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a  b  s  t  r  a  c  t

LaNiO3 perovskite  has  been  successfully  used  as  a  crystalline  catalyst  precursor  for  the  rapid  decompo-
sition  of  methane  into  carbon  nanotubes  (CNTs)  and  COx-free  H2. The  advantages  of  LaNiO3 perovskite,
when  compared  with  Ni-supported  La2O3 catalyst,  are  as  follows:  (1)  its  ability  to  perform  at  higher  reac-
tion temperature  to  achieve  higher  CH4 conversion,  ∼90% CH4 conversion  at  800 ◦C  vs.  only  55%  at  650 ◦C
for  NiO/La2O3 catalyst;  (2)  no  significant  deactivation  of  LaNiO3 catalyst;  and  (3)  its ability  to  maintain
catalytic  activity  for  a long  reaction  time  due  to  its  ability  to  form  CNTs  even  at  high  reaction  tempera-

◦

apid decomposition of methane
aNiO3 perovskite
ydrogen production
arbon nanotube
ncapsulating carbon
apid deactivation

ture,  while  Ni-supported  La2O3 catalyst  mostly  started  forming  encapsulating  carbon  species  at  650 C
which caused  rapid  deactivation  of catalyst.  CNTs  obtained  from  LaNiO3 perovskite  have  highly  uniform
diameter  of  24  nm,  which  is  the  same  size  as  Ni0 particles  after  the  reduction  of  LaNiO3 perovskite  cata-
lyst.  Moreover,  the presence  of  H2 (10  vol%)  in  the  feed  stream  not  only  reduces  the  deactivation  rate  of
LaNiO3 perovskite  catalyst  at high  reaction  temperature,  but  also  eliminates  amorphous  carbon  on the
surface  of  CNTs  and improves  the  ordered  graphitic  structure  of  CNTs.
. Introduction

Hydrogen (H2) is an attractive alternative fuel source since it is
n ultra-clean energy and water is the only emission product from
ts combustion. Currently, there are several catalytic processes for
he production of H2 from methane:

Steam reforming [1]:  CH4 + H2O ↔ 3H2 + CO (�H298 =
+206 kJ mol−1)
Dry reforming [2]:  CH4 + CO2 ↔ 2H2 + 2CO (�H298 =
+247 kJ mol−1)
Partial oxidation of methane [3]:  CH4 + (1/2)O2 ↔ 2H2 + CO
(�H298 = −8.5 kJ mol−1)

However, these processes produce H2 in the form of synthesis
as (mixture of H2 and CO) with small amount of CO2. Therefore, the
dditional downstream processes such as water-gas shift reaction
CO + H2O ↔ H2 + CO2), CO2 removal as well as separation process
re thus required to minimize the amount of COx-species in the
urified H2, due to the greenhouse effect of CO2 and CO poisoning

f Pt-catalyst in the fuel cell application.

From these facts, catalytic decomposition of methane (CDM,
H4 → 2H2 + C) can be considered as the alternative route of
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COx-free H2 production. In this CDM reaction, methane is decom-
posed only to H2 and solid carbon, thereby eliminating the
requirement of the additional downstream processes. This solid
carbon can also be produced in a highly valuable form of carbon
nanotubes (CNTs) which have been studied for many applications
ever since it has been found by Iijima [4],  such as hydrogen storage,
electronic components, polymer additives, catalyst support or
direct catalyst [5–8]. The mechanism of the formation of CNTs
during CDM reaction, which has been intensively studied in
the past [9,10],  has been proposed as follows: (1) methane is
decomposed on the front surface of metal particle followed by the
dissolution of carbon atoms; (2) dissolved carbon atoms diffuse
through metal particle; and (3) finally, the dissolved carbon atoms
precipitate in the form of graphite at the rear of metal particle,
consequently detaching the metal particle from the support and
forming CNT with the exposed metal particle at its tip. According to
this mechanism known as tip-growth mechanism, metal particle
at the tip is always clean enough to react with methane, thus
allowing catalysts to maintain their activities in spite of increasing
concentration of carbon deposited on the catalysts.

