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Spinning of carbon nanotube fibres using the floating
catalyst high temperature route: purity issues and the
critical role of sulphur

T. S. Gspann“, F. R. Smail “, A. H. Windle*“

The CVD process for the spinning of carbon nanotube (CNT) fibres [1] combines the
nucleation, growth and aggregation of CNTs in the form of an aerogel with fibre spinning into
a single process step. Optimisation of the process requires agility in multi-dimensional
parameter space, so one tends to find parameter ‘islands’ where spinning is possible while
exploration tends to follow ‘routes’ through this space. Here, we follow two such routes, one
of which drastically improves fibre purity, the other changes the nature of the nanotubes
comprising the fibres from multiwall to single wall. In the first case there is only a modest
enhancement of mechanical properties, but in the second a very considerable improvement is
seen. In terms of the conditions required to make fibres comprising predominately single wall
CNTs, the key appears to be the rigorous control of sulphur addition, in trace quantities,
coupled with the availability of carbon atoms at the earliest stage after injection, typically in
the range 400 — 500°C. A model is presented for the role of sulphur in floating catalysts CNT

synthesis.

Introduction

Direct-spun carbon nanotube (CNT) fibres show values of
tensile strength and stiffness [2,3] which are competitive with
other high performance fibres such as traditional carbon fibre
and Kevlar, while their yarn-like character endows them with a
much higher knot efficiency [4], meaning that they can be
knotted or woven with little, if any loss of tensile strength. The
central challenge, however, remains. We are unable to transfer
a sensible fraction of the wvastly superior mechanical
performance of individual CNTs [5,6] into a macroscopic
structural material, even when the nanoubes are aligned axially
as in a fibre. The fibre structure itself is hierarchical comprising
of aligned bundles of CNTs, where each bundle consists of well
aligned individual nanotubes [1,7]. The bundles are networked
by nanotube exchange. The other two major methods for CNT
fibre production such as liquid-crystal spinning [8,9] or
spinning from forests [10,11] each generate very clean
structures, as the CNTs are grown first and, at least in case of
liquid-crystal spinning, can be cleaned very effectively prior to
the spinning. However, these processes consist of at least 2, if
not more steps. Additionally, the CNTs can be shortened as a

result of any cleaning or purification stages. The attraction of

This journal is © The Royal Society of Chemistry 2013

the direct CNT fibre spinning process, first published by Ya-Li
Li et al. [1], lies in the fact that it consists of one single process
step, with extraction of an aligned aerogel of long nanotubes
from a floating catalyst CVD system leading directly to the
final yarn, which is wound up continuously. However, co-
synthesised impurities and catalyst residues have been a
problem for a long time. We present here methods for greatly
reducing the impurity content of the fibre, and show how,
through critical control of sulphur content, fibre can be grown
which comprises of only single wall nanotubes. In the latter
case a model is presented for the role of sulphur in floating
catalyst synthesis.

Experimental

Spinning under standard conditions: particulate defects

The observation that fibres were stronger if tested at short
gauge lengths, coupled with the observation of particulate
defects, led [3] to surmise that property improvement would
come simply from purity improvement. In part, this approach is
one motivation for this current study. Here we refer to ‘standard
conditions’ as those employed over much of our research on
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direct spun CNT fibres over the past 5 years or more. Reactor
conditions are set as described in Table 1.

Table 1: Standard spinning conditions in a reactor tube with inner diameter
85 mm, reactor hot zone at 1290°C

Overall atomic
Flow rates .
ratio
H, Methane Ferrocene Thiophene
S:C S:Fe
[I/min] [ml/min] [mg/min] [mg/min]
0.8 80 0.35 1.3 0.004 7.65

Kumar [12] has summarised the different types of defects
which can occur within the internal microstructure of CNT
fibres. Of these, we focus on extraneous material largely in
particulate form, which can be classified as: iron catalyst
residue which has not given rise to nanotubes, or particles
consisting of carbonaceous material which appears to be a
secondary growth of extremely highly deformed multiwalled
CNTs which entangle together forming larger clusters several
micrometres in diameter (Figure 1a).

Figure 1: (a) SEM of large impurity cluster composed of poorly formed
MW(CNTs and (b) well formed CNT bundles in a region remote from any
particles. (c) TEM of nanotubes of the order of 10 nm in diameter, showing
double and few walled examples.

