the as-produced materials including Raman spectroscopy, scan-

ning electron microscopy, and transmission electron microscopy. SWCNTs
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and crystalline magnetite were identified as the primary products. The sen-

sitivity of the as-produced products to the feedstock of varying sulphur to

iron mass ratios from 0 up to 10.1 were tested. Ferrocene was found to have

little influence on regulating the proportions of CNTs over nanoparticles but

rather to slightly increase the overall yield of both. The experiments re-

vealed that sulphur has an effect of moderating the proportion of CNTs over

nanoparticles, with higher levels favouring the formation of CNTs, with an

optimum range of mS/Fe was identified as 0.1–2. Furthermore, by adding

sulphur, the quantity and length of the CNTs were much larger compared to

those without sulphur, in particular at ϕ = 1.05 corresponding to a computed

flame temperature of ˜1451 ◦C. In addition, sulphur also appears to lowers

the minimum threshold temperature for the formation of CNTs.

We constructed a set of simple linked diffusion-equilibrium models to

study the mechanisms of the synthesis. As suggested by thermodynamic

equilibrium, the ”poisoning” effect of sulphur likely preserves the activity of

iron nanoparticles by reversible binding of iron into iron sulphides (FeS and

FeS2), which prevents iron from being oxidised at lower temperatures. Fur-

ther, the formation of iron carbides is moderated by sulphur as temperature

changes, which might help reduce the amount of layered carbon or iron car-

bides that encapsulate iron nanoparticles. The local region (< 5mm in axial

direction) and temperatures (100-841 ◦C) suitable for CNT formation are

also identified by virtue of modelling. The theoretical analysis indicates that

the limited formation region and short residence time significantly constrain

the formation and growth of CNTs.
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