Chapter four Optimization studies for CNT production

4.0 OPTIMIZATION STUDIES FOR CARBON NANOTUBE PRODUCTION

For simplicity, the results and discussion of tresearch have been divided into two
major parts. This chapter reports the first pathese results and discussion, and focused
on the analyses of the experimental results oldaimethe synthesis of carbon nanotubes
using both the SFCCVD and horizontal CVD reacttiralso discusses the analyses of
the characterization of these nanomaterials, amie&description of the equipment used
for the characterization and purification for b&@RCCVD and horizontal CVD reactors
used for the production of these materials. Th&opation of the production parameters
in the swirled floating catalyst chemical vapoupdsition reactor is also discussed in

this chapter.

4.1 Synthesis of Carbon Nanotubes by SFCCVD

A series of experiments were carried out to symtee€NTs at different operating
conditions by SFCCVD. This study was undertakerevaluate the effects of various
parameters on the production rate of CNTs and tmape these parameters. The
reaction of acetylene and ferrocene catalyst ytelleomplex mixture of carbon particles
containing amorphous carbon and carbon nanotuligse™.1 (a) shows a typical TEM
image of good quality, elongated and clean as—sgithd CNTs obtained at 100
using an acetylene to hydrogen flow ratio of ondite while Figure 4.1 (b) shows the
SEM image of an analogous clustered CNT samples8 INT samples have an average
inner diameter of between 20 and 70 nm while theerage length is as long as 10 mm

(Abdulkareenet al., 2007; lyukeet al., 2007).

85



Chapter four Optimization studies for CN'I production

Figure 4.1 (a) TEM image of a long and pure CNT glamobtained at 100C.

(b) SEM image of clustered CNT samples.

The mechanism of formation of the CNTs is assunoeblet similar to that explained by
Chenet al. (2006), Dast al. (2006), Faret al. (2006) and Huangt al. (2007) in which
the iron catalyst was responsible for the nucleatmd growth of the CNTs at the
acetylene decomposition temperature. The partizke of the catalyst determines to a
large extent the diameter of the nanotubes forfRedocene acted as a precursor for iron
which is the catalyst that formed the nucleatidassfor the formation of the tubes which
subsequently grew at high temperature. Some oéthen particles remained unreactive
at low residence time and constituted impuritiestiie synthesized CNTs. A low
decomposition temperature also resulted into threndtion of amorphous impurities

within these materials.
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Figure 4.2: (a) TEM image of a CNT sample showihg tmulti walls (b) High

magnification TEM image of CNT sample showing tlenaeter of the tube.

Figure 4.2 (a) shows a TEM image of a CNT sampteviig the thickness of the walls.
It can be seen that this sample has multi walls thedaverage distance between these
walls is about 0.34 nm. The high magnification TENage of the CNT sample shown in

Figure 4.2 (b) indicates the diameter of the tubectvis about 100 nm.

The XRD pattern of the as-synthesized CNT sampsfdsvn in Figure 4.3. This pattern
reveals the characteristic pattern of graphitisacb@n which is similar to the ones
reported by Zhangt al, (2005a) and Kong and Zhang, (2007). The (002) hatiapline
observed at 25°8&orresponding to an inter-planner spacing of al@o843 nm which is
usually attributed to graphite. This pattern alsdicates a high degree of crystallinity

which suggests a low content of amorphous carbah iapurities from the catalyst
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which are usually iron particles (Wet al., 2007). While other minor peaks are noise

arising from these impurities.
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Figure 4.3: XRD pattern of raw CNT sample.

