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ABSTRACT

The effect of chlorine on the morphology of carbon nanotubes (CNTs) prepared from a Fe-Co/CaCO, catalyst was investigated
using chlorobenzene (CB), dichlorobenzene (DCB), trichlorobenzene (TCB), dichloroethane (DCE), trichloroethane (TCE) and
tetrachloroethane (TTCE) as chlorine sources using a catalytic chemical vapour deposition (CCVD) method. Toluene was used as
a chlorine-free carbon source for comparison. Multi-walled carbon nanotubes (MWCNTs) were successfully synthesized. The
physicochemical properties of the CNTs were studied using transmission electron microscopy (TEM), Raman spectroscopy,
thermal gravimetric analysis (TGA), energy-dispersive X-ray spectroscopy (EDS), powder X-ray diffraction (PXRD) spectroscopy,
and X-ray photoelectron spectroscopy (XPS) techniques. The inner and outer diameters of the MWCNTs increased with an
increase in the number of chlorine atoms contained in the reactant. Chlorine incorporation into the MWCNTs was observed by
EDS analysis for all reactants. Formation of ‘bamboo-like’ structures for the MWCNTs generated from TCE and TTCE was also
observed, facilitated by the presence of the high percentage of chlorine in these reactants. Numerous MWCNTs revealed the
presence of small carbon nanostructures that grew on top of the dominant CNTs, suggesting an unexpected secondary carbon

growth mechanism.
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1. Introduction

Nanotechnology is a topic that is attracting the interest of
scientists in academia, research institutions and industry as well
as government officials and journalists. Carbon nanotubes
(CNTs) and carbon nanomaterials (CNMs) in general are key
components in the progress of nanotechnology. Polyhedral
carbon clusters (fullerenes) were discovered in 1985' and this
eventually led to the seminal studies on carbon nanotubes
(CNTs) by Ijima in 1991.> CNTs offer opportunities for the devel-
opment of novel material systems because they possess unique
electronic properties,’ exhibit thermal conductivity thatis higher
than that of diamond,’ and possess mechanical properties such
as stiffness, strength and resilience, which exceed those of any
currently used materials.* These unique properties render CNTs
suitable for application in various fields for example, their use as
supports in catalysis, nanoconveyors, field emission sources,
chemical sensors, nanoelectronic devices and in fuel cells.>®
Methods for making CNTs such as arc discharge, laser ablation,
pyrolysis and catalytic chemical vapour deposition (CCVD)
have been developed.”” To date the production of CNTs by the
CCVD method remains the preferred route for their large scale
production.

A limitation related to the use of CNTs in many applications
has always been the difficulty in dispersing them in solvents.

* To whom correspondence should be addressed. E-mail: mhlansd @ unisa.ac.za

Scientists have thus functionalized the outer walls of CNTs with
various groups like halogens and carboxylic groups to improve
their solubility. Modification of CNTs has thus led to the creation
of new functional and construction materials."" Doping of the
carbonaceous materials with non-carbon atoms, such as nitro-
gen,” ™ boron,”* sulphur,”* oxygen®* and halogens'**has
been explored over the past two decades. Modification of the
carbon surface and electronic properties has also been explored
but the effect of chlorine (Cl) on the morphology of carbon
nanomaterials is not well established.

It has been shown that incorporation of Clin the CNMs results
in surface functionalization,"* ease of purification,*****
increased yields”™ and surface restructuring.>° The presence
of chlorine atoms thus produces materials with increased inner
diameters, which results in filling of CNTs with metal particles’ ™
and provides a chemically modified pathway to an ordered
carbon product.®*** Liquid chlorination of multi-walled CNTs
(MWCNTs) gave a Cl loading of about 0.23 at.%* based on EDS.
XPS analysis of single-walled carbon nanotubes produced from
dichlorocarbene gave Cl substituted CNTs at a concentration of
1.6at.%." A small number of Clanions were also observed on the
surface of the CNTs generated from dichloromethane by XPS
analysis." Chlorine-functionalized CNTs were also produced in
the gas phase using a ball-milling method.*” Purification of CNTs
with Clin both the liquid phase (using CCl,) and the gas phase to
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remove metal particles showed that the gas phase was more
effective, but a high concentration of Cl on the surface was
loaded in the liquid phase.*Purification and growth of vertically
aligned MWCNTs in the presence of Cl was also reported, which
resulted in the synthesis of CNT arrays with 3.5 mm height.*