Catalysts being studied in this process mainly consist of transi-
tion metals such as Ni, Co, and Fe [11–13].  Ni-based catalysts are
known to be the most effective due to its high activity for reforming

methane and its ability to form CNTs at moderate temperature
[14]. The reported operating temperatures for Ni-supported
catalysts ranged from 500 to 900 ◦C with the maximum methane
conversion of 67% at 700 ◦C [15,16]. Although the Ni-supported

dx.doi.org/10.1016/j.cattod.2011.03.080
http://www.sciencedirect.com/science/journal/09205861
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atalysts exhibited high activities at moderate reaction tem-
erature (500–700 ◦C), but their activities at higher reaction
emperatures rapidly decreased. This is mainly due to the for-

ation of large agglomerated Ni0 particles on supports at such
igh temperatures, which would prefer to form encapsulating
arbon instead of CNTs on the catalyst surface. It is thus desirable
o develop catalysts with appropriate and uniformed particle size
hich can be performed at high reaction temperatures to achieve
igh methane conversion (or high H2 purity), and at the same time
o be able to form CNTs during reaction in order to maintain the
atalytic activity for a long period of reaction time.

Perovskite and perovskite-like oxides have been extensively
eveloped as catalyst precursors for many reactions, such as NH3
xidation, reforming of methane, and production of CNTs from CVD
eaction [17–20].  The main advantage of using either perovskite or
erovskite-like oxide as catalyst precursor is the formation of very
mall and uniformed particle size catalyst which can provide an
xcellent catalytic performance. In the case of LaNiO3 perovskite,
he reducible element (Ni3+) in the perovskite structure can easily
e reduced to metallic Ni0 dispersed on La2O3 under appropriate
2 reduction condition.

In this work, LaNiO3 perovskite was used as a catalyst pre-
ursor for co-production of CNTs and COx-free H2 from the rapid
ecomposition of methane. The ability of LaNiO3 perovskite was

nvestigated to perform at high reaction temperature (up to 800 ◦C)
n order to achieve the higher CH4 conversion with a much longer
eriod of catalytic life, as well as its ability to form CNTs during
he reaction at such high reaction temperatures. Moreover, the
ffect of H2 presence in the feed stream on the catalytic perfor-
ance of LaNiO3 perovskite as well as the ordered structure of

btained CNTs was also investigated.

. Experimental

.1. Catalyst preparation

LaNiO3 perovskite catalysts were prepared from the cit-
ate sol–gel method. La(NO3)3·6H2O (Sigma–Aldrich) and
i(NO3)3·6H2O (Stem Chemicals) as the metal precursors were
eighted in the appropriated amount and dissolved in the distilled
ater. Citric acid (Sigma–Aldrich) as a chelating agent was then

dded to the aqueous solution of metal nitrates at 1:1 molar ratio
f total cations (La3+ and Ni3+) to citric acid. The resulting solution
as continually stirred at 55 ◦C for 6 h until the greenish gel was

btained. This gel was then dried at 100 ◦C for 24 h. The obtained
olid precursor was milled and finally decomposed in air at 400 ◦C
or 1 h using a heating rate of 2 ◦C/min and subsequently calcined
n air at 850 ◦C for 6 h using a heating rate of 2 ◦C/min.

NiO/La2O3 as a reference supported catalysts, containing the
ame Ni amount as LaNiO3 perovskite catalysts (i.e. 24 wt%), were
repared by the wet impregnation method. Ni(NO3)3·6H2O was
eighted and dissolved in the distilled water. After the complete
issolution, the appropriate amount of La2O3 (Sigma–Aldrich) was
dded under continuous stirring. The resulting solution was then
eated up to 70 ◦C to evaporate water. The residue was  dried at
00 ◦C for 24 h and subsequently, calcined in air at 850 ◦C for 6 h by
eating rate of 2 ◦C/min.