4.1.2 Optimization of SFCCVD production parameters

In order to study and optimize the effects of thperating parameters on the CNT
production rate using the SFCCVD equipment, the@ngosition temperature, hydrogen
flow, acetylene flow and argon flow rates were @driThe temperature (900, 950, 1000
and 1056C), hydrogen flow rate (118, 181 and 248 ml/min}l axcetylene flow rate

(181, 248, 308 and 370 ml/min) were varied.
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4.1.2.1 Effect of acetyleneflow rate

The rate of production of CNTs as a function of tdeme flow rate at various
decomposition temperatures and constant flow rdtéyolrogen at 118 ml/min is
presented in Figure 4.4. It is observed from tlguié that the rate of production of CNTs
increases with increase in acetylene flow rateiwithe range of 188 — 248 ml/min at all
temperatures except at §80where the production rate decreases within tbis fate
range and increased again. The result also shawashflow rate of acetylene increases

from 308 — 370 ml/min, the production rate of CNJexreases at a reaction temperature

of 1000C.
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Figure 4.4: Effect of acetylenenloate on the rate of production of CNTSs.
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4.1.2.2 Effect of hydrogen flow rate

The effect of hydrogen flow rate on the productadnCNTs at constant acetylene flow
rate and various reaction temperatures is shoviaigure 4.5. Hydrogen has the ability to
either suppress or accelerate the formation of CbiTsreating a velocity profile in the
reactor. Hydrogen also affects the formation of tlalyst and the growth of CNTs
(Singh et al., 2003). It is observed from the figure that as thelrbgen flow rate
increases from 118 to 181 ml/min, the rate of potidm of CNTs increases at
temperatures of 958G and 1058C and beyond a flow rate of 181 ml/min, the proauct
rate decreases, while the production rate of CNecsedhses as the flow rate of hydrogen
increases at reaction temperatures of°@0@nd 1008C. The findings of Singlet al.,
(2003) suggest that the reduction in rate of pradoaf CNTs at higher hydrogen flow
rate could be attributed to a low residence timaawtylene in the reactor as a result of a
high velocity profile created by high hydrogen floate, suppresses the formation of

CNTs by removing acetylene at a faster rate froeréfaction zone of the reactor.
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Figure 4.5: Effect of hydrogen flow rate the rate of production of CNTSs.

4.1.2.3 Effect of acetyleneto hydrogen flow ratio

The effect of the acetylene/hydrogen flow ratio the rate of production of CNTs at
various temperatures was investigated and thetseshtained are shown in Figure 4.6
(Abdulkareemet al., 2007). It can be observed from the Figure thatrésults are similar
at all temperatures except at %Qvhere there is only one maximum, but in all cabes
rate of production of CNTs increases as the ratiacetylene/hydrogen ratio increases.
The minimum production rate of CNTs was observetioat ratio of 1 except at 96Q

where the minimum production rate was obtained twa ratio of 6 (Abdulkareenst
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al., 2007). However, the effect of flow of acetylenetbe size and morphology of CNTs

was not investigated in this study.
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Figure 4.6: Effect of acetylene/hydrogen flowoan the rate of production of CNTSs.

CNT samples of good quality were collected, simitathat shown in Figure 4.1 (a), at an
acetylene to hydrogen flow ratio of 5 (CNT prodantrate of 0.31 g/min). The patterns
of these results explain the influence of hydrometine production of CNTs. Apart from
creating a velocity profile in the reactor, hydrogdso assisted in reducing ferrocene to
atomic iron clusters or nanoparticles. Accordingt@t al. (2001), the suppressing effect
of hydrogen on the synthesis of CNTs is thermodynam nature. Hence, hydrogen
produces the reverse reaction for decompositioalussthe gasification of the deposited

carbon by hydrogen forms methane (equation 4.1)k@y2007). A mechanism based on
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3 parallel reactions is proposed for the synthe$isCNTs from acetylene. At high
temperatures, acetylene dissociates to carbon wtichden vapour and the former are
adsorbed onto the surface of the catalyst therebgihg to the formation of C-C bonds
and graphene layers.
C,H, - 2C+H,
C,H,+3H, - 2CH,
2CH, - 2C+4H, nC OBt~ C, -FeD T - CNTs + Fe+ H, 4.1)

The overall reaction is
2C,H, - 4C+2H,

4.1.2.4 Effect of temperature

The results obtained on the effect of temperatoreshe rate of production of CNTs at
different flow ratios of acetylene and hydrogen skown in Figure 4.7. The
decomposition temperatures were varied between-90060C for different flow ratios.

