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a b s t r a c t

The effects of CoOx to MoOx ratio and loading amount of CoOx–MoOx for Al2O3 supported catalysts on
methane decomposition into carbon nanotubes (CNTs) were investigated. The reaction was performed
in a fixed-bed vertical reactor at 700 ◦C. It has been shown that a small amount of molybdenum added
brought about considerable increases in carbon yield. The highest carbon yield was recorded for the
eywords:
arbon nanotubes
ethane decomposition

atalysis
oOx–MoOx/Al2O3

lectron microscopy

catalyst CoOx:MoOx with weight ratio of 8:2. The examination of catalyst activity and carbon morphology
reveals that an increase in the molybdenum content reduced the carbon yield and formed CNTs of smaller
diameter and narrower diameter distribution. The study also shows that CoOx–MoOx loading determines
the yield of carbon and the diameter of CNTs. The yield of carbon reached the maximum at 30 wt% loading,
and subsequent increases in the loading amount decreased the yield. In addition, severe agglomeration
of CoOx–MoOx alloy particles for high loaded CoOx–MoOx-containing catalysts led to the formation of
larger alloy clusters that grew CNTs with comparatively larger diameters.
. Introduction

The intrinsic properties of carbon nanotubes (CNTs) make them
ave potential applications in fields such as quantum wires, field-
ffect transistors, field emitters, diodes, gas sensor, electric power
torage, and conductive polymers [1]. The versatility of CNTs has
ttracted studies not only in growing this structure, but also on
ow to grow CNTs with specific architectures. After the catalytic
rowth of CNTs was first reported by Yacaman et al. in 1993
2], it has been generally accepted that catalytic method holds

ore advantages over other synthesis methods, such as laser abla-
ion or arc-discharge, for large-scale production of CNTs. This
s attributable to catalytic growth which involves simple equip-

ent setup, lower reaction temperature and higher nanotube
ields.

There are many articles which reported the influences of catalyst
omponents on effective cracking of hydrocarbon gases into CNTs
3–6]. The compatibility of the catalyst components in growing
NTs, including the active metal, promoter and support, is indeed

nique. Transition metals, such as Co, Ni or Fe, are commonly used
o catalyze the growth of CNTs in catalytic chemical vapor deposi-
ion. It is well known that catalyst promoters play role in increasing
oth the carbon yield and the selectivity for the formation of the
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specific nanotube morphology, all of which are lacking in individual
metals. Possible promoters, including Fe, Co, Mn, Mg, Al, Ni, Mo, Cu,
Pd, Pt, etc., have been studied in decomposition process for CNTs
production [3,6–14]. In our previous findings, MoOx was found to
be an effective promoter for CoOx used for producing CNTs of bet-
ter morphology and yield [15]. Particularly relevant to the current
work, the significance of Co–Mo catalysts supported on various
oxides for the synthesis of CNTs has also been reported by other
research groups lately [16–22]. Co–Mo catalysts have effectively
been used to grow single-walled carbon nanotubes from carbon
monoxide [20,21] or alcohol [22]. It is known that a promoter can
alter the morphology of active metal to suit the growth of CNTs
or anticipate in enhancing or weakening metal–support interac-
tion of the catalyst system, indirectly participating in the catalytic
growth of CNTs. For this reason, the ratio of active metal to pro-
moter is crucial and it is believed that an optimum ratio will give
the highest rate of CNTs formation [9]. On the other hand, it is also
widely accepted that active metal is the main component of cata-
lyst that controls the diameter of the CNTs and the loading amount
of the metal determines the size distribution of the active metal
[23,24]. Thus, the influence of metal loading on the size of CNTs
is identified as an important parameter to be optimized in CNTs

synthesis.

Our previous studies also divulge that calcination and reduction
temperature for CoOx–MoOx/Al2O3 catalysts has significant effects
on carbon yield, quality and morphology of the CNTs obtained from
methane decomposition and the suitable calcination and reduction

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chrahman@eng.usm.my
dx.doi.org/10.1016/j.jallcom.2009.08.119
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emperatures for the catalysts had been identified and reported
25,26]. In the present work, the influences of MoOx and the load-
ng of CoOx–MoOx on Al2O3 on the morphology of the synthesized
NTs and yield are examined. The characteristics of the catalysts
nd the nanotube products are studied using XRD and TEM. The
referred ratio of MoOx to CoOx and loading amount of CoOx–MoOx

or methane decomposition into CNTs is also reported in this
aper.