.2. Catalytic activity testing

The catalytic decomposition of methane (CDM) was  performed

n a fixed-bed plug flow reactor. All catalysts were placed in the con-
tant temperature zone of a horizontal quartz tube reactor (inner
iameter of 4 mm,  outer diameter of 6 mm,  and length 60 cm).
efore the reaction was performed, the catalyst precursor was
oday 171 (2011) 24– 35 25

reduced under a hydrogen atmosphere (flow rate of 20 ml/min) at
600 ◦C for 1 h. After the reduction, the catalytic decomposition of
methane was  conducted at three different reaction temperatures,
i.e., 600 ◦C, 700 ◦C, and 800 ◦C, in the undiluted methane (99.5%
purity) at a flow rate of 20 ml/min. The composition of the gaseous
product from the reactor was  continually analyzed by the online gas
chromatography (GC, HP6890) using a packed column (CarboxenTM

1000, 60/80 mesh sizes and 0.5 g/ft packing density) and a thermal
conductivity detector (TCD). The carbon solid was also collected
and characterized after the reaction.

2.3. Characterizations

Structure of catalysts was characterized by powder X-ray
diffraction using SHIMADZU XRD-600 diffractometer with Cu K�

radiation (� = 0.154 nm), operated at 40 kV and 30 mA. The data was
collected at 0.02◦ with a counting time of 5 s per step, in the 2� range
of 20–80◦.

Reduction behavior of the fresh catalysts was studied
by H2-Temperature Programmed Reduction (H2-TPR) using a
ChemBETTM3000. A 50 mg  of catalyst was  placed in the U-shaped
quartz tube. The sample was  first degassed at 150 ◦C for 3 h with
the helium flow rate of 50 ml/min and then cooled down to room
temperature under the flow of helium. Reduction profiles were
recorded using 5 vol% hydrogen in nitrogen, with heating rate of
10 ◦C/min, from room temperature to 800 ◦C. Hydrogen consump-
tion was obtained from the integrated peak area of the reduction
profiles relative to the calibration curve.

The presence of lattice oxygen in the reduced catalyst pre-
cursors was studied by O2-Temperature Programmed Desorption
(O2-TPD) using a ChemBETTM3000. A 100 mg  of catalyst was placed
in the U-shaped quartz tube. The sample was first reduced under
a hydrogen atmosphere (flow rate of 20 ml/min) at 600 ◦C for
1 h and then cooled down to room temperature under the flow
of helium. The O2-TPD profiles were recorded under the flow of
helium (20 ml/min), with heating rate of 10 ◦C/min, from room
temperature to 950 ◦C.

Morphology of the fresh and the spent catalyst precursors
were investigated by Scanning Electron Microscopy (SEM, JEOL
2872), carried out using an electron beam of 15 kV with magni-
fications in the range of 2000–5000×.  The structural properties of
the obtained CNTs were further investigated by Transmission Elec-
tron Microscopy (TEM, JEOL JEM-2010). The specimens for TEM
were prepared by dispersing the samples in ethanol. The result-
ing mixture was  ultrasonicated for 30 s to obtain a homogeneous
dispersion after which a droplet of this dispersion was  applied on a
carbon coated copper grid, followed by drying at 60 ◦C for 15 min.
The microscope was  then operated at an acceleration voltage of
100–150 kV, with magnifications in the range of 10,000–100,000×.

3. Results and discussion

3.1. Catalyst characterizations

3.1.1. X-ray diffraction analysis
Fig. 1 shows the XRD patterns of fresh, reduced, and used LaNiO3

perovskite catalyst precursors. Only the characteristic diffraction
peaks of perovskite-type structure with a rhombohedral symme-
try are observed in the fresh LaNiO3 perovskite catalyst calcined
under air at 800 ◦C for 7 h. However, the NiO phase as the impurity
phase can also be detected when the precursor of LaNiO3 per-

ovskite was calcined at the lower temperatures (600 and 700 ◦C).
This result indicates that the highly crystalline and well-defined
LaNiO3 perovskite precursor without the impurity phase of NiO
can be obtained after the calcination under air at 800 ◦C for 7 h.
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Fig. 1. XRD patterns of the fresh, reduced, and used LaNiO3 perovskite cat

