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bstract

Thermogravimetry (TG) is found to be a simple process to see the effect of the experimental condition on the some properties of synthesized
arbon nanotubes (CNTs). A comparative study of thermogravimetry (TG) and derivative thermogravimetry (DTG) curves of CNTs, prepared
nder different experimental conditions is useful to investigate the influence of synthesis strategy on the thermal stability, yield and the nature of
rystallinity of the CNTs. Single step in DTG profile under air atmosphere and high degradation temperature of sample in a TG curve shows the
ood quality and high yield of the CNTs. The samples of CNTs are prepared by CCVD of acetylene over Fe/Co and Fe/Mo in ratio of 1:1 by weight

upported on aluminium isopropoxide (AIP) in the temperature range of 700–900 ◦C. The investigations from the TG curves help to optimize the
xperimental conditions for the synthesis of CNTs by CCVD method.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The discovery of carbon nanotubes (CNTs) by Iijima [1]
ontinues to draw much attention for their myriad potential
pplications [2] largely deriving from their structural, electronic
nd mechanical properties. CNTs are successfully synthesized
y arc discharge [3], laser ablation [4], and catalytic chemical
apour deposition (CCVD) method [5]. Out of these three meth-
ds CCVD is the most promising method for the scale up low
ost production of CNTs. The growth mechanism for CCVD
ynthesis involves the decomposition of carbon source, followed
y the dissolution of carbon phase into metal catalytic nanopar-
icles and redeposition of carbon on the catalyst surface. In this
ethod catalyst, furnace temperature, flow rate of hydrocarbon

the source of carbon) and the inert gas are the variable param-

ters for the controlled production of CNTs. These parameters
ffect the quality of as prepared CNTs. In CCVD method tran-
ition metals (Fe, Co or Ni) supported on oxides or zeolite are
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E-mail address: dipitiporwal@rediffmail.com (D. Porwal).
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sed as catalyst precursors [5]. Till now both monometallic and
imetallic combinations of these transition metals are used for
he synthesis of CNTs. It has already been explained that in case
f bimetallic catalyst an alloy phase is formed. The relatively
igh yield and quality of CNTs synthesized by bimetallic cat-
lysts have been explained by characteristic behaviour of this
lloy phase [6], which is different from the properties of its
ndividual component.

CNTs prepared under different experimental conditions of
CVD method have difference in their crystallinity and the

hermal stability. TG in air [7] is a good technique for the charac-
erization of yield and thermal stability of CNTs. It is useful for
he oxidative purification of raw CNTs. The impurities present
n the CNTs as amorphous carbon and defected outer layers
n CNTs surface are oxidized by thermal treatment in oxidiz-
ng atmosphere. The various oxidizing agent are air [7], CO2
8], O3 [9], O2 [10] and acids [11]. In this report the degra-
ation profiles of the different samples of CNTs in air have
een recorded. TG measurements show that the thermal stabil-

ty and the yield of CNTs vary from sample to sample with
heir experimental conditions and the type of the catalyst. The
omparative studies of these TG curves of CNTs samples give
ignificant information to select the optimum experimental con-

mailto:dipitiporwal@rediffmail.com
dx.doi.org/10.1016/j.tca.2007.07.014
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Fig. 1. The pyrolysis apparatus employed for the synthesis CNTs.

itions for the synthesis of CNTs with different catalyst/support
ystems.

. Experimental

.1. Sample preparation

The CNTs are prepared by CCVD process. For the syn-
hesis of CNTs, catalysts have been prepared by impregnation

ethod. The bimetallic combination of the salts of Fe, Mo and
o (98–99%) of Aldrich are dissolved in least amount of alco-
ol and then sonicated for 30 min. The salts used are iron(III)
cetylacetonate, cobalt acetate and ammonium molybdate for
e, Co and Mo, respectively. The sonicated solutions of these
alts are poured on hydrolysed aluminium isopropoxide (98%)
AIP) of Acros with constant stirring. After the complete mix-
ng of salt solution with support the final product is dried in an
ven at 100 ◦C followed by grinding to convert it into a fine
owder. The prepared catalyst/support systems are Fe/Co/AIP
nd Fe/Mo/AIP. In each catalyst the metal content is in the ratio
f 1:1 by weight and 10 wt.% of each metal with respect to the
upport.