. Experimental

The precursors used for preparation of MoOx and CoOx were ammonium molyb-
ate ((NH4)6Mo7O24·4H2O) and cobalt nitrate (Co(NO3)2·6H2O). Al2O3 was used as
support for CoOx–MoOx catalysts. The right amount of metal nitrates was first

issolved in distilled water and then the solution was impregnated onto the Al2O3

owder. The mixture was stirred until it formed a homogeneous paste. The resulting
aste was dried overnight in an oven at 105 ◦C, and calcined at 600 ◦C for 5 h. The cal-
ined catalysts were sieved to a size of 425–600 �m. The catalysts were used without
rior reduction in hydrogen flow. For investigating the effects of MoOx , the ratios of
oOx to MoOx were set at 9:1, 8:2, 7:3, 6:4, 5:5, 4:6 and 2:8 (w/w) and the total metal
xide (CoOx–MoOx) loaded on Al2O3 was fixed at 10 wt%. In this paper, the catalyst
ith ratio CoOx to MoOx of 9:1 is written in the form of 9CoOx–1MoOx/Al2O3. The

mount of catalysts used for each run was 0.2 g and the reaction was carried out
or 90 min. For investigating the effect of CoOx–MoOx loading, the loading amounts
f CoOx–MoOx were varied from 5 to 70 wt%. High loaded CoOx–MoOx-containing
atalysts were extremely active in methane decomposition and it resulted in a high
ate of carbon formation that caused the reactor to clog, thus creating a rapid pres-
ure buildup in the system. To prevent this problem from occurring, the amount of
atalyst used in this section was reduced to 0.1 g. The reaction time was extended
o 180 min after taking into consideration the longer catalytic lifetime of the high
oaded CoOx–MoOx-containing catalysts.

Decomposition of methane over the developed catalytic materials was carried
ut by contacting with a mixture of methane and nitrogen at ratio 1:1 (v/v) at 700 ◦C
n a vertical reactor. During the reaction, a part of the gases in the stream out of the
atalyst bed was sampled out and analyzed by using an online gas chromatography
Hewlett-Packard Series 6890). The amount of carbon deposited was estimated from
he amount of hydrogen produced, by assuming that the reaction proceeds stoichio-

etrically (CH4 → C + 2H2). Carbon yield is defined as the weight of carbon deposited
n the catalysts over the weight of CoOx–MoOx portion in the catalyst. The detailed
xperimental procedures and equipment setup were reported previously [25–27].
he carbons deposited on the catalysts were analyzed using transmission electron
icroscope (TEM) (Philips CM12) and field emission scanning electron microscope

FESEM) (LEO Supra 50 VP). The outer diameters of the produced CNTs were mea-
ured from the respective TEM images. More than 100 CNTs per sample were taken
nto account for measuring their outer diameters. XRD patterns of the fresh cata-
ysts were measured by Siemens D-5000 diffractometer, using Cu K� radiation and
graphite secondary beam monochromator. Intensity was measured by step scan-
ing in the 2� range of 10–90◦ with a step of 0.02◦ and a measuring time of 2 s per
oint.

. Results and discussion

.1. Effect of CoOx to MoOx ratio

Fig. 1 illustrates carbon yields of CoOx–MoOx/Al2O3 catalyst
ith different CoOx to MoOx ratio in methane decomposition at

00 ◦C. From the figure, it can be seen that a small amount of molyb-
enum species added to CoOx/Al2O3 catalyst increased the yield of
arbon. It was found that when the ratios of CoOx to MoOx were 9:1,
:2, 7:3, 6:4 and 5:5 (w/w), the carbon yields obtained were higher
han those of CoOx/Al2O3 catalyst (written as CoOx:MoOx = 10:0 in
he paper). The maximum carbon yield, being 281%, was obtained
ver CoOx–MoOx/Al2O3 catalyst with ratio 8:2 (w/w). Loading of an
xcessive amount of MoOx decreased the yield of carbon. The cata-
yst with CoOx to MoOx ratio of 2:8 (w/w) was completely inactive
or decomposing methane. This is expected because molybdenum
s catalytically inactive in CNTs formation [28].