Fig. 2 shows the XRD patterns of fresh, reduced, and used
iO/La2O3 catalysts. The main characteristic diffraction peaks of

he NiO and La2O3 phases are observed in the fresh NiO/La2O3 cata-
yst calcined under air at 600 ◦C for 7 h. In addition to the dominant
iO and La2O3 phases, the LaNiO3 perovskite phase can also be
etected when the precursor of NiO/La2O3 catalyst was calcined at
igher temperatures (700 and 800 ◦C). These results indicate that
he solid-state reaction between NiO and surface layer of La2O3
ccurs during the calcination under air at high temperature, yield-
ng LaNiO3 perovskite as the minor impurity phase.

After the reduction in the H2 atmosphere at 600 ◦C for 1 h,
he characteristic diffraction peaks attributed to the rhombohedral
tructure of LaNiO3 perovskite disappear. On the other hand, the
haracteristic diffraction peaks of La2O3 and metallic Ni0 (2�  = 45◦,
2◦, and 76.5◦) appear (Fig. 1(d)). The formation of metallic Ni0

s also observed in the NiO/La2O3 catalyst after the reduction in
he same condition (Fig. 2(d)). Therefore, it can be concluded that
hatever the starting catalysts, their starting structures completely

ollapse and, consequently form the metallic Ni0 particles dis-
ersed on La2O3 under the reduction in the H2 atmosphere.
.1.2. The reduction behaviors of catalysts
Fig. 3 shows the reduction behaviors of LaNiO3 perovskite and

iO/La2O3 catalyst precursors as observed during H2-TPR analysis.
((P) LaNiO3 perovskite, (*) NiO, (♦) metallic Ni0, ( ) La2O3, (�) Graphite).

The H2-TPR profile of NiO/La2O3 (Fig. 3(a)) shows one main tran-
sition peak at a temperature range between 300 and 500 ◦C. This
peak is attributed to the reduction of the amorphous NiO phase to
the metallic Ni0 particle [21]:

NiO/La2O3 + H2 → Ni0 + La2O3 + H2O

Besides the main peak, a very weak and broad shoulder peak
is also observed at the higher temperature (around 600 ◦C). This
peak can be assigned to the reduction of LaNiO3 perovskite, con-
firming the formation of trace amount of perovskite phase at high
calcination temperature as similarly observed by XRD.

As for the LaNiO3 perovskite, Fig. 3(b) shows two  main peaks
at temperature ranges of 300–450 ◦C and 500–600 ◦C, respectively.
The presence of these two  phase transition peaks of LaNiO3 per-
ovskite during the reduction is consistent with the literature result
[22], and has been proposed to proceed by the following two phase
transition schemes:

2LaNiO3 + H2 → La2Ni2O5 + H2O
La2Ni2O5 + 2H2 → 2Ni0 + La2O3 2H2O

The first transition peak can be assigned to the reduction of Ni3+

in the LaNiO3 phase to Ni2+ in the La2Ni2O5 intermediate phase.
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Fig. 2. XRD patterns of the fresh, reduced, and used NiO/La2O3 catalyst. ((P)
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Fig. 3. H2-TPR profiles of (a) NiO/La2O3 and (b) LaNiO3 perovskite.
 LaNiO3 perovskite, (*) NiO, (♦) metallic Ni0, ( ) La2O3, (�) Graphite).

The second transition peak at higher temperature can be assigned
to the reduction of Ni2+ to the metallic Ni0 particles dispersed
on La2O3. Moreover, the ratio of the area representing H2 con-
sumption under these two  transition peaks is estimated to be 1:2,
which corresponds well to the above phase transition schemes.
From this H2-TPR result, it can be concluded that LaNiO3 perovskite
has lower reducibility when compared to NiO/La2O3, revealing the
stronger interaction between nickel atom and lanthanum oxide in
the framework of perovskite structure. This stronger interaction
between nickel atom and lanthanum oxide hinders the thermal
agglomeration of the metallic Ni0 particles. Therefore, during the
reduction in the H2 atmosphere, nickel atoms emerge from the
framework of perovskite and consequently form highly dispersed
metallic Ni0 particles on La2O3. On the contrary, NiO weakly inter-
act with La2O3 in the NiO/La2O3, causing the metallic Ni0 particles
easily susceptible to the thermal agglomeration at high tempera-
tures.