What we know about the direct spinning process

The direct spinning process has at its heart high temperature,
floating catalyst, nanotube synthesis as a continuous flow
(Figure 2). A centrally important advantage of spinning at
1290°C with added sulphur rather than 650 - 800°C without
sulphur, is that the nanotubes do not deposit on the reactor
walls in the reaction zone. One reason, to be discussed below, is
that the sulphur prevents the iron deposited on the reactor wall
from nucleating and growing nanotubes. Another reason why
this does not occur, certainly in the main hot zone of the
reactor, is thermophoresis or the so-called ‘Ludwig-Soret’
effect; namely that within a mean free path of the hot reactor
wall, gas molecules are leaving a little faster than they arrive,
so any nano-scale particle within that distance of the wall will
experience a repulsion away from the wall.

In the direct-spinning process, the CNTs grow tangentially on
the catalyst particles, so the size of catalyst particles is one of
the most crucial factors controlling the type of CNTs grown.
The size of the catalyst particles is mainly defined by two
temperatures, namely the breakdown temperature of ferrocene
and the temperature of the thermocatalytic breakdown of the
carbon source on the catalyst surface. Due to the temperature
profile,

the difference between these two temperatures
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corresponds to a certain vertical distance in the reactor tube
and, for a given flow velocity profile, a particular journey time.

H, Hydrocarbon H,
Ferrocene/He 1
Thiophene/He . ~i Decomposition of Ferrocene
-> Fe particles
- Growth of Fe particles
1 : . u:-_*.: by collision

Elastic
CNT aerogel

Decomposition of
Thiophene
-> Sulphur coating

Decomposition of Hydrocarbon
on Fe particles
= CNT nucleation,

impurity growth

Reactor temperature 1290°C

On-line
condensation

2nd Rotational winder
for sample collection

15 Rotational winder
for condensation

Figure 2: Overview schematic of the CVD process for the direct spinning of
CNT fibres and detailed schematic of the decomposition of the precursors
leading to the formation of an elastic CNT aerogel.

The modelled flow and heat transfer characteristics [13, 14]
indicated that there was very little temperature gradient across
the reactor tube; and for the flow rates normally employed, the
flow was laminar being an order of magnitude or more below
so a Poiseuille velocity
distribution was established within 1.5 tube diameters below
the injector (little or no jetting). These papers also demonstrated
that once the catalyst particles had grown by collision, to the

the critical Reynolds number,

point where their Brownian diffusion rate in the plane normal to
the reactor axis became large compared with mean gas flow
rate, the particles could be considered entrained in a particular
region of the transverse velocity profile. Hence those particles
nearer the outside wall will be moving much slower, and thus
have a longer residence time, and more opportunity for growth
by collision before the temperature cross section is reached
where nanotube growth commences. Figure 3a is adapted from
Conroy et al. It emphasises that particle entrainment, and thus
faster motion close to the reactor tube axis, becomes more
significant with increasing particle size as the Brownian radial
diffusion rates decrease. As the particles nearer to the walls
travel more slowly, they will be bigger at any given cross
section. The assumption also behind these calculations of iron
particle coarsening is that particle contact definitely means
coalescence, although it has been argued [15] that coalescence
may be less rapid on account of sulphur on the particles.

There is another hydrodynamic effect which is possibly of
Segre and Silberberg [16,17] first showed
experimentally that particles entrained within Poiseuille flow,

significance.

after a certain distance from the entrance point into the reactor,
would segregate into an annular region, close to the walls of the
circular tube (typically at 0.63 times the radius). Their data are
summarised in Figure 3b. For smaller particles the segregation
within the central half of the tube is not as pronounced,
although the outer 10% of the radius remains essentially

This journal is © The Royal Society of Chemistry 2012
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particle free. As their experiments were carried out with
particles in the 0.1 — 1 mm range, larger by several orders of
magnitude than our iron particles, we would not expect them to
be relevant to the reaction described here. However, the
concentration of nanotubes into an annular region is often
observed in our reactor (we call the effect a ‘sock’ (SOM1)),
so, with Conroy et al., we are reluctant to dismiss the relevance
of this segregation effect as established by fluid dynamicists.

- a1

a4 az as

—a;

Axial distance z
down the reactor tube
Concentration

v

U
Al e e et e - - -

1 0 10
% R4 IR rIR IR
Centre Wall
(b)

Figure 3: (a) Distributions of catalyst particle diameters a; in a parabolic flow
profile (al < a2 <an) in a reactor tube with diameter 2R (adapted from [13]).
For a given distance down the reactor, a cross section through the particle
diameter contours gives the lateral particle size distribution with
considerable larger sizes nearer to the reactor walls. The actual particle
sizes, given in the Conroy paper are not included here, as the conditions for
which they were calculated, especially a ferrocene decomposition
temperature of 1000°C, are not appropriate to the experimental conditions
we explore here. (b) Derived concentration distribution of rigid particles of
neutral density in a Poiseuille flow profile for al <a2 < a3 (adapted from
[16]). The bigger the particles the more distinct is the formation of an
annular ring. However, these experiments were executed for particle sizes
several orders higher than described here.