Fig. 2 (Left) shows the diameter distributions and (right) the

EM images of CNTs grown on CoOx–MoOx/Al2O3 catalysts with
ifferent CoOx to MoOx ratio. The TEM analysis discloses that the
orphology of CNTs grown on 9CoOx–1MoOx/Al2O3 catalyst was

lmost similar to that of CNTs grown on 8CoOx–2MoOx/Al2O3 cat-
lyst. Detailed examination of the CNTs revealed that a further
Fig. 1. Carbon yields in methane decomposition over CoOx–MoOx/Al2O3 catalysts
with different weight ratios of CoOx to MoOx at 700 ◦C.

increase in the MoOx content apparently led to the formation of
CNTs with a certain level of wavy structure. In this case, an excessive
amount of MoOx loaded had probably altered the growth direc-
tion of CNTs at times, resulting in the formation of the wavy wall
structure as observed in this study. An examination of the diam-
eter distribution indicated that CNTs grown on CoOx–MoOx/Al2O3
catalysts with ratios of CoOx to MoOx set at 9:1, 8:2, 7:3, 6:4 and
4:6 (w/w) had the diameters of 11.3 ± 3.4, 10.6 ± 3.3, 10.7 ± 3.5,
9.4 ± 3.5 and 7.2 ± 3.1 nm (average ± standard deviation), respec-
tively. An increase in the MoOx content formed CNTs with smaller
diameter. Interestingly, the standard deviations of the above-
mentioned CNTs were not much varied except for those grown on
the catalyst with CoOx to MoOx ratio of 4:6 (w/w) which possessed
slightly smaller standard deviation.

The XRD patterns of catalyst with different CoOx to MoOx ratios
are shown in Fig. 3. The representative peaks for Co3O4, CoMoO4,
Al2O3 and MoO3 are denoted in the XRD spectra. Apparently, no
obvious diffraction peak for MoO3 was found in Fig. 3a. This phe-
nomenon arose either because the MoO3 was well dispersed in the
bulk of CoOx/Al2O3 or the MoO3 amount was too minimal to be
detected by the XRD. When the ratios of CoOx:MoOx were reduced
to 6:4, 4:6 and 2:8 (w/w), the diffraction lines at 2� = 25.8◦ and 29.2◦

which are due to MoO3 were significant (Fig. 3b–d). As we know,
cobalt species is an active catalyst component and molybdenum
serves as a promoter for the catalyst. Thus, decreasing the amount
of CoOx and increasing the loading of MoOx reduced the yield of
carbon. It is important to point out that the diffraction peaks for
CoMoO4 were also noted for the MoOx-promoted catalyst samples.
According to Hu et al., the presence of CoMoO4 is important as it sta-
bilizes the cobalt species from severe agglomeration to form larger
clusters of inconsistent sizes [29]. It is evident that adding MoOx

enhanced the formation of CNTs with more uniform diameter. It
was also reported that unassociated Co3O4 phase or unpromoted
Co3O4 would be easily reduced to metallic Co that would sinter to
a larger size in the growth conditions [30]. It is well documented
that CNTs could not be grown from very large sized metal parti-
cles [31,32]. Thus, this might be the cause for the carbon yields
of MoOx-promoted catalysts to be generally higher than those of
CoOx/Al2O3 catalyst. However, a large amount of CoMoO4 formed
as in 2CoOx–8MoOx/Al2O3 did not contribute to methane decom-

position as it can be noted that the catalyst was completely inactive
in the reaction.

The surface structural model for CoOx/Al2O3 and
CoOx–MoOx/Al2O3 catalysts with different MoOx loadings were



296 S.-P. Chai et al. / Journal of Alloys and Compounds 488 (2009) 294–299

Fig. 2. (Left) Histograms of diameter distributions and (right) TEM images of CNTs
produced on CoOx–MoOx/Al2O3 catalysts with weight ratios of CoOx to MoOx set at
(a) 9:1 (w/w), (b) 8:2 (w/w), (c) 7:3 (w/w), (d) 6:4 (w/w) and (e) 4:6 (w/w).
Fig. 3. XRD patterns of CoOx–MoOx/Al2O3 catalysts with weight ratios of CoOx to
MoOx set at (a) 8:2 (w/w), (b) 6:4 (w/w), (c) 4:6 (w/w) and (d) 2:8 (w/w). (♦) Co3O4,
(©) Al2O3, (�) CoMoO4, (�) MoO3.

conjectured based on the findings obtained in this study and the
models reported elsewhere [29,33]. The scheme for the proposed
model is presented in Fig. 4. By comparing Fig. 4a and b, it is
noted that cobalt species for MoOx-free catalyst had various sizes,
whereas MoOx-promoted catalyst possessed more uniform sized
Co3O4 due to the formation of CoMoO4 in preventing the agglomer-
ation of the cobalt particles. This is the reason why MoOx-promoted
CoOx/Al2O3 catalyst grew more uniform diameter CNTs as shown
in the TEM images. An increase in MoOx loading increased the
amount of CoMoO4 generated, as shown in Fig. 4c. The formation of
larger sized CoMoO4 crystallites could restrict and reduce the size
of Co3O4 crystallites. Thus, as can be observed in the TEM images,
CNTs of smaller diameter were grown on the catalyst with higher
MoOx content. Unassociated MoO3 crystallites were prevalent as
shown in Fig. 4c. Fig. 4d illustrates the surface condition of high
loaded MoOx catalyst. Large amounts of unassociated MoO3 and
CoMoO4 crystallites were seen and only minimal Co3O4 could be
traced on the surface of the catalyst. This is conjectured based
on the XRD results, showing significant peaks for both MoO3 and
CoMoO4 crystallites and a reduced peak of Co3O4 crystallites for