Fig. 4 shows the TEM images characterizing the metallic

Ni0 particles formed on these two  catalyst precursors. The Ni0

particles obtained from the reduction of NiO/La2O3 have less
uniform and larger particle size (40.78 ± 12.53 nm) than the
Ni0 particles obtained from the reduction of LaNiO3 perovskite
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phase which was incompletely reduced prior to the reaction. The
remaining LaNiO3 perovskite phase could be further reduced by

0

1

2

3

4

5

6

150 250 350 450 550 650 750 850 950

O
2

ev
ol

ut
io

n 
(a

.u
.) (a) 

(b) 
Fig. 4. TEM images and Ni0 particle size distribution of (a) NiO/La2O3 and (b) La

24.00 ± 3.35 nm). These results suggest that the strong interaction
etween nickel atom and lanthanum oxide in the framework of
erovskite can prevent the thermal agglomeration of Ni particles
nd promote the well dispersion of Ni particles on La2O3 after the
eduction; this observation is in good agreement with the literature
esult which reports the advantages of using highly dispersed Ni0

articles prepared from LaNiO3 perovskite as a catalyst precursor
or production of uniformed CNTs [11].

.2. Catalytic activity for catalytic decomposition of methane

Catalytic decomposition of methane (CDM), which is a mildly
ndothermic reaction [23], was performed over LaNiO3 perovskite
nd NiO/La2O3 as a reference catalyst in a fixed-bed plug flow reac-
or at different temperatures. Theoretically, the deposited carbon
C) and hydrogen (H2) should be the only two products from this
DM reaction:

H4 → C + 2H2 �H = +74.5 kJ mol−1

owever, less than 0.2 vol% of carbon monoxide (CO) in the gaseous
ffluent was also observed only at the beginning of the reaction. The
ormation of this traceable amount of CO during the CDM reaction
ith no oxygen in the feed stream is due to the reaction between
arbon atoms and lattice oxygen of La2O3 support [24,25] as shown
n Fig. 8(C). The presence of lattice oxygen (O2−) can be observed at
50 ◦C from the O2-TPD profiles of the reduced LaNiO3 perovskite
nd NiO/La2O3 catalyst precursors as shown in Fig. 5.
perovskite after reduction at 600 ◦C for 1 h (dark spot represents Ni0 particles).

Fig. 6 shows the catalytic performances of LaNiO3 perovskite and
NiO/La2O3 catalyst precursors at different reaction temperatures.
The catalytic behaviors of LaNiO3 perovskite in the CDM reaction
(Fig. 6(a)) are slightly different from those of NiO/La2O3 at the
Temperature  (°C)

Fig. 5. O2-TPD profiles of (a) NiO/La2O3 and (b) LaNiO3 perovskite after reduction
under H2 at 600 ◦C for 1 h.
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ig. 6. Time on stream (TOS) vs. % CH4 conversion over (a) LaNiO3 per-
vskite and (b) NiO/La2O3 catalyst precursors at different reaction temperatures.
GHSV = 12,000 h−1).

2 produced from the CDM reaction. Therefore, the catalytic activ-
ty of LaNiO3 perovskite gradually increased at the initial stage of
eaction to the maximum when the LaNiO3 perovskite phase was
ompletely reduced to metallic nickel and La2O3. Subsequently the
atalytic activity slightly decreased due to the formation of carbon
eposits on the metallic nickel. On the other hand, Fig. 6(b) shows
hat the NiO/La2O3 catalyst precursor exhibited the maximum cat-
lytic activities at the beginning of reaction due to the NiO phase
hich had been completely reduced prior to the reaction.