Availability of components from precursors. The literature
would suggest that ferrocene begins to thermally decompose to
liberate iron at around 500°C [18,19], but as soon as Fe is
available it catalyses the decomposition of further ferrocene
(autocatalysis) [20,14]. We have evidence of iron deposit on the
reactor tube at the point of reactant injection at 400°C and thus
believe that iron becomes available immediately on injection,
whether through the action of this surface deposit or by the
Brownian back diffusion of iron nuclei from hotter regions
against the flow, is not yet clear.

There is extensive literature on the decomposition of thiophene
catalysed by transition metals, although none specific to iron. In
all the cases reported the metal surface will cause the breaking
of the carbon sulphur bonds at temperatures even as low as
room temperature, while the remaining hydrocarbon fragments
are broken down at temperatures below 400°C. [21,22,23] The
process is utilised to remove sulphur from natural hydrocarbons
with the preferred catalyst being molybdenum. We conclude
that in the presence of iron both as particles or present on the
internal surfaces of the reactor, the thiophene will certainly be
decomposed at the injection temperature of 400°C. Hence
sulphur is available once iron has been liberated from the
ferrocene. Furthermore, sulphur has long been understood as a
growth accelerator [24,25] for carbon filaments on Fe particles,
and we find it necessary to grow carbon nanotubes sufficiently

This journal is © The Royal Society of Chemistry 2012
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quickly to form the coherent aerogel mandatory for the
spinning process.

It should also be noted that the carbon component of the
decomposition of both ferrocene and thiophene is not
insignificant, and may be available for reconstruction on the
surface of the growing iron particles. In this context we note a
report that it is possible to synthesise carbon nanotubes from
ferrocene alone [18], albeit in an argon atmosphere rather than
hydrogen, noting that for ferrocene 10 carbon atoms are
supplied for each iron atom. However, while the early carbon
from the remains of the thiophene and ferrocene molecule may
enable nanotube nucleation, their growth to a length at which
they will entangle, and thus form the aerogel capable of being
spun into the fibre, will depend on the availability of carbon
from the decomposition of the main carbon precursor.

The initial experiments described here depend on methane as the
major source of carbon. Methane is known as the most stable
hydrocarbon and thermocatalytic breakdown on the Fe particle
surface will not even start below temperatures of 680°C [26,27,28].
Toluene, which is used as the main carbon source in the final
experiment described below, breaks down at a lower temperature,
indeed it is routinely used as the carbon source in nanotubes
synthesis at temperatures as low as 600°C where the metal catalyst is
based on a substrate [29].

Conversions Efficiencies. The percentage of carbon converted into
fibre is typically of the order of ~2% for the ‘standard conditions’
spinning. The lost carbon will consist of carbonaceous particles and
nanotubes not incorporated into the fibre and removed from the
reactor at the gas valve. There is also residual methane in the gas
removed showing that not all the hydrocarbon has reacted [30]. It
should be added that the laboratory rig has not been optimised for
efficiency of conversion. Perhaps more startling is the fraction of
iron, added as ferrocene, which is actually used in growing
nanotubes. It is comparatively straightforward to determine the
fraction of the iron incorporated within the nanotubes, as iron, or its
oxide, after its quantitative analysis by TGA in air. For standard
conditions (Figure 5a) there is some 10% by weight of iron (as
opposed to 15% oxide recorded by the TGA) as catalyst residue
within the fibre. For a ferrocene injection rate of 0.34 mg/min
(0.10 mg/min Fe), we find that more than half of the iron injected as
ferrocene can be accounted for in the fibre produced (SOM2).
Making the reasonable assumption that decomposition of the
ferrocene is complete after traversing the hot zone at 1290°C, then
the non-incorporated iron has either been removed by the gas valve
in particulate form, or plated onto the inside of the reactor tube.
Indeed iron deposits are seen on the inside of the reactor tube
starting level with the injector and then continuing until the
temperature of the tube reaches ~1000°C where it becomes too
sparse to detect. It is interesting to note that in the region of 700 —
800°C there is a thin deposit of carbon on top of the iron. The
deposit of iron on the inside of the tube underlines the fact that the
reactor tube, while not being the substrate for nanotube growth as
occurs in lower temperature nanotube synthesis where there is no
sulphur in the feedstock, is nevertheless a factor in determining the
exact reactor conditions.