In order to synthesize CNTs the prepared catalysts dispersed
n a quartz plate are placed in pyrolysis apparatus, shown in
ig. 1. After placing the catalyst in furnace, the temperature was
aised to 700, 800 and 900 ◦C within 90 min. During rising of
emperature, nitrogen gas (99%) flow was maintained through
he furnace at the rate of 300 ml/min. After reaching desired
emperature acetylene (99.99%) was introduced into the fur-

ace at the rate of 100 ml/min for 30 min. The main variables in
ur experiments are catalyst support system and temperature of
NTs synthesis. Besides of CNTs grown at various temperatures
nd catalysts CNTs are also prepared at 700 ◦C under modi-

7
a
o
t

able 1
xperimental conditions

umber Catalyst C2H2 Flow rate (ml/min) N2 flow rate (ml/min)

ET-1 Fe/Co/AIP 100 300

ET-2 Fe/Mo/AIP 100 300

a At this temperature CNTs are also prepared in presence of H2 gas with flow rate
a Acta 463 (2007) 53–59

ed atmosphere in the presence of hydrogen (reducing agent)
ith flow rate of 100 ml/min for each catalyst/support system.
fter half an hour the flow of acetylene/hydrogen was stopped

nd furnace is allowed to cool in nitrogen atmosphere. Different
xperimental conditions with respect to different catalyst sup-
ort system are as given in Table 1. From each experiment a
lack carbon product deposited on quartz plate is collected for
urther characterizations.

.2. Instrumentations

The pyrolysis apparatus used for the synthesis of CNTs is
hown in Fig. 1. The apparatus consists of copper gas flow
ines and an electrically heated horizontal tubular (5 cm diam-
ter and 150 cm length) furnace. The furnace has two heating
one and the temperature of each zone is controlled by sepa-
ate PID controller for the homogenous heating of furnace tube.
ere the PID controller means a temperature controller pro-
ram based on Proportional, Integration and Differential (PID)
ormula. The prepared samples are characterized by scanning
lectron microscopy (SEM-JEOL JSM 840) in order to describe
orphology.
The raw CNTs are used to see the effect of experimental con-

itions on the yield and thermal stability in air applying a high
esolution thermogravimetric analyser (Hi-Res. TGA H2950-
A Instruments) under dynamic air at a flow rate of 60 ml/min
nd with a heating rate of 10 ◦C/min for the samples. Raman
pectroscopy measurements (Renishaw Raman) are performed
t 514.5 nm wavelength used as an Ar ion laser line to excite the
NTs.

. Results and discussion

The raw CNTs from CCVD methods are used for the thermal
reatment with no further purification. During thermal degrada-
ion of CNTs in air, carbon content are removed as CO and CO2
nd metal particles are converted into its metal oxide. For a given
et of experimental condition, thermal oxidation results into the
ame type of metal impurities in samples. The TG curves (Fig. 2)
f the CNTs prepared by Fe/Co/AIP catalyst support system at

00 (in the presence of H2), 700, 800 and 900 ◦C are recorded
nd symbolized as 1, 2, 3 and 4 of SET-1, respectively. The
nset temperatures (Ti) determined from TG curves referred to
he temperatures at which the degradation (oxidation) process

Reaction temperature (◦C) Sample code Reaction time (min)

700a 1

30
700 2
800 3
900 4

700a 1

30
700 2
800 3
900 4

of 100 ml/min.
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ig. 2. TG curves of the products obtained by the CVD of the C2H2 in the
resence of Fe/Co/AIP.

tarts and the temperatures at which maximum weight loss are
egistered (To = dm/dTmax), established from maxima of DTG
or four samples of SET-1 are presented in Table 2.