The yield of MWCNTs increased from 10 % to over 50 % using
an arc discharge method and KCI as a promoter.” CNMs
produced from chlorobenzene were more ordered and their
yield increased as compared to those obtained from benzene.*
The beneficial role of halogens involving charge transfer with Ni
particles has been shown by other authors.®* An interaction
between Cl and Ni leading to metal site restructuring was
observed when carbon nanofibres (CNFs) were grown from
Ni/SiO, and chlorobenzene.” When the CNMs were grown over
Ni/SiO, carbon yields were also shown to increase in the pres-
ence of Cl, in the order C,H, < CH, < CH,Cl, < CH,Cl, <
C,H,Cl, = C,HCL,. The fibre diameter increased with increased
Cl substitution in the feed.” Structural changes to give carbons
with different structure (CNFs to carbon spheres) were observed
when CCL,=CHCl was used as a chlorine feed.” CNFs with tri-
pod-like morphology were also synthesized over a NiO xerogel
catalyst using trichloroethylene as Cl feed and carbon source.™
Synthesis of CNTs over a Fe-Ni catalyst was achieved using chlo-
rinated benzenes and it was observed that the hollow degree of
the CNTs increased with an increase in Cl content in the feed,
which resulted in the CNTs being filled with a Fe-Ni alloy.” Pre-
vious work in our group has also shown that the use of chloro-
benzene can facilitate growth of CNTs with a large inner cavity.”
The participation of Cl was found to play an important role in
the synthesis of turbostratic CNFs by pyrolysis of a 1,2-dichloro-
ethane/ethanol mixture in the presence of a nickel catalyst.”
Ni-Cl bonding on the surface of the catalyst created a poor crys-
talline layer, leading to a coarse surface which caused the disor-
dered precipitation of carbon species and thus the formation of
turbostratic CNFs.” Most of the studies of the role of chlorine on
the morphology of the CNMs have been investigated using a
nickel or iron-nickel catalyst.

In previous studies by our group it was found that a
Fe-Co/CaCO, catalyst can be used to make good quality CNTs***
and nitrogen doped CNTs.*® To further explore the role of this
catalyst we have investigated the role of chlorine on the morphol-
ogy of CNTs produced by pyrolysis of various chlorine-
substituted benzene and ethane feeds using a CCVD method.
The results of the study are shown below.

2. Experimental

Fe(NO,),"9H,0 (Sigma Aldrich) 298 %, Co(NO,),"6H,O (Sigma
Aldrich) =98 %, CaCO, (Sigma Aldrich) = 99 %, HNO, (Sigma
Aldrich) =298 % ACS, chlorobenzene (CB) (Merck), >99 % GC,

1,2-dichlorobenzene (DCB) (Sigma Aldrich) 99 % Reagent plus,
1,2,4-trichlorobenzene (TCB) (Sigma Aldrich) 99 % GC,
1,2-dichloroethane (DCE) (BDH reagent) AnalaR grade,
1,1,2-trichloroethane (TCE) (Fluka Chemika) >98 % GC,
1,1,2,2-tetrachloroethane (TTCE) (UniLAB SAARChem) 98 %
GLC and toluene (UniLab SAARChem, Merck) ACS reagent
grade, were used. All the reagents were commercially available
and used without further purification.

2.1. Preparation of Catalyst by the Wet Impregnation Method

The preparation of catalysts was done as reported in previous
studies.*”Fe(NO,),"9H,0 and Co(NO,),"6H,0 were used to pre-
pare the catalyst. Calculated amounts of the Fe and Co nitrates
were mixed, ground to a fine powder and dissolved in distilled
water to make a 0.3 mol L™ Fe-Co (50:50 m/m) precursor solution.
This solution (30 mL) was added to the CaCO, support (20 g) and
the mixture was stirred for 30 min. The metal-support mixture
was then dried in the oven at 120 °C for 12 h, cooled to room
temperature, ground and finally screened through a 150 um
sieve. The catalyst powder was then calcined at 400 °C for 16 hiin
a static air oven. This catalyst was completely characterized as
reported in our previous article.”