J. Name., 2012, 00, 1-3 | 3
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However, with much of the iron being incorporated within the fibres,
it is instructive to determine the fraction which is actually involved
in the nucleation and growth of the long nanotubes comprising the
fibre. If we assume that our nanotubes are at least 100 pm long — and
we have made an estimate in the past of an upper limit of 1 mm,
despite it being a rather difficult experiment to conduct [3], further
that they are on average triple wall and 10 nm in outside diameter
[7], then an estimate of the fractional weight of iron (Fe/(Fe+C)) to
catalyse such a tube would be ~5-10"*. It thus appears that, for an
iron content in the fibre of 10%, 99.5% of the iron by mass is not
used in the actual generation of nanotubes, but is incorporated within
the nanotube fibre as much larger particles often covered with
carbon typically as very poorly formed short multiwall CNTs.
However, any attempt to significantly reduce the proportion of iron
injected causes the process, - in terms of producing a dense ‘cloud’
of nanotubes with sufficient mechanical integrity to be spun-, to stop
working. It thus appears that the nucleation of a nanotube from an
iron particle is a chancy affair, with a very low success rate, so it is
necessary to have a huge excess of particles available.

An important aspect of the process can be described as ‘mechanical
fractionation’, in that one could expect that only those nanotubes
long enough to entangle to give a mechanically coherent aerogel will
be capable of being wound out of the reactor and drawn into a fibre.
Once the nanotubes qualify, by virtue of spatial density and length,
to form an aerogel, they are removed from the reactor mechanically
at a rate typically 20 times the mean velocity of the gas flow.
However, the presence of a significant particulate content within the
fibre, based largely on the excess and redundant iron present, means
that this ideal of mechanical fractionation is not being achieved.
Process development to improve the purity of the fibre will now be
described.

Improvement in Purity

We observed that if we increased the flow rate of the hydrogen gas,
then the particle content of the fibres decreased. However, as these
experiments approached the design limitation of the equipment, we
achieved faster flow through the alternative approach of reducing the
reactor tube diameter from 85 to 65 mm while maintaining the same
volumetric gas flow rate, so in this case the ratio of hydrogen to
reactants was maintained constant. This comparatively modest
increase in the velocity through the reactor led to a dramatic
reduction in entrapped particles. This approach also had the
additional advantage that, as the volumetric rate was maintained, we
did not have to adjust the wind-up rate, which otherwise would have
implications for nanotube orientation within the fibre.

SEM images of the standard conditions material already described
above (Figure 4a—d) show a high amount of co-synthesised impurity
clusters which can be observed on the outside, while focussed ion
beam (FIB) milled cross-sections and longitudinal sections show
significant voids associated with embedded impurities. However, the
sample spun in the smaller diameter reactor tube (Figure 4e—h), i.e.
with a steeper velocity profile, show a dramatically cleaner and
denser structure, not disrupted by any big impurities.

Thermogravimetric analysis (TGA) supports the observation of

enhanced cleanliness by particle fractionation. The standard
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conditions material (Figure 5a), containing a high level of particle
impurities showed typically two combustion events which could be
identified as an impurity burning event at ~560°C and a clean
bundles burning event approximately 100°C higher (SOM3).

85 mm reactor

65 mm reactor

U]

Figure 4: SEM pictures of (a) the ‘standard condition’ impure fibre showing
the big cluster impurities at the outside. FIB milled cross (b) and longitudinal
(c, d) sections show the significant internal voids as the nanotubes ‘flow’
around the impurity particles. (e) The fibres spun with a steeper velocity
profile resulting from the smaller diameter reactor tube show a much
cleaner structure with no cluster impurities. The cross- (f) and longitudinal (g,
h) sections show the highly improved density and uniformity of the cleaner
fibre.

This journal is © The Royal Society of Chemistry 2012
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In contrast, the material from the smaller diameter reactor shows
only one main combustion event around 650°C (Figure 5b) which is
in the range of the ‘clean bundles peak’ of the impure fibre, although
slightly shifted to lower temperatures. Additionally, the iron residue,
for the same rate of iron input, is dramatically reduced to only 1.5%
compared with >15% before. This order of magnitude decrease
reflects the absence of the large Fe particles causing the impurity
clusters.

85 mm 65 mm
120 25 20— 20
o
559°C \  oood B 648 °C _
100 120 Q 100 o
g \ 1183
T 80 115 8 ¥ 80 ?
= T e = 140 8
2 P e
S 60 +10 & O 60 s
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> >
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0 500 1000 0 500 1000

Temperature [°C]
(a) (b)

Figure 5: Thermogravimetric analysis of (a) impure fibre material and (b)
clean CNT fibre material, spun with a steeper velocity profile. In the impure
material the carbon impurity clusters burn first, due to the highly defective
structure and catalysed by intern.

Temperature [°C]

(a) (c)

Figure 6: (a) TEM of poorly formed MWCNTs grown from big Fe particles
clustered together in standard material, (b) SEM of chained clusters in
uncondensed standard material of several micrometres in length, (c) SEM of
occasionally observed deformed but un-clustered tubular structures in clean
fibre.