Here Ti describes rather the properties of impurities than nan-
tubes. It is known that amorphous carbon decomposes around
00–500 ◦C [12] and causes that CNTs covered by carbon mate-
ial can be degraded at lower temperature than purified CNTs.

hile To could be assigned to the quality of CNTs, e.g. their
rystalline structure and the presence of defected graphite walls.
or the samples: 1, 3 and 4 of the SET-1 only one maximum of
TG (To peak) is observed while in the sample 2 a broad DTG
eak with two maxima is registered, the sharp main maximum
t 650 ◦C and weakly observed elevation at 600 ◦C.

The single DTG peak is connected with a single carbon phase
n CNTs when two maxima of DTG could correspond with two
orms of carbon phase, e.g. no defected and defected nanotubes.
efected CNTs are weaker physically and chemically and there-

ore are oxidized at lower temperature compared to straight,
trong nanotubes. The elevation at 600 ◦C observed in DTG
urve of sample 2 can be caused by nanotubes including defects
n outer graphite layers, however it can also originate from the
morphous carbon or graphite particles covered nanotubes.

Our results show the influence of the quality of CNTs on
heir oxidation (degradation) temperature. Hence, the samples
rom 2 to 4 of SET-1 prepared under the same experimental
onditions but at different growth temperatures show that the
o value decreases while the synthesis temperature increases.

he To values of CNTs synthesized at 700 and 800 ◦C are much
loser to each other as compared to the sample synthesized at
00 ◦C. The value of To is directly proportional to the thermal

able 2
hermal investigations from SET-1

ample code Ti (◦C) To (◦C) Residue (%)

553.5 580 3.63
540.7 650 10.38
567.5 620 7.47
567.9 570 33.12

p
A
s
o
i
T
t
a
a
o
a
t

ig. 3. DTG curves of products obtained by the CVD of the C2H2 in the presence
f Fe/Co/AIP.

tability of the carbon product. Taking To values (Fig. 3) into
onsideration we can conclude that thermal stability of the car-
on deposit of sample 4 obtained at 900 ◦C is worse than for
amples 2 and 3. Differences in thermal stability between the
amples result from their morphology. Indeed, the SEM images
f the samples 2 (Fig. 4a) and 3 (Fig. 4c) show CNTs while the
ample 4 (Fig. 4d) composes spherical granules of carbon are
alled carbon beads. These observations show the effect of syn-
hesis temperature on the morphology and the thermal stability
f the samples. It is also clear from the literature [13,14] that
or a particular catalyst there is an optimum temperature above
hich the CNTs synthesis does not take place as well as the
uality of CNTs also decreases, due to the deposition of amor-
hous carbon and more defects in CNTs. A mixture of ferrocene
nd toluene give maximum yield of CNTs at 760 ◦C [13] and
arutyunyan et al. [14] found that unreduced iron was active for
NTs growth only from 900 ◦C whereas it becomes active for
NTs growth at 680 ◦C with the addition of 20% molybdenum.
long with the higher limit of the synthesis temperature there

s also lower limit of the synthesis temperature. Although sam-
le prepared at 700 ◦C has higher thermal stability but there is
broad hump near about 600 ◦C which could indicate defected
NTs or larger amount of amorphous carbon as compared to the

ample 3 prepared at 800 ◦C that is characterized by the sharp
aximum of DTG at 620 ◦C.
The conclusions are confirmed by the SEM images. The

NTs synthesized at 700 ◦C (SEM image of sample 2, Fig. 4a)
re covered by some amorphous carbon while the nanotubes
repared at 800 ◦C (SEM image of sample 3, Fig. 4c) are clean.
ddition of hydrogen gas during CNT growth process at the

ame synthesis temperature also affects the surface morphol-
gy, thermal stability and degradation profile of CNTs. The SEM
mage (Fig. 4b) shows that the CNTs are of smaller diameter.
he TG curve for this sample has higher Ti value as compared

o sample without hydrogen. Since hydrogen is a good reducing
gent, the presence of hydrogen reduces upper defected layers

nd the amorphous coating of carbon resulting in the synthesis
f CNTs of smaller diameter. DTG curve of the sample prepared
t 700 ◦C with and with out hydrogen shows that the CNTs syn-
hesized in the presence of hydrogen have lower thermal stability