It can be observed from the figure that the ratgrofiuction of CNTs at different flow
ratios of acetylene and hydrogen is influencediBagmtly by the temperaturéds the
temperature increases, the quantity of CNTs pradla¢so increases. This indicates that
at higher temperature, there is enough heat tacteffee decomposition of acetylene
leading to the formation of CNTs (Abdulkareetral., 2007). It was observed during the
collection of samples that as the temperature of €Mcreased the quantity of glassy
carbon produced also increased in the reactor,ewdtil 906C and low flow rate of
acetylene and hydrogen some shiny tiny diamondgikeicles were produced but they

are thermodynamically unstable and disappeared aftav minutes.
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Figure 4.7: Effect of temperature on the rate obdpiction of CNTs at different

acetylene/hydrogen flow ratios.

The effects of operational conditions such as teatpee, flow rates of acetylene and
hydrogen on the production rate of nanoparticlesevievestigated between the range of
500-1156C, 180-415 ml/min and 181-343 ml/min respectivelpijle the flow rate of Ar

used as the carrier was 343 ml/min. Figure 4.8gmtssthe effects of these operating
conditions on the amount of CNTs produced at amageperiod of 615.5 seconds and

ferrocene vaporised constantly from an initiallgdeamount of 5 g.
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Figure 4.8: Effects of operating conditiomsasmount of CNTs produced.

It can be seen that CNT production was not obseatddmperatures from 500-8@
Production only started from 8%D at 2 ppm/s with increasing production rate till
1100C at 5.5 ppm/s, but dropped at 13600 5.2 ppm/s. The decrease in production
rate at 1158 may be due to the thermodynamic stability of @Ts in the continuous
presence of fresh Fe catalyst. This implies thaf @kbduction was favoured from 850-

1100°C.

The effect of varying acetylene concentrationsaat dlifferent operating temperatures of

1000 and 110 was also investigated and the results obtainegaasented in Figure
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4.8. These results revealed similar productiondsefitom 2025 ppm of &1, to 3375
ppm. The maximum production rate was observed &@84#5 ppm of acetylene at
1000°C, while similar pattern was seen at 4725 ppm deegyat 1108C. An optimum
production rate of 8.2 ppm/s was attained at ICGhd acetylene feed of 4725 ppm. The
effect of hydrogen flow rate on the rate of prodwctof CNTs is also shown in Figure
4.8. It can be seen from Figure 4.8 that an iner@asydrogen from 1661 — 3786 ppm
decreased the production rate monotonically frothppm/s to zero. At concentration
less than 1661 ppm, lumps of amorphous carbons sesme under TEM observation (not
shown). These observations are in cognisance witkaalier claim by Singh and co-
workers (2003) on the effect of hydrogen concemmnabn CNT production using the
CVD technique. Hence the entire experiments weme ati 181 ml/min giving a

corresponding hydrogen concentration of 1662 ppm.

4.3 Synthesis of CNTsin aHorizontal CVD Reactor

Unlike in the case of SFCCVD, the horizontal CV2sisitrogen gas as carrier gas and a
bimetallic catalyst. The catalyst which was prefdarethe laboratory contains Fe and Co
supported on CaC{support. The optimisation and the effect of theows production
parameters and detailed description of mechanisnfoohation of CNTs in this
equipment have been described (Mhlanga, 2009).r&iguw shows the mass of the
catalyst used and the corresponding quantity ofGNg's synthesized under the same
reaction conditions: temperature (70, flow rate of acetylene (90 ml/min) and nitrogen

(240 ml/min); and reaction time (60 minutes). Tlesult indicates that the larger the
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amount of catalyst used the higher the CNT yieltk Tass of the catalyst was restricted

by the size of quartz boat (120 mm X 15 mm) usesytahesise these materials.
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Figure 4.9: Effect of mass of catalyst on the qinaotf as-produced CNTSs.