In order to understand why the faster flow means greater purity, we
need to consider how these clusters associated with larger iron
particles come to be incorporated. We propose that it is the poorly
formed multiwall CNTs which grow from their surfaces which
provide the necessary opportunity for them to become entangled
with the main aerogel and thus pulled from the reactor with the fibre
and incorporated into it on condensation. We have observed these
larger clusters forming chains on the surface of the fibre (Figure 6).

This journal is © The Royal Society of Chemistry 2012
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For the faster flow in the 65 mm reactor tube the average residence
time of the particles in the reaction zone is decreased by 70%
(SOM4), which would appear to provide insufficient opportunity for
slow moving, larger iron particles to grow their own nanotubes to a
length sufficient for them to entangle both with their large
neighbours and the main aerogel. In the ‘clean’ fibre we still
observe (Figure 6¢c, SOM1), albeit very occasionally, poorly
formed nanotubes growing from larger particles, but the nanotubes
there are much shorter, and do not appear to form clusters.

The critical role of sulphur

The process is dependent on the addition of sulphur, the role of
which in high temperature floating catalyst CNT synthesis has been
variously ascribed to:

a. Acting as a promoter to enhance the addition of carbon atoms to
the growing ends of the graphene tubes. [24]

b. Acting as a surfactant to encourage tube nucleation and thus
prevent carbon encapsulation of the catalyst particle. Sulphur is
also understood as a surfactant in affecting the growth of
graphitic phase during the solidification of cast irons [25,
SOMS5]

c. Limiting the rate at which the iron particles coarsen by collision.
[15]

One major challenge in studying the process to make CNT fibre is

that one is operating in multi-dimensional parameter space, and

changing any one parameter beyond a limited ‘window’ while
keeping all other parameters constant usually moves out of the
continuous spinning window. The switch from methane to toluene as
the carbon source, with the same rate of input of carbon, prevented
the process from working, with much carbonaceous material being
formed but no spinnable aerogel. We took the view that the greater
availability of carbon from toluene as opposed to the much more
stable methane, especially at lower temperatures, meant that there
was oversupply. Indeed on reducing the nominal carbon input rate
by a factor of 20, spinning was restored. Under these conditions it

was found that the concentration of sulphur could be reduced by a

factor as large as 42 while still maintaining stable spinning. The

conditions are summarised in Table 2.

When starting the synthesis without any sulphur added, stable

spinning could never be achieved. However, if spinning with

thiophene (S:C = 0.02) and then terminating its injection, stable
spinning continued for about 23 min whereupon it ceased and could
not be re-established again. We consider that as sulphur will be
present on the inside of the reactor vessel, it takes some time before
the equipment is complete purged of that component. We also noted

a very considerable carbon build up in the reactor while the rig was

operating at zero sulphur. We conclude that continuous spinning of

CNT fibres using this process is not possible without the addition of

sulphur.

J. Name., 2012, 00, 1-3 | 5
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Table 2: Spinning conditions with low sulphur and carbon in a reactor tube with inner diameter of 65 mm

Flow rates

Total atomic ratio Average linear Mass ratio of

H2 Ferrocene
Carbon precursor

[I/min] [mg/min]

CNTs ‘out’ to
total carbon ‘in’.

density of fibre
[tex]

Thiophene
S:C S:Fe
[mg/min]

Standard chemistry,
Methane
steeper velocity 0.8 . 0.35
80 ml/min

profile sample

1.3 0.004 7.65 0.02 0.015

Early carbon
Toluene
(toluene), low 1.1 i 1.0
1.37 mg/min
sulphur sample

0.03 0.002 0.06 0.035 0.35

Structural characterization of low-sulphur CNT fibres. The
fibres were as clean as those generated using methane in the 65 mm
reactor tubes. Figure 7b and c¢ show a surface view of uncondensed
material and a FIB section through a condensed fibre. Along with
[31,32] we observed that as the amount of sulphur was reduced the
mean number of walls in the nanotubes decreased, so that at the low
sulphur limit, the nanotubes were predominately single wall.

Figure 7a shows the single wall nanotubes resolved in the TEM,
while Figure 8a shows the Raman spectra which reveal strong Radial
Breathing Mode (RBM) peaks which are a finger print of single wall
nanotubes. Figure 8b is the equivalent Raman spectrum of the
standard conditions fibre discussed above. The D/G ratio indicating
the proportion of badly formed (or edge related) carbon is much
reduced for the low sulphur, single wall sample. The RBMs appear
mainly at two wavenumbers, 161 and 252 cm-1, indicating
according to wgpgy = (223.5 cm™nm / deyy) + 12.5 em™ [33], CNTs
which
measurements from TEM. Our model for the critical role played by

of 09 to 1.5nm diameter, is compatible with the

sulphur in direct spinning of CNT fibre draws also from the wider

catalysis literature.