At 600 ◦C and 650 ◦C, both catalysts show the maximum CH4
onversion of about 42% and 60%, respectively. The catalytic activi-
ies remain almost constant over the period of 5 h. Upon increasing
he reaction temperatures, the maximum CH4 conversion over
aNiO3 perovskite catalyst reaches 65% at 700 ◦C, 80% at 750 ◦C,
nd 92% at 800 ◦C. After reaching the maximum CH4 conversion, the
ctivity of LaNiO3 perovskite catalyst slightly decreases with time.
imilar to LaNiO3 perovskite catalyst, the increase of CH4 conver-
ion with reaction temperature is also observed with the NiO/La2O3
atalyst due to the characteristic of endothermic reaction. However,
iO/La2O3 catalyst deactivated much faster than LaNiO3 perovskite
atalyst at high reaction temperatures. For instance, NiO/La2O3 cat-
lyst completely deactivated within 2 h, whereas LaNiO3 perovskite
s still highly active over the period of reaction (5 h) at 800 ◦C. These
esults show the advantage of LaNiO3 perovskite over NiO/La2O3
atalyst, whereby LaNiO3 perovskite could be able to perform at
igher reaction temperature to achieve higher CH4 conversion.
Fig. 7 shows the SEM images of carbon deposits on the
sed LaNiO3 perovskite and NiO/La2O3 catalysts performed under
DM reaction at different temperatures. At low temperatures
600–700 ◦C), the used LaNiO3 perovskite is completely covered by
oday 171 (2011) 24– 35 29

carbon filaments with highly uniform diameter. Besides the car-
bon filaments, small amount of carbon deposits with globular-like
structure are also observed on the used LaNiO3 perovskite catalyst
performed at higher temperature of 800 ◦C. Similarly, carbon fila-
ments are also observed on the used NiO/La2O3 catalysts at 600 ◦C,
but their diameters are large and not as uniform as those formed on
the used LaNiO3 perovskite catalyst. Moreover, a large amount of
globular carbon start to be observed on the used NiO/La2O3 catalyst
performed at the reaction temperature higher than 600 ◦C. These
results reveal that the formation of carbon filaments allow both
catalysts to maintain their activity for methane decomposition, in
spite of the increasing concentration of carbon deposited on the
catalysts [9,10].  According to the mechanism of the formation of
carbon filaments during CDM reaction, the Ni0 particle at the tip
of CNT is always clean enough to react with methane, thus leading
to the continual catalytic process without catalytic deactivation.
However, only the Ni0 particles with diameter of 10–50 nm are
able to form carbon filaments at moderate temperature [26]. There-
fore, the large agglomerated Ni0 particles (over 100 nm), which
are formed after the H2 reduction of NiO/La2O3 catalyst, are diffi-
cult to form carbon filaments, hence causing the rapid deactivation
of NiO/La2O3 catalyst. On the other hand, the small Ni0 particles
(20–30 nm), which are formed after the H2 reduction of LaNiO3
perovskite, are able to form carbon filaments during the reaction,
thus their activity can be maintained for a long reaction time.

3.2.1. Influence of reaction temperature
Besides the Ni0 particle size, reaction temperature also sub-

stantially affects the catalytic performance. Fig. 6 shows that the
deactivation rate is substantially increased with the increase of
reaction temperature. The effect of reaction temperature on the
catalytic performance can be explained by the difference between
the decomposition rate of methane at the front surface of Ni0 par-
ticles and the diffusion rate of dissolved carbon atoms through Ni0