2CoOx–8MoOx/Al2O3 catalyst (Fig. 4d). As mentioned earlier, MoOx

is catalytically inactive; therefore, high loaded MoOx catalyst had
reduced activity in methane decomposition.

Fig. 4. Scheme illustrating the surface structural model proposed for (a) CoOx/Al2O3

and (b–d) CoOx–MoOx/Al2O3 with increasing loadings of MoOx .
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Fig. 6. (Left) Histograms of diameter distributions of CNTs and (right) TEM images
of CNTs grown on 8CoOx–2MoOx/Al2O3 catalysts with 8CoOx–2MoOx loadings of (a)
ig. 5. Carbon yields in methane decomposition over 8CoOx–2MoOx/Al2O3 catalyst
ith different loadings of 8CoOx–2MoOx at 700 ◦C.

.2. Effect of CoOx–MoOx loading amount

As a consequence of the highest carbon yield was obtained for
he catalyst with CoOx to MoOx ratio of 8:2 (w/w), investigations
n the effect of CoOx–MoOx loading on alumina with respect to
arbon yield and the morphology of CNTs were carried out for
CoOx–2MoOx/Al2O3 catalyst. Fig. 5 shows the carbon yields of
atalysts with different loadings of 8CoOx–2MoOx from methane
ecomposition at 700 ◦C. Obviously, carbon yields increased
emarkably with an increase in the loadings of 8CoOx–2MoOx from
to 30 wt%. The yield reached a maximum of 686% at 30 wt%. This

s explicable because more active sites for the reaction were pro-
ided by a catalyst with increasing amount of active component.
owever, further increase in the loadings of 8CoOx–2MoOx from
0 to 70 wt% resulted in decreasing yield of carbon.

Fig. 6 (Left) shows diameter distribution histograms and (right)
EM images of the produced CNTs. Apparently, as the metal oxide
oading increased, the grown CNTs possessed larger diameters, as

arked with arrows in Fig. 6. From the aspect of diameter dis-
ribution, the catalysts that were loaded with 5 and 10 wt% of
CoOx–2MoOx grew CNTs with comparatively narrower diameter
istributions, i.e. 6.6 ± 2.8 nm (Fig. 6a) and 10.6 ± 3.3 nm (Fig. 6b),
espectively. The average diameter of CNTs produced on the cata-
yst with 5 wt% loading was obviously smaller than that produced
n 10 wt% loading. The catalyst with 20 wt% loading saw the growth
f CNTs with much larger diameter and wider diameter distribu-
ion (13.1 ± 8.1 nm), as shown in Fig. 6b. CNTs with diameters larger
han 40 nm were also found on the said catalyst. Fig. 6c demon-
trates that the average diameter and standard deviation of the
NTs formed on the catalyst with 30 wt% loading of 8CoOx–2MoOx

ere 17.9 and 13.9 nm, respectively. An increase in 8CoOx–2MoOx

oading to 50 wt% led to the formation of CNTs with comparatively
arger diameter and wider distribution, i.e. 21.0 ± 19.3 nm (Fig. 6d).
ome of the CNTs were found with diameters larger than 100 nm.
ig. 6e shows the diameter distribution and TEM image of CNTs
ormed on the catalyst loaded with 70 wt% of 8CoOx–2MoOx. It
as observed that the formed CNTs had diameters ranging from
to 114 nm with an average diameter of 24.0 nm and standard

eviation of 21.4 nm. An obvious trend was observed when exam-

ning the diameter distribution of the grown CNTs with respect to
he metal oxide loadings. It shows that an increase in the loading
esulted in the growth of CNTs with increasing average diameter
nd diameter distribution. Although 30 wt% loading gave the high-

5 wt%, (b) 20 wt%, (c) 30 wt%, (d) 50 wt% and (e) 70 wt%.
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Table 1
The average sizes of cobalt oxide crystallites for different loadings of 8CoOx–2MoOx .