Figure 4.10 shows the TEM images of CNT samplesiywed in this study. These
samples are relatively free of amorphous impuritiescontain traces of iron and cobalt
particles which are clearly detected by EDX analyfirigure 4.11). These metal

impurities are the residue catalyst metals trapipethe matrix of these tubes during
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production. Figure 4.12 shows a CNT sample whichihaer and outer diameters of 9.2

and 17.9 nm respectively.

Figure 4.10: (a-b) TEM images of as-produced chesteCNT samples synthesized by
horizontal CVD reactor. (c-d) High magnification MEmages of raw CNT

samples synthesized by horizontal CVD reactor.
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Figure 4.11: EDX analysis of as-synthesized CNT @anshowing the presence of Fe

and Co

Figure 4.12: High magnification image of CNT samgi®wing diameter of the nanotube

and the thickness of the multiwalls.
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4.4 Purification of the Carbon Nanotubes

The CNT samples produced in the horizontal CVD tegacontain various impurities
particularly the unreacted metal catalyst just like ones synthesized in the SFCCVD
reactor. These impurities, which are mainly residuatal catalysts, support materials
and non—-CNT microstructures e. g. amorphous carodh fullerenes, impede the
utilization of the unique properties of CNTs by gaiing the active components of the
catalysts (Yuet al., 1998; Lordiet al., 2001). They have to be removed before the CNTs
can be suitable as a support for platinum for nsgatalyst electrodes in a fuel cell. Also,
the as-synthesized CNTs usually have both endseclaghich may hinder their
adsorption and capillarity properties. Therefona;ifcation procedures should open both
the tubes and eliminate the impurities. Among theous treatments that have been
tested, a 1:3 solution of nitric and sulphuric adeéd proven to be the most effective for
modification of the CNT surface with the formatioh functional groups (Porret al.,

2007).

Figure 4.13 shows the comparative TEM images ofaieynthesized and purified CNT
samples. From the surface morphology of the imagesvn in this figure, it can be seen
that the as-prepared CNT samples contained imesirguch as amorphous carbon, and
iron and cobalt particles. Amorphous carbon imgesitare known to form from low
temperature decomposition of carbon source duriN@® @roduction of CNTs, while
metal impurities resulted from the metal catalyattiples that were unreacted during the

synthesis of these materials.
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Figure 4.13: TEM images of (a—b) as—synthesareti(c—d) purified CNT samples.

The tiny black particles shown within the matrix these materials as revealed in the
figure are iron and cobalt particles as confirmgdEDX analysis shown in Figure 4.11.

These metallic impurities were the residues froertietal catalyst used to synthesize the
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CNTs. It was suspected that the residue from tippat (CaCQ@) used to prepare the
Fe—Co catalyst might also be a source of impuHBnce a mixture of concentrated nitric
and sulphuric acids was used to effect the putiboaand induce the formation of
functional groups on the CNT samples (Rostcal., 2005; Porraet al., 2007). During the

high temperature synthesis of the CNTSs, the calaianbonate support for the iron and
cobalt catalyst decomposed into calcium oxide (Ca@) carbon dioxide as shown in

equation 4.2

CaCQ(s) = CaO(s) + Celg) (4.2)

Thus traces of calcium oxide are likely to be pnéseithin the synthesized CNT
samples. During the acid treatment, this metal @xidas neutralized by the high
concentration of nitric acid used and produce delutalcium nitrate and sulphate

(Equation 4.3) which was easily removed as;

CaO(s) + 2HNG(aq)= Ca(NQ)z(aq) + HO()) (4.3)

CaO(s) + HSOy(aq) = CaSqls) + HO(l) (4.4)

It has been found that about 4 ml of nitric acidregjuired to dissolve 1 g of CaO
(Motchelaho, 2008), but for effective purificatiomultiple quantities of a HNgH,SO,

acid mixture were employed. Since the quantityhef nitric acid was triple that of the
sulphuric acid, it is therefore believed that eqrai4.3) is more likely to occur. This
reaction favours the purification process since @a$ sparingly soluble while

Ca(NQ); is readily soluble in water. The soluble impustiwere filtered off during the
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purification process to obtain pure CNT samplesn land cobalt impurities were also
dissolved in the manner similar to the equationsevaband their respective soluble
products were filtered off. Any traces of amorphoagbon were readily oxidized at high
temperature during the thermal treatment of the €fNjayanet al., 1993; Yaoet al.,

1998). EDX analysis of the purified CNT sampleswshon Figure 4.14 also confirmed

total removal of these metallic impurities from gemples.