(a) (c)
Figure 7: (a) TEM image of SWCNT bundles, (b) SEM image of a toluene fibre
with CNT bundle diameters of 8 — 27 nm, and (c) the cross section of a
condensed fibre cut by focussed ion beam. The outside of the FIB milled fibre
looks slightly molten as carbon re-deposits on the surface whilst the cross
section is cut by the ion beam.

6 | J. Name., 2012, 00, 1-3
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(a) (b)
Figure 8: (a) Raman spectra of Toluene fibre showing the typical, very
distinct RBM peaks, which correspond to CNTs with diameters of 0.9 and 1.5
nm and a very low D/G ratio of 0.05. (b) Raman spectra of standard material
showing a D/G ratio of 0.19; infrequently, RBMs can be observed even in the
standard material indicating the occasional SWCNTs, usually however there
are no RBMs to be observed.

A model for the role of sulphur. Sulphur features largely in the
literature associated with the catalysis of organic reactions by metal,
particularly transition metal, particles. Sulphur has been known as a
catalyst poison where even trace amounts of the element in
hydrocarbon feedstock can drastically reduce the activity of a
catalyst, [34,35]. However, somewhat more recently it has become
clear that distinctly beneficial effects can follow from the partial and
well controlled poisoning of metals by sulphur [25,36]. This opens
up the possibility that control of sulphur to provide only partial
coverage of the iron catalyst particles in the CNT floating catalyst
process may provide distinct benefits.

It is now well established that the diameter of the carbon nanotube is
closely related to the diameter of the catalyst particle generating it, at
least in the smaller diameter range. In the case of synthesis from
methane, not only will the sulphur be available before carbon, but
with 8 sulphur atoms available per iron atom (standard conditions),
for the case of a Inm iron particle where approximately two thirds of
the iron atoms are surface atoms, the conditions would appear to be
ripe for total sulphur poisoning of the catalyst. Setting aside for the
moment that fibres were nevertheless produced under these
conditions, if we consider the other extreme, that of no sulphur, then
we are unable to make nanotubes of sufficient quality and quantity to
make fibre. Carbon products are generated and some nanotubes too,

This journal is © The Royal Society of Chemistry 2012
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however TEM examinations shows a profusion of catalyst particles
‘blinded’ by a continuous carbon coating (Figure 9).

Figure 9: TEM micrographs of the carbonaceous material generated in the
reactor under conditions of zero sulphur where it was impossible to spin
fibres. Although there are some nanotubes, the material is dominated by
catalyst particles completely encased in graphene layers. (Courtesy Prof. I. A.
Kinloch)

The S:Fe ratio, 0.06, at which we obtained single wall CNT fibre,
with a high carbon conversion efficiency, would mean the partial
covering (~12%) for iron particles 1nm in diameter. These
conditions would avoid poisoning and yet mean that sulphur is
available in its surfactant role for the early available carbon whether
from thiophene, ferrocene or toluene. However, the fact that we were
not successful in spinning with low sulphur using methane instead of
toluene would imply that it is the combination of critical sulphur
delivery and comparatively early carbon availability which is key to
the generation of nanotube nucleation before the iron particles have
grown by collision. The process is illustrated in Figure 10a.

A previous report from this laboratory demonstrated the spinning of
single wall CNT fibres using carbon disulphide as the sulphur source
[15]. Here, the amount of sulphur added was larger than in this case.
However, we note that the catalysed thermolysis of carbon
disulphide would liberate available carbon at the same time as
sulphur, and thus the key condition of having iron particles partially
coated with sulphur may still be met. The single wall CNTs in the
fibres generated in this experiment were also predominately ‘arm
chair’ and thus metallic in nature. The single wall material generated
here, although showing two or perhaps three predominant RBM
peaks in the Raman (Figure 8a), are not singularly of one chirality.
The reason for ‘armchair’ dominance in the previous case is the
subject of on-going studies.

We now need to return to the question as to why, if the recently
nucleated iron particles are completed coated and ‘blinded’ by
sulphur, which will occur when the sulphur is available in significant
quantities before carbon, as for ‘standard conditions’, we are
successful in growing nanotubes at all, given that they are now of
significantly larger diameter with only occasional single wall
examples detected.