2.2. Carbon Nanotube Synthesis

The catalyst (1.0 g) was spread in a quartz boat and the boat
was placed in the centre of the quartz tube. The furnace was then
heated to 700 °C at a rate of 10 °C min ' under flowing N, (50 mL
min ). Once the temperature reached 700 °C, the N, flow rate
was set to 240 mL min™ and C,H, was set at 90 mL min for chlori-
nated benzenes; for chlorinated ethanes flow rates were set at
280 mL min ' N, and 50 mL min ' C,H,, respectively. Both gases
were bubbled through a chlorinated organic solvent, before
introduction into the quartz tube. After 60 min of reaction time,
the C,H, flow and bubbling was stopped and the system was left
to cool down to room temperature undera continuous flow of N,
(50 mL min™"). The reaction setup is shown in Fig. 1. The quartz
boat was then removed from the reactor and the carbon deposit
(CI-MWCNTs) that formed was weighed.

2.3. Purification of the CNTs

Purification of the CNT materials was performed as described
elsewhere.”® The CNTs were purified by stirring the products in
30 % HNO, for at least 30 min at room temperature. The
acid-treated CNTs were then washed with distilled water until
the washings were neutraland dried inan oven at 120 °C for 12 h.

2.4. Characterization of the Catalyst and CNTs
The morphology and size distribution of the CNTs before and
after HNO, treatment were analyzed by transmission electron
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Figure 1 Schematic diagram of apparatus used for CNT synthesis.
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microscopy (TEM) using a FEI TECNAI G* SPIRIT. The samples
for TEM analysis were prepared by sonication in ethanol and
thereafter deposited on a holey carbon-coated TEM Cu grid. The
percentage yield of the carbon deposit (% C) was determined as
described elsewhere.” The CNTs were also characterized by
Raman spectroscopy using a Jobin-Yvon T6400 micro-Raman
spectrometer. Excitation was provided by the 532 nm green laser
with spectral resolution of 3-5 cm™. The impurity content of the
CNTs was monitored by thermogravimetric analysis (TGA)
using a Perkin Elmer TGA 7. The sample was loaded onto a
platinum pan and heated to 900 °C at a heating rate of 5°C min',
in a flowing air and nitrogen stream both at 20 mL min '. The
phase composition of the samples was determined by powder
X-ray diffraction (PXRD) using a D2 Bruker PXRD with a contin-
uous scan mode using CoKea radiation. The scan range was
10-90 2 6 degree. The presence of chlorine species in the CNT
samples was determined by energy dispersive X-ray spectros-
copy (EDS) incorporated into the SEM. XPS analysis was
performed using a PHI 5000 Versaprobe — Scanning ESCA
Microprobe operating with a 100 um 25 W 15 kV Al monochro-
matic X-ray beam. The samples were sputtered with a2kV 2 uA
1 x1mmraster—Arion gun atasputter rate of about 18 nm min™'
for 60 seconds.

3. Results and Discussion

The results from the studies of Mhlanga et. al.** and Tetana
et. al.* showed that good quality MWCNTs and nitrogen doped
MWCNTs can be produced from a Fe-Co/CaCO, catalyst. This
led us to assume that other hydrocarbons, such as chlorinated
hydrocarbons, could be used to make CNTs over this catalyst. All
the products made in the study were black in colour; those
obtained with CB, DCB, DCE, and TCE as chlorine sources
appeared spongy, while those obtained with TCB, TTCE and
toluene were powdery.

3.1. Structural Analysis of the CI-MWCNTs

TEM analysis of the carbon deposits after acid treatment
showed that the morphologies of CNMs varied with the type of
feed used. A range of carbons were produced in varying
amounts, i.e. amorphous material, CNFs and CNTs (open and
bamboo), but CNTs were the predominant products formed in
most cases.

Purified CNTs produced from CB, DCB and TCB all appeared
entangled with a wavy (cooked spaghetti-like) morphology
(Figs. 2,3 and 4). Itappears that all the aromatic chlorine contain-
ing reactants gave similar carbon yields (ca. 63-70 %). Purified
MWCNTs produced using TCB were more entangled and their
inner and outer diameters appeared uniform over the entire
length of the tube (Fig. 4). The diameters of the purified CNTs
produced from the three reactants are given in Table 1. Both the
inner and outer diameters increased with the reactant’s chlorine
content.