56 D. Porwal et al. / Thermochimica Acta 463 (2007) 53–59

F 2H2

1 ml/mi
F

h
s

i
e
b
t
s
t
r
t
a

F
o
a

a
s
o
a
w
l

t
and higher To value correspond to higher thermal stability of
CNTs. The degradation profiles of 1 and 2 samples show that
the presence of hydrogen has similar effect as described for the
earlier for SET-1. SEM images Fig. 7a and b also support this
ig. 4. Scanning electron micrographs of product obtained by the CVD of the C
00/300 ml/min, at 700 ◦C; (b) Fe/Co/AIP-10/10; C2H2/N2/H2: 100/300/100
e/Co/AIP-10/10; C2H2/N2: 100/300 ml/min, at 900 ◦C.

owever have a single phase of carbon content, results from a
harp DTG peak at 580 ◦C.

The residue for all these four samples of CNTs are collected
n Table 2. The lower amount of residue at 800 ◦C for the same
xperimental conditions shows the highest activity of the catalyst
ecause of the maximum deposition of carbon at this tempera-
ure. Not only the temperature, the presence of hydrogen for the
ame temperature also affects the activity of catalyst towards
he highest deposition of carbon resulting into less amount of
esidue. It was found that the degradation profile and the rate of
he oxidation are largely affected by the variation in the type of
ctual metal of the catalyst used.

The TG curves (Fig. 5) for the samples prepared by using
e/Mo/AIP (SET-2) under the same conditions as for the previ-
us catalyst have no similar effect. The samples are symbolized
s 1, 2, 3 and 4 similar to previous reaction conditions for SET-1.

For this catalyst, TG curves (Fig. 5), DTG curves (Fig. 6)
nd the resultant amount of residues (Table 3) show that the
ample prepared at 700 ◦C have good quality and the quantity

f CNTs in presence of hydrogen. But in absence of hydrogen
t this temperature in DTG curve broad hump has been found,
hich has two peaks at around 525 and 576 ◦C, respectively. The

ower To value correspond to the carbon phase having lower
F
o

in the presence of Fe/Co/AIP catalyst/support. (a) Fe/Co/AIP-10/10; C2H2/N2:
n, at 700 ◦C; (c) Fe/Co/AIP-10/10; C2H2/N2: 100/300 ml/min, at 800 ◦C;(d)

hermal stability (defected CNTs or carbonaceous impurities)
ig. 5. TG curves of products obtained by the CVD of the C2H2 in the presence
f Fe/Mo/AIP.
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Thermal investigations from SET-2

Sample code Ti (◦C) To (◦C) Residue (%)

1 486.7 550 14.80
2 475.6 576 12.65
3
4
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ig. 6. DTG curves for of products obtained by the CVD of the C2H2 in the
resence of Fe/Mo/AIP.

bservation by DTG curve. These images show that the CNTs

repared in the presence of hydrogen are clean as compared to
hose in the absence of hydrogen. The SEM image of sample 4
repared at 900 ◦C (Fig. 7d) shows the presence of carbon beads.
lthough the diameter of these carbon beads are much bigger

a
i
o
s

ig. 7. Scanning electron micrographs of product obtained by the CVD of the C2H2 in
00 ◦C; (b) Fe/Mo/AIP-10/10; C2H2/N2/H2: 100/300/100 ml/min, at 700 ◦C; (c) Fe

2H2/N2: 100/300 ml/min, at 900 ◦C.
507.5 560 25.15
470.9 555 39.46

nd not homogenous as compared to previous catalyst. For all
hree samples, respectively, 2, 3 and 4 of SET-2 a broad DTG
eaks are found, indicating the mixing of more than one phase
f carbon as impurities.