An indication of the answer to this question comes from a
consideration of the thermodynamic stability of iron sulphide (FeS).
The free energy ‘Ellingham’ diagram (SOMS) can be read to show
that for standard conditions, where the maximum possible value of
H,S/H, is 4-107, hydrogen would extract sulphur from FeS above
1150°C to form H,S. This temperature depends on the ratio of
sulphur to hydrogen into the reactor.

injected For higher

This journal is © The Royal Society of Chemistry 2012

Faraday Discussions

sulphur/hydrogen ratios the temperature would increase and vice
versa. However, as the sulphur is surface adsorbed rather than
incorporated within the crystal structure, these temperatures must be
regarded as a first estimate.

Sequence for low sulphur limit

Featom °

1nm Fe cluster with addition of both 4

~500°C
sulphur and carbon

1nm

Nanotube nucleates @ == 500°C —700°C 1 nm

——
700°C — 1250°C
(@)

Nanotube growth

Sequence for standard conditions

Fe atom .

1nm Fe cluster with sulphur accretion: 8

Carbon excluded ~500°C

Further growth by collision: Catalyst °

poisoned by sulphur 500°C ~800°C 1-10 nm

® o iisoc
Eby 1150°C

(b)

Figure 10: (a) For low sulphur conditions, the 1 nm Fe clusters (estimated
particle diameters in green) experience a balanced arrival of both sulphur
and carbon. The nanotubes nucleate, with sulphur preventing carbon
encapsulation. Further iron growth by collision is thought to be prevented by
the nanotube nucleus. (b) For standard conditions, from the point of
availability of sulphur, the sulphur accretes on the 1 nm Fe cluster. Further
particle growth by collision can occur despite the sulphur on the surface, the
catalytic property is however hemmed by sulphur poisoning. At
temperatures above 1000°C, the sulphur atoms begin to evaporate away,
hence, carbon atoms have access to Fe and nucleate a CNT.

Sulphur atoms begin to evaporate away 10 nm

Nanotube nucleation and growth

The possibility of sulphur being lost from a catalyst particle at higher
temperatures than that at which it was deposited was also pointed out
in a paper from before the CNT era [25]. We thus propose that the
larger diameter, multiwall nanotubes which comprise the fibres spun
under high sulphur regimes, occur because the growing iron
particles, initially poisoned by sulphur, become active, after further
growth by collision, when the sulphur begins to be lost to H,S as the
reactants move into the higher temperature regions of the reactor. At
this point the active particles are in the presence of available
hydrogen, the two conditions for nanotube growth.

The issue of whether sulphur will lower, or even prevent, the
coarsening of the iron particles by collision was discussed in [15].
While the current observations suggest that coarsening is not
prevented completely, it is very possible that sulphur coated particles
may not coarsen as rapidly as uncoated ones, simply on the basis that
the primary sulphur bonds are satisfied by their contact with iron, so
that a sulphur coated particle may be less ‘sticky’ in bonding terms.
The model for the growth of multiwall nanotubes from the floating
catalyst process, involving first complete poisoning by sulphur
followed by its partial loss in the presence of available carbon, is
shown in Figure 10b.
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Mechanical properties

So far this study has related processing conditions to both purity and
the structure of the carbon nanotubes comprising the fibres.
However, one major potential application of the CNT fibre will stem
from its unique spectrum of mechanical properties. The experiments
described above, based on enhanced control of the process, have
provided samples which provide new data on the influence of both
purity of fibre and diameter of nanotubes on mechanical strength.
Stress strain curves comparing standard conditions fibre (impure),
fibre based on similar nanotube structure but with greatly reduced
particulate impurities, and fibre also with low particulate impurities
but comprising almost entirely of single wall nanotubes are
compared in Figure 11.
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Figure 11: (a) Selected typical stress-strain curves at 20 mm gauge length are
shown for standard conditions (sample 1, dark blue), standard chemistry, but
cleaner fibre (sample 2, turquoise), and SWCNT fibre (sample 3, red). (b) and
(c) show the average strength and stiffness of 25 tests each. Low sulphur —
toluene fibre compared to the standard fibre showed strength and stiffness
increased by a factor of 2.8 and 2.5, respectively.

Figure 11b and ¢ compare the strength and stiffness of the three fibre
classes, in each case the values being the averages of 25 stress strain
curves. The tests were carried out on samples of gauge length
approximately 2000 times the fibre diameter, using a Favimat
dedicated fibre tester, in which the linear density of each tensile
specimen was measured by detecting the natural vibration frequency.
Comparing first the standard conditions fibre and the much purer
derivative (dark blue and turquoise in Figure 11), it is interesting that
the much cleaner fibre is no stronger than the one full of particles.
The reasonable expectation, based on virtually all other high strength
fibres, that the elimination of second phase (particulate) impurities
would increase the strength does not apply in this case. The fact that
the aligned yet flexible nanotube bundles ‘flow’ around impurity

8 | J. Name., 2012, 00, 1-3

particles, rather as wood grain does around knots, gives a rationale
as to why the particles do not initiate fracture at lower stresses.
Interestingly though, there is a marked increase in the initial stiffness
on purification. The reason for this is illustrated in Figure 12. The
condensation process produces a structure which wraps around the
particle, but is capable of extension on stressing thus reducing the
initial elastic modulus. The standard deviation in the values of
stiffness was decreased from 46% for to 14% by the elimination of
particulate impurities.