TEM analysis also showed the presence of rod shaped catalyst
particles embedded inside the nanotubes (Figs. 2 and 4) and
some at the tips of the CNFs (Fig. 3 insert), which were formed as
a result of un-reacted catalyst particles. This shows that CNTs
obtained from the aromatic compounds contained some metal
particles which were difficult to purify and this was attributed
to the coiled structures as well as their narrow inner diameters
(Table 1).

Further analysis of TEM images of purified carbon materials
produced from DCB revealed the presence of small open ended
fibrous particles attached to the outside of the CNTs (Fig. 3 and
Supplementary Fig. S1). The secondary nanofibres were initially

Figure 2 TEM image of the purified carbonaceous materials generated
using chlorobenzene as chlorine source.

Figure 3 TEM image of the purified carbonaceous materials generated
using dichlorobenzene as chlorine source. Growth of small carbon
materials on the surface of the CNTs. Insert shows metal particles at tips
of CNFs.

Figure 4 TEM images of the purified carbonaceous materials generated
using trichlorobenzene.
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Table 1 Effect of the reactants on the structure, outer and inner diameters of the purified MWCNTs.

Chlorine source Outer diameter Average outer

Inner diameter

Predominant carbon Volume of hydrocarbon

size distribution diameter /nm structure source used
/nm /nm /mL
CB 11-44 29 3-9 CNTs and a measurable 0
quantity of
‘Bamboo-like’ CNTs
DCB 22-41 (CNTs) 33 6-11 CNTs 0
62-100 (CNFs) 77
TCB 23-79 49 17-21 CNTs 0
Toluene 7-79 29 3 CNTs 5
DCE 52-166 (CNFs) 108 CNFs 5
10-30 (CNTs) 15 4
TCE 16-23 20 5 CNTs and measurable 2
‘Bamboo-like’ CNTs
TTCE 29-66 50 12 CNTs and measurable 1

‘Bamboo-like’ CNTs

broad and then became narrower as they grew from the primary
CNTs. Close inspection of the numerous CNFs produced revealed
that they all have an inverted cap-like morphology suggesting a
loss of metal catalyst particles at the tip. The secondary growth
was thought to originate from unreacted catalyst particles that
were left on the surface of the CNTs grown via a tip-growth
mechanism. The catalyst responsible for the secondary growth
was presumably trapped on the surface of the growing CNTs
and provided a growth site for secondary CNTs. Similar behav-
iour was reported in the literature where some particles were
found attached to the ends of CNTs.*

A small carbon deposit was obtained when TCB was used as
chlorine source (Fig. 4). The large amount of chlorine in the TCB
feed was responsible for the few CNTs measured, which was
attributed to Cl/Fe-Co interactions leading to metal site restruc-
turing that impacted on carbon diffusion/precipitation.” The
various morphologies that resulted from the different chlori-
nated feeds were possibly associated with the interaction of
chlorine with the catalyst particles. As more chlorine was intro-
duced into the reactor the rate of CNT formation decreased, due
to catalyst poisoning.

Toluene as a representative of a Cl free aromatic hydrocarbon
was also tested in this study (Fig. 5). Toluene produced irregular
CNTs of similar inner (3 nm) and variable outer diameters (7-79
nm). MWCNTs of variable inner (7-14 nm) and outer (22-64 nm)
diameters were produced from a mixture of toluene and
ferrocene; iron oxide particles were also seen embedded
inside some on the outer walls of the CNTs." In another study
mixed quality carbon structures (irregular tubes of different
diameters, rods, spirals, fibres, etc.) were found by electron
microscopy when toluene was used as a hydrocarbon source
over an Fe/silica substrate.”” Metal particles can also be seen
embedded inside some of the CNTs produced in this study
(Fig. 5). Comparison of the CNTs produced using chlori-
nated benzenes with those obtained using toluene shows that the
presence of chlorine in the aromatic feed leads to more regular
CNTs.

TEM images of the purified MWCNTs produced from the
three chlorinated ethanes all appeared entangled with a coiled
spaghetti-like shape (Figs. 6, 7 and 8). The purified CNMs
produced from DCE contained a mixture of mainly CNFs
(Fig. 6a) and some CNTs (Fig. 6b). CNTs with little by-product
formation were obtained from TCE and TTCE (Figs. 7 and 8). The

formation of CNFs must relate to the amount of hydrogen
present in the DCE (C,H,CL) feed.”