Sample 8CoOx–2MoOx (wt%) Average Co3O4 crystallite size (nm)

1 5 4.7
2 10 6.3
3 30 17.7
ig. 7. (a) Low-magnified and (b) high-magnified SEM images of CNTs grown on
CoOx–2MoOx/Al2O3 catalyst with 30 wt% of 8CoOx–2MoOx .

st yield of carbon, the 5 wt% loading grew CNTs of the narrowest

iameter distribution. Fig. 7 shows the low-magnified and high-
agnified SEM images of the CNTs grown on the catalyst loaded
ith 30 wt% of 8CoOx–2MoOx.

The XRD patterns of 8CoOx–2MoOx/Al2O3 catalyst with differ-
nt loadings are shown in Fig. 8. Characteristic peaks of Co3O4,

ig. 8. XRD patterns of 8CoOx–2MoOx/Al2O3 catalysts with 8CoOx–2MoOx loadings
f (a) 5 wt%, (b) 10 wt%, (c) 30 wt%, (d) 50 wt% and (e) 70 wt%, respectively. (♦) Co3O4,
©) Al2O3, (�) CoMoO4, (�) MoO3.
4 50 23.8
5 70 26.2

CoMoO4 and Al2O3 are indicated in the diffractograms. In Fig. 8a
and b, the broad peak of Co3O4 at 2� = 36.8◦ revealed that smaller
sized Co3O4 crystallites were formed on Al2O3 support for the cat-
alyst with 5 and 10 wt% of 8CoOx–2MoOx loading. It is markedly
noted that the intensity of peak at 36.8◦ was greater and the
width of the peak became narrower with the increase in the
8CoOx–2MoOx loading (Fig. 8c–e). This is due to the fact that larger
sized Co3O4 crystallites were formed on the Al2O3 support for
high loaded 8CoOx–2MoOx-containing catalyst. The average sizes
of Co3O4 crystallites as estimated from peak 2� = 36.8◦ using Scher-
rer’s equation are tabulated in Table 1. It can be seen that the size
of the Co3O4 crystallites increased with the increasing loading of
8CoOx–2MoOx. It is speculated that as the loadings were increased,
some of the 8CoOx–2MoOx crystallites might have agglomerated
with the adjacent crystallites, forming 8CoOx–2MoOx alloys which
more of inconsistent sizes but comparatively larger than those of
the catalyst with small metal oxide loading. The formation of these
clusters could lead to the growth of CNTs of larger diameter and
wider diameter distribution. Moreover, it was mentioned earlier
that CNTs could not be grown from very large sized metal particles
[31,32]. Thus, it is strongly believed that the failure in the forma-
tion of CNTs on the catalyst with larger alloy clusters for high loaded
CoOx–MoOx-containing catalysts contributed to the increase in the
surface carbon deposition, leading to encapsulation of the active
sites by the deposited surface carbon, thus deactivating the catalyst.
This explains well the decreasing trend of carbon yields observed
for the catalysts of more than 30 wt% loadings.

4. Conclusions

The role of molybdenum in bimetallic CoOx–MoOx/Al2O3 cata-
lyst is of importance as it assisted in increasing the yield of CNTs
and growing CNTs with more uniform diameter. The findings show
that an increase in MoOx content grew smaller diameter CNTs,
resulting from the restriction of CoMoO4 on the size of Co3O4 crys-
tallites. A further increase in MoOx loading reduced the carbon yield
due to the substitution of active cobalt by inactive molybdenum.
The optimum ratio of CoOx to MoOx was found to be 8:2 (w/w), a
ratio that produced higher yield. The findings also reveal that MoOx

was an effective promoter for CoOx/Al2O3 catalyst only when the
amount added was small and adding an excessive amount of MoOx

is not encouraged as it brought about reduced catalytic activity and
lowered carbon yield. The performance of the catalyst in methane
decomposition into CNTs depended highly on the loading amount
of CoOx–MoOx, suggesting that the growth of CNTs could be related
to the particle size of the alloys. In addition, the size of the parti-
cles determines the diameter of the nanotubes as it can be seen
that the catalyst loaded with high content of CoOx–MoOx grew
CNTs of larger diameter. The total metal oxide loading at 30 wt%

on alumina support gave the highest yield of carbon. Subsequent
increases the loading reduced the yield. It is reasonable to speculate
that the alloy particles of high loaded CoOx–MoOx-containing cat-
alysts can easily agglomerate to form larger clusters which are not
suitable for growing CNTs, thus causing an increase in the surface
carbon accumulation and eventually deactivating the catalyst.
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