The residues for all these four samples of CNTs are presented
n Table 3. For both the type of catalysts, resultant amount of
esidue is found minimum for Fe/Co/AIP catalyst/support sys-
em. Since out of the Fe, Co and Mo transition metals Fe and Co
re the good catalysts for CNTs synthesis in CCVD method [15],
he combined effect of these two transition metals enhance the

ctivity for the carbon deposition of Fe/Co/AIP system resulting
n higher yield of the product. Here in the TG and DTG curves
f all the samples, it has been seen that the samples of SET-1
tarted to oxidize from ∼540 ◦C while for the SET-2 the oxi-

the presence of Fe/Mo/AIP. (a) Fe/Mo/AIP-10/10; C2H2/N2: 100/300 ml/min,at
/Mo/AIP-10/10; C2H2/N2: 100/300 ml/min, at 800 ◦C; (d) Fe/Mo/AIP-10/10;
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Fig. 9. Raman spectrum of CNTs of SET-1 synthesized at different synthesis
temperature.
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of CNTs. The reaction temperature for the CNTs synthesis has
Fig. 8. DTG and TG graphs of graphite.

ation started at 486 ◦C. The sample 3 of the SET-1 and 1 for
ET-2, which are identified as the best samples for synthesized
atalyst from TG and DTG curves and the thermal stability of the
ample 3 of SET-1 is higher (∼620 ◦C) than of the Sample1 of
ET-2 (560 ◦C). It is also found that the oxidation temperature is

ower for the synthesized CNTs as compared to graphite (Fig. 8)
ecause the CNTs have the impurities of the transition metals,
hich catalyses the rate of oxidation of carbon [16], resulting the

ower oxidation temperature as compared to graphite. Presence
f impurities and defects also reduces the oxidation temperature
f CNTs.

Raman spectra of CNTs synthesized in SET-1 and SET-2
xperiments also confirm the influence of growth conditions
n the quality of the deposited carbon products. For the
ulti-walled carbon nanotubes (MWCNTs) Raman spectrum

s dominated by two characteristics peaks around 1350 cm−1,
alled as D band peak associated with the defected CNTs and
round 1580 cm−1 called as G band peak [17]. The G band peak
s originated in plane stretching mode of sp2 hybridized carbon
onding. The D band arises from the defects and disorder in
raphene sheets [17]. The presence of high intensity of the G
and peak provides the evidence of high graphitic order in CNTs.
oth G band and D band are used to determine the structural
uality of the CNTs. Higher the value of the G/D corresponds
o the higher graphitic structure of the CNTs.

The intensity ratio of G:D peaks for the samples: from 1
o 4 synthesized in SET-1 (Fig. 9) are 1.65, 1.58, 2.68 and
.21, respectively. From these data result that CNTs prepared
t 800 ◦C are characterized by the highest G/D value what indi-
ates their good crystalline quality. The results are consistent
ith thermal measurements (TG and DTG of sample 3). Similar
bservation compatible with thermal analysis was registered for
amples prepared in SET-2 experiments. G/D values calculated
rom the Raman spectra (Fig. 10) of samples from 1 to 4 are
.027, 1.011, 1.007 and 1.023, respectively. The sample 1 pre-
ared at 700 ◦C in the presence of H2 has highest the G/D value
ndicating the good crystalline quality of CNTs in this sample.

ence, these Raman Spectra (Figs. 9 and 10) show the effect of

xperimental conditions on crystalline nature of carbon product.
nalyses of above results show that that the CNTs produced by

m
o
l

ig. 10. Raman spectrum of CNTs of SET-2 synthesized at different synthesis
emperature.

e/Co/AIP catalyst at 800 ◦C have good crystallinity among all
ix samples of SET-1 and SET-2.

. Conclusion

Thermal investigations show the effect of experimental con-
itions on the structure and thermal stability of CNTs. The
esults show that the thermal stability of CNTs prepared by
CVD technique is lower than graphite due to the presence
f transition metal as catalytic impurities as well as due to the
resence of defects in CNTs. The TG and DTG analysis evalu-
te the percentage of impurities/residue and the thermal stability
easurable effect on structure and quality of CNTs. The CNTs
btained from the pyrolysis of acetylene over Fe/Co/AIP cata-
yst support system at 800 ◦C has higher thermal stability and
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ess impurities and for the Fe/Co/AIP catalyst support system
NTs synthesized at 700 ◦C in the presence of hydrogen has
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