The carbon yields obtained using chlorinated ethanes were 92,
82 and 81 % for DCE, TCE and TTCE, respectively. The carbon
yields were not dependant on the amount of chlorine presentin
the feed. The TEM images of carbon materials produced from
TCE are shown in Fig. 7. The three figures reveal different
features associated with the CNTs. Fig. 7a highlights the entan-
gled CNTs and many of these CNTs appear to show bamboo
compartment features. Fig. 7b shows secondary growth of short
CNTs with hollow tips, which seem to originate from the main
CNTs. These are similar to those seen above in Fig. 3 when DCB
was used as a reactant, but here tubes do not taper and the
hollow structures can be clearly seen. Finally wine glass-like
secondary structures were also seen in Fig. 7c. These secondary
structures had very thin walls and did not show the presence of
catalyst particles. The presence of un-reacted catalyst material
on the surface of the CNTs could be responsible for the secondary
growth via a tip-growth mechanism.

MWCNTs produced using TTCE also appeared entangled
with different outer wall diameters (Fig. 8a, b). Numerous small
particles can also be observed on the surface of the CNTs, but no

Figure 5 TEM images of the purified carbonaceous materials generated
using toluene.
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Figure 6 TEM image of the purified carbonaceous materials generated
using dichloroethane as chlorine source.

secondary fibre growth was observed. This might also be attrib-
uted to the amount of chlorine in the feed, which if present in
large amounts inhibits the growth of secondary fibrous particles.
The inner diameters of the MWCNTSs produced using chlori-
nated ethanes also increased with an increase in the amount of
Cl contained in the organic reagent (Table 1), which suggests
HCl-induced metal agglomeration, as has been demonstrated
elsewhere.*®¥

TEM images of carbon materials produced from TCE and
TTCE (Figs. 7a and 8b, respectively) also revealed some morpho-
logical differences. The carbon materials showed nanotubes
with ‘segmented’ appearance, i.e. a ‘bamboo-like’ structure.
TEM images have been reported previously in the literature
where ‘bamboo-like’ nanofibres were produced when DCE,
dichloroethylene and TCE were used as sources of Cl over
Ni/SiO, catalyst and were attributed to a seed metal reconstruc-
tion leading to unequal diffusion of carbon through the metal
particle.”” In our case the bamboo structures might arise from
effects related to the interaction of chlorine with metal particles
leading to catalyst restructuring. Bamboo structures were not
seen for the CNTs obtained in this study when DCE was used
which might be due to their limited production but the segmen-
tation was observed from CNFs produced from DCE (Supple-
mentary Fig. 52). More segmented CNTs were observed for

CNTs produced from TCE (Fig. 7a). The distances between
compartments appeared similar for both reactants.

3.2. TGA and PXRD Analysis

TGA and derivative TGA (DTGA) curves of the purified (Fig. 9)
and un-purified (Supplementary Fig. S3) MWCNTs samples
were recorded in an oxygen atmosphere to monitor the weight
loss and thermal stability of the samples. CNTs synthesized in
the presence of chlorine using CB, DCB and TCB as chlorine
sources, revealed oxidation peaks at ~612 °C, 601 °C and 589 °C,
respectively (Table 2). Previously, Mhlanga et. al.** showed that
CNTs synthesized using this catalyst with non-chlorinated
reactants oxidized at ~550 °C.

From the thermographs and DTGA data (Table 2) it can be seen
that the decomposition temperature of the purified CNTs made
from the aromatic carbon feeds decreased with an increase in the
amount of chlorine. The DTGA curves of these CNTs also show
the appearance of peaks at ~690 °C. These peaks are well-
defined when generated from CB, but appeared as shoulder
peaks for DCB and TCB. These peaks are assigned to the
presence of small amounts of graphitic materials.**®