C

keV

Figure 4.14: EDX analysis of the purified CNT saenpl

The purification process also oxidizes the CNTprimduce functional groups (Ajaya

al., 1993; Yaoet al., 1998; Roscat al., 2005). The high acid concentration of the acids
used has an influence on the CNT solubility. Mawikeiet al. (2000), Huet al. (2001)
and Rosceaet al. (2005) have shown that the affinity of the HN@cid towards the
amorphous and crystalline carbon depends strongligsoconcentration; hence the high

concentration of the acids employed in this workdoiced effective purification and

oxidation of the CNT samples.
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4.5 Raman Spectroscopy Studies of Carbon Nanotubes Produced

Raman spectroscopy (RS) is an effective way touswal the quality of CNTs. The
Raman spectra of the purified and unpurified CNfglas shown in Figure 4.15 indicate
two main peaks at around 1350 and 1600 twmhich are designated as the D—band and
G-band (Yoshikawat al., 1998; Yoshikawat al., 2004). The D— band represents the
disorder — induced mode while the G — band canttoéuted to a C—C stretching mode

of well graphitized CNTs (Kastnet al., 1994; Racet al., 1997; Kibriaet al., 2002).

(a) As-synthesized CNTs (b) Purified CNTs

D-band G-band
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Intensity (a.u.)
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Raman shift (cri)

Figure 4.15: Raman spectra of purified angdurified CNT samples.

The purified CNT sample shows broader peaks fan Boand the G modes than the as—

synthesized sample. This indicates that the pdri@®T sample contains low level of
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impurities. The relative intensity ratio of the BdaG bandE:—DJ, is known to depend on
G

the structural characteristics of carbon (Kasteeral., 1994). As the [:—DJ ratio

G

increases, the defect structure increases andetpeel of graphitization becomes less.

The (l—DJ ratios of 0.86 and 0.85 were obtained for unpedifand purified CNT

G
samples respectively which show that the purifarati process improves the
crystallization of the CNTs. This ratio gives infmation about the perfection of the

graphite layer structure and reflects the properiethe edge plane or boundary of the

. | . .
graphite crystal faces. As tr{elJ ratio increases, the defect structure increaseshrend
G

degree of graphitization becomes less (Wetraj., 2004).

4.6 Thermogravimetry Analysis of Carbon Nanotubes Produced

Thermogravimetric analysis (TGA) can be used tomewa the kinetics of a chemical
process as well as the percentage weight and tigewaeight change in the sample as a
function of temperature (Okpalug al., 2005). Figure 4.16 shows the TGA curves of
the purified and as — synthesized CNT samples whiele carried out in an oxygen
atmosphere to monitor the weight loss and therntatbilgty of the samples. These
analyses were carried out by heating about 15 mgGMf sample under a continuous
flow of air. The temperature was initially held 28°C for 1 min before being heated to

900°C at the rate of C/min.
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Figure 4.16: TGA curves of purfiand unpurified CNT samples.

The TGA curve for the purified CNT sample shows assloss of 98% at T < 5D

which indicates that is relatively pure. Since aphmus carbons were expected to have
been oxidized during acid and thermal treatmemt,2¥% impurity is suspected to be due
to residue metallic partic3les, which were posstbiypped within the tubes and could not
be removed by acid treatment. On the other hamdctinve for the as—synthesized CNT
sample shows a mass loss of 83% (starting at a howar temperature of 480). This

behaviour can be traced to the presence of impsriparticularly the presence of traces

of support in this sample.
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