1
0.8 -
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£ 0.6
30
) :
8 04
=
2]
0.2
[l 0.0 1
0% 2% 4% 6% 8% 10%

Strain

(b)

(a)

Figure 12: (a) In a tensile test of fibres containing impurities the stretching of
the bundles bent by the impurities can cause an initial region with a less
steep slope (dark blue in (b)). Clean fibres (turquoise) are already optimally
condensed and aligned, therefore leading to a higher slope of the tensile
curve.

The samples produced under conditions of sulphur control which
produce single wall nanotubes show markedly different mechanical
properties, as apparent from Figure 11 (red curves). Although the
microstructure of the fibre, as observed by SEM, is virtually
indistinguishable from the purified version of the standard fibre, the
strength is nearly trebled with values approaching 2 Ntex ™.
Furthermore, the stiffness is increased by approximately a factor of
two. While this result is encouraging in terms of the applicability of
the fibre, we do not yet definitely understand the origin of the
increased properties. They do not seem to be related to the level of
particulate impurities, so we must assume that they are associated
with the more efficient sharing of stress in bundles of single wall
CNTs compared with the case of larger diameter multiwall tubes,
some of which are collapsed.

Conclusions

One of the key aspects of the continuous process to spin carbon
nanotube fibres directly from the nanotube synthesis zone is the fact
that the nanotubes, as they are synthesised, only qualify for removal
as a fibre once they are long enough to entangle and create an
aerogel. This ‘mechanical fractionation’ of the synthesised material
should, ideally, ensure that the fibres are entirely of long nanotubes.
In general, this condition has not been met. The origin of impurities
based on larger catalyst particles growing poorly formed multiwall
nanotubes has been identified, firstly with the slow moving
component of the Poiseuille flow near to the reactor walls, and then
with the engagement of the ‘hairy clusters’ with the main aerogel
(and indeed sometimes with each other), and their resultant removal
as unwanted components of the fibre. An increase in gas stream

This journal is © The Royal Society of Chemistry 2012
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mean velocity for identical injection rates and proportions, has been
achieved through the device of reducing reactor tube diameter. It has
been demonstrated that the poorly formed clusters are no longer
incorporated in the fibre, presumably because their occasionally
occurring defective nanotube overgrowths are not sufficiently
developed to cause this problem. The reduction in particle count is
dramatic, while the amount of residual iron as determined by TGA
and the proportion of graphitic material which is defective in terms
of a high D/G ratio on the Raman spectrum is also marked.
Interestingly though, the very considerable increase in perfection
does not lead to a concomitant improvement in fibre strength,
although both the stiffness and the variability in this parameter from
sample to sample is definitely increased.

It has proved possible to spin fibres consisting almost entirely of
single wall CNTs limiting sulphur addition to a critically controlled
low level, and also supplying carbon as a precursor (in this case
toluene) which has a lower pyrolysis temperature than methane.
Again the fibres do not contain extraneous particulate clusters, and
the residual iron content is low. We determined also that it is
impossible to spin fibre in the complete absence of sulphur, although
it is important to completely purge the reactor from residual sulphur
otherwise one might be initially misled. The fact that nanotubes
could be nucleated from iron particles before they had grown to
beyond 1 nm diameter by collision is explained in terms of the
precepts of the catalyst science, where partial coating of metal
catalyst by sulphur enhances activity while complete coverage
effectively passivates the particle, as indeed does complete
encapsulation by a graphene shell (at least in the case of floating
catalysts). This model, however, needs to be applicable to standard
conditions fibres. Here we propose a model based on the premise
that where sulphur is added in larger amounts the metal particles are
initially fully passivated by sulphur, while continuing to grow by
collision (albeit possibly at reduced rate). However, as the reactants
move into the higher temperature zone of the reactor, the sulphur is
predicted to be lost as H,S, exposing at a critical juncture partially
sulphur covered iron particles to available carbon, again achieving
the conditions for nanotube nucleation and growth. The mechanical
properties of the single wall CNT fibres are greatly improved
compared with the multiwall ‘standard’ material, with the mean
strength of the samples increased by nearly a factor of 3. The exact
reasons for this marked and extremely useful enhancement are still
being explored.
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