Further evaluation of the thermographs obtained from chlori-
nated benzenes, revealed that the CNTs contained residues even
after purification in 30 % HNO, for 30 min (~21 %, 6 % and 10 %
for CB, DCB and TCB (Table 2)). An attempt was made to further
purify the materials generated from CB by stirring the productin
30 % HNO, for 2 h and 3 h (Supplementary Fig. S4). The residual
mass had not changed (~18 % and 20 %) after the2h and 3h acid
treatments. A further harsher treatment was employed by
refluxing the product in acid at 110 °C for 4 h which resulted in
destruction of the CNTs structure but a residual non-carbon
mass of 8 % still remained (Supplementary Fig. S4). This showed
that catalyst particles remained intact and could not be removed
from the CNTs despite the harsh acid treatment used. The results
correlated with the TEM observations; where images showed
the presence of many catalyst particles embedded inside the
CNTs (Fig. 2) as well as at the tip of a few CNFs made from
materials produced using DCB (insert in Fig. 3a). This implied
that the catalyst particles were embedded (i) inside bamboo
structures, (ii) within the graphitic layers of the CNTs and (iii)
inside the tips of some CNFs (insertin Fig. 3). Similar results were
observed in the literature using a FeNi catalyst when residual
metal contents of 31, 27 and 24 wt.% were observed from TGA
curves generated from trichlorobenzene, dichlorobenzene and
chlorobenzene as carbon sources; a 3 wt.% residue was observed
under the same conditions using xylene as carbon precursor.”

Table 2 Decomposition temperatures and residual masses (determined
by TGA) of the un-purified and purified (P) chlorinated CNMs.

Chlorine source DecompositionC Residual mass/%
temperature/®
CB 617 26.7
CB(P) 612 216
DCB 597 29.6
DCB(P) 601 6.6
TCB 600 29.8
TCB(P) 589 10.1
DCE 550 159
DCE(P) 619 0.0
TCE 594 13.6
TCE(P) 621 25
TTCE 615 135
TTCE(P) 619 0.0
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Secondary
growth

Wine glass
shape

Figure 7 TEM images of the purified carbonaceous materials generated using (a) trichloroethane. Growth of small carbon materials of different
shapes on the surface of the CNTs can be seen in (b) and (c).

Bamboo
Compartments

Figure 8 TEM images of the purified carbonaceous materials generated using (a) tetrachloroethane. Bamboo compartments can be seen in (b).
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Figure 9 TGA and corresponding derivative profiles of the purified MWCNT samples produced using chlorinated benzenes (a and b) and ethanes

(c and d) as Cl sources.

TGA (Fig. 9c) and DTGA (Fig. 9d) curves generated from chlori-
nated ethanes all show similar oxidation peaks at ~619 °C (for
DCE and TTCE) and ~621 °C for TCE. The chlorinated materials
are more thermally stable than those produced from chlorinated
benzenes. Catalyst particles were not embedded inside the
CNTs (<2 %) for the CNTs produced from the chlorinated
ethanes.

XRD characterization was performed, to further analyze the
purity of the CNTs. The XRD profiles of the acid-treated (puri-
fied) MWCNTs generated from chlorinated hydrocarbons are
presented in Fig. 10. All XRD patterns show the presence of
graphitic carbon represented by a C,, peak at 2 6 = 30 ° and
another peak at 20 = 53 °. The peak at 2 6 = 30 ° has been attrib-
uted to MWCNTs.* The C,,,, peak for CNTs synthesized without
chlorine was broader when compared to C, peaks of CNTs
synthesized in the presence of chlorine. The full width at half
maximum (FWHM) of the C,,) peak decreased after introduc-
tion of chlorine, and increased with an increase in the amount of
chlorine in the feed (Table 3). The smaller broadening of the
FWHM of the C, peak with an increase in the amount of

chlorine was attributed to an increased crystallinity of the
materials.®”

For chlorinated ethanes, the FWHM of the C, peak
decreased in the order DCE=TTCE>TCE (Table 3). CNTs
synthesized using TCE were more crystalline than those gener-
ated from DCE and TTCE. These observations agree well with
the TGA graphs where CNTs generated from TCE were oxidized
at higher temperatures, meaning they were more thermally

Table 3 PXRD structural parameters of purified CNTs synthesized in the
absence and presence of chlorine.

Chlorine source FWHM of C gy, peak /°

None 3.2
CB 1.2
DCB 2.5
TCB 2.8
DCE 3.2
TCE 2.2
TTCE 3.2
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Figure 10 XRD spectra of the purified CNTs produced from (a) DCE, (b) TCE, (c) TTCE, (d) Fe-Co/CaCO, without chlorine® (e) CB, (f) DCB and

(g) TCB.

stable than those generated from other chlorinated ethane feeds.

Another broad peak closer to the one at 53 ° was attributed to
small amounts of carbides in the carbon material. PXRD analysis
revealed peaks at 2 6 ~38 °, 43 ° and 64 ° due to the presence of
cobalt ferrite nanoparticles® for CNTs generated from CB, DCB,
TCB and TCE, confirming that some metal particles still
remained after purification as confirmed by the TGA analysis.
Other diffraction peaks can be seen in the XRD patterns generated
from TCE after purification which can be due to the presence of
catalyst residues remaining after purification.

3.3. Raman Spectral Analysis
The crystalline nature of the MWCNT structures was verified

CNTs produced from CB, DCB and TCE, respectively (Table 4).
These ratios increased slightly as compared to those shown by
Mhlanga et.al.* for unchlorinated CNTs (0.7). This shows that
the CNTs remained graphitic after addition of chlorine, which
agrees with the TGA and XRD data. The I,/I; peak ratio of the
CNTs generated from TCB is also comparable (~0.76) with the
ratio obtained for CNTs produced without chlorine (~0.7%).
The I,/1; peak ratio for CNTs produced from DCE (0.89) and
TTCE (0.89) were similar, and agreed well with the TGA and the
XRD data. Structural defects, shown by the highly intense D

Table 4 D-bands, G-bands, 2D-bands and I/I; ratios of the purified
chlorinated CNMs.

by Raman spectroscopy. Raman spectra for all chlorinated Chlorine source D-band G-band 2D-band  I/I; ratio
MWCNTs (Figs. 11 and 12) shows a D-band at around 1350 cm™ fem’! fem’! fem’!
which is attributed to defects in the curved grap}}ene layers and CB 1338 1576 2681 0.9
tube ends and a G-band at around 1576 cm™ which correspond DCB 1338 1589 _ 0.96
to the movement in the opposite direction of two neighbouring TCB 1341 1576 2680 0.76
carbon atoms in a graphene sheet. The intensity ratio I/ is Toluene 1338 1574 2678 0.71
known to depend on the structural characteristics of the CNTs.” DCE 1339 1575 2679 0.89
An increase in I/I; corresponds to a higher proportion of sp’ ICE 15 1581 - 119
TTCE 1338 1574 2678 0.89

carbon that is usually attributed to the presence of more struc-
tural defects.”I,/I, ratios of 0.96, 0.96 and 0.76 were observed for

~No peak observed or the observed peak height is negligible.
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Figure 11 Raman spectra of the purified CNTs produced from CB, DCB, TCB and toluene.
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Figure 12 Raman spectra of the purified CNTs produced from DCE, TCE and TTCE.

peak (Fig. 12), were obtained when TCE was used as a source of
chlorine. These can be associated with the formation of
bamboo-like CNTs and the growth of open-ended carbon
nanostructures onto the main CNTs as observed from TEM
images. An overtone 2D peak was also observed at ~2680 cm™ in
the spectra of CNTs generated from DCE, TTCE, CB, TCB and
toluene (Figs. 11 and 12). This suggests that the materials have a
good percentage of graphitic carbon, which agrees with the
lower I /I, ratios produced for these materials.

3.4. Energy Dispersive X-ray Spectroscopy Analysis of the
Purified Chlorinated CNMs

The EDS analysis (Table 5) revealed the presence of Cl species
in all chlorinated samples. It was found that the amount of Cl on
the MWCNTs (i) increased with an increase in the amount of CI
in the organic reagents and (ii) aromatic reactants gave less CI
substitution than aliphatic reactants (Table 5). This demonstrates
that the use of highly chlorine substituted feeds, gives greater
functionalization of CNTs with Cl. The data correlate with the
TEM data where TCE and TTCE gave more segmented CNTs;
hence incorporation of Cl into the carbon structure and secondary
fibrous growth observed on the surface of the CNTs can be
related to the amount of CI present.

3.5. XPS Analysis

The surface characteristics of purified MWCNTs were analyzed
by XPS. Supplementary Figs. S5 and S6 shows the deconvoluted
XPS plots of Cls and CI2p for all the studied chlorinated
organics. The Cls curve for all MWCNTs was deconvoluted into
five components with binding energies of ~284.0, 284.8, 285.4,
286.1 and 286.8 eV (Table 6). Four of these peaks are readily
assigned to C sp?, C sp’, C-OH and C=0; it is possible to tenta-
tively assign the fifth peak at 285.4 to C covalently attached to
C1'72,73

The CI 2p spectrum of CNTs generated from chlorinated
organics (Supplementary Figs. S5 and 56) showed two signals at
~201 and 199 eV which are assigned to the 2p,, and 2p,, of a
chloride ion (e.g. as found in metal chlorides).””* Unfortunately
the 2p, , peak associated with covalent C-Cl bonds overlaps with
the 2p,, associated with the presence of the chloride ion peak.
Furthermore, the low concentration of the CI in the samples
generates very small peaks for Cl and this makes it difficult to
quantify the amount of covalent Cl in the CNTs. However the
2p,,/2p,, ratios for the Cl peaks indicate values below ca. 1.6, the
value expected when only ionic chloride is present (Supplemen-
tary Table S1). This suggests that indeed small amounts of C-Cl
bonds have been made; the CNTs made from TTCE thus have
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Table 5 EDS analysis of chlorinated-CNMs grown using different
chlorinated organic solvents.

Chlorine source Chlorine (Cl) weight
/%
CB 0.07
DCB 0.12
TCB 0.26
DCE 0.27
TCE 0.75
TTCE 1.53

Table 6 XPS analysis of purified chlorine functionalized CNTs grown
using different chlorine sources.

Binding energy/eV (and
atomic concentration/%)
Chlorine source C Cl
CB 284.0 (69.7 %) 199.4 (58.1 %)
284.8 (14.7 %) 201.0 (41.9 %)
285.3 (7.44 %)
286.0 (4.20 %)
287.0 (3.95 %)
DCB 284.0 (65.5 %) 199.0 (59.8 %)
284.8 (165 %) 200.1 (40.2 %)
285.4 (13.2 %)
286.2 (1.43 %)
287.0 (3.50 %)
TCB 284.0 (72.1 %) 199.2 (62.9 %)
284.9 (13.9 %) 200.8 (37.1 %)
285.5 (6.51 %)
286.0 (2.0 %)
287.0 (5.52 %)
DCE 283.9 (62.3 %) 199.0 (63.8 %)
284.5 (16.5 %) 200.6 (36.2 %)
285.1 (12.7 %)
285.7 (4.88 %)
286.7 (3.64 %)
TCE 284.0 (69.1 %) 199.0 (59.1 %)
284.7 (8.82 %) 200.9 (40.8 %)
2852 (13.9 %)
286.0 (5.72 %)
286.7 (2.42 %)
TTCE 284.0 (62.9 %) 199.3 (54.5 %)

284.7 (22.1 %)
285.2 (10.7 %)
285.8 (3.52 %)
286.6 (0.685 %)

200.9 (45.6 %)

the largest amount of C-CI bonds. This chlorine would be at-
tached to sp® carbons at the periphery of the aromatic structures,
or at defect sites.”” The low Cl content is not unexpected as C-Cl
bonds are readily broken under the high temperature condition
employed in the CNT synthesis.

4. Conclusion

The role of chlorine on the morphology of MWCNTs synthe-
sized by the catalytic pyrolysis of chlorinated organic reagents
over a Fe-Co/CaCO, catalyst was studied. The structural
morphology of CNTs produced depended on the amount of
chlorine present in the feed and on the type of organic chlorine
compound used. CNTs generated from TCE and TTCE showed
the formation of bamboo-like structures, which were related to
catalyst restructuring by chlorine. Secondary nanofibre and

nanotube growth onto the main CNTs was observed when TCE
and DCB chlorine sources were used. Carbon nanofibres were
found to be dominant when chlorine sources that contained
high concentration of hydrogen were used. Addition of chlorine
favoured the growth of carbon materials of high purity. Alkanes
gave cleaner CNTs with higher carbon yields than those formed
from the aromatic reactants. XPS studies revealed that most
of the Cl found in the CNTs was ionic chlorine, most probably
associated with the Fe and in the CNT tubes. Some surface
functionalization of carbon with chlorine is suggested when TTCE
was used as reagent. The role of chlorine on the morphology of
nitrogen-doped CNTs and the use of chlorinated MWCNTs as
adsorbents for selected heavy metals in wastewater treatment is
under way.
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