particles (Fig. 8). At low temperature, the decomposition rate of
methane is rather slow and becomes the rate determining step
for CDM reaction, hence resulting in the lower catalytic activity
of both catalysts for H2 production. As the reaction temperature is
increased towards the optimum reaction temperature, the decom-
position rate of methane and the diffusion rate of carbon atoms are
increased till these two rates become balanced, leading to the con-
tinual growth process of carbon filaments without the formation of
excess carbon. Therefore, the catalytic activity at the optimum reac-
tion temperature can be maintained for a long period of reaction.
Upon further increase of the reaction temperature, the decomposi-
tion rate of methane becomes much higher than the diffusion rate
of carbon atom through Ni0 particles. Consequently, the Ni0 parti-
cles are rapidly covered by the excess carbon, forming carbon with
globular-like structure (instead of filamentous structure) which
causes the rapid deactivation of catalysts. Moreover, it is worth
to note here that the difference between the methane decompo-
sition rate and the carbon atom diffusion rate at high reaction
temperature over the larger Ni0 particle is much higher than those
observed over the smaller Ni0 particles. This is due to the fact
that the larger Ni0 particles not only have more active surface to
decompose methane to H2 and carbon atoms, but also have the
longer distance for carbon atoms to diffuse through. Consequently,
the larger Ni0 particle is readily covered by the excess carbon and
form globular-like structure at high reaction temperature. There-
fore, it is not surprising that the large agglomerated Ni0 particles
(>100 nm)  after the reduction of NiO/La2O3 catalyst are completely
deactivated within 2 h at 800 ◦C.
3.2.2. Influence of H2 presence in the feed stream
Fig. 9 shows the effect of the presence of H2 in the feed stream on

the catalytic performance of LaNiO3 perovskite catalyst performed
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ig. 7. SEM images of carbon deposits produced from CDM reaction over NiO/La2O

t three reaction temperatures, i.e. 600, 700 and 800 ◦C. It can be
bserved that the presence of H2 in the feed stream significantly
educes the catalytic deactivation rate at high reaction temper-
ture. This is because H2 could clean the active surface of Ni0

articles by H2 gasification of the excess carbon (C + 2H2 → CH4).
his excess carbon is mostly formed on the surface of Ni0 par-
icles at high reaction temperature which causes the methane
ecomposition rate to be much faster than carbon atom diffusion
ate.

.3. Characterization of carbon deposits

.3.1. X-ray diffraction analysis
The carbon deposits on the used catalysts were investigated

y XRD analysis. Figs. 1(e) and 2(e) show that the highly ordered

raphitic-structure carbon deposits are produced from the CDM
eaction over the LaNiO3 perovskite and NiO/La2O3 catalyst pre-
ursors, respectively. This highly ordered graphitic structure is
videnced by the strong diffraction peak at 2� = 26.1◦.
) and LaNiO3 perovskite catalyst precursors (right) at 600 ◦C, 700 ◦C, and 800 ◦C.

3.3.2. Microscopic analysis
The structure of carbon deposits on the used catalysts was fur-

ther investigated by TEM. Fig. 10 shows that the central region
of carbon deposits is hollow, displaying the structure of carbon
nanotube (CNT). The presence of carbon deposits with rod-like
structure (carbon nanofiber) and globular-like structure (encapsu-
lating carbon) can also be observed, especially on the NiO/La2O3
catalyst performed at high reaction temperature. TEM images show
that CNTs obtained from CDM reaction over LaNiO3 perovskite
catalyst have highly uniform diameter of 25.4 ± 5.84 nm. On the
contrary, CNTs with very broad size (40.1 ± 24.12 nm) are obtained
from CDM reaction over NiO/La2O3 catalyst.

The HR-TEM images (Fig. 11)  show that the carbon deposits
obtained from LaNiO3 perovskite catalyst are produced in the
form of multi-walled nanotubes (MWNTs). The graphitic layers

are stacked parallel to the fiber axis and the interlayer distance
between two adjacent graphitic layers is about 0.343 nm, which
is higher than those observed in the perfect graphite (0.335 nm)
[27]. The higher interlayer distance may  be attributed to the
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ig. 8. Schematic representation of the formation of (a) carbon filaments, (b) enc
attice  oxygen (O2−) from the support at the beginning of reaction [Red areas in (a
etach  from La2O3 support]. (For interpretation of the references to color in this fig

urved-shape of CNTs, which induces strain inside the stacking of
he graphitic layers. Fig. 11 also shows the crystallographic orien-
ation of crystal faces on the Ni0 particle. The crystal faces were
ssigned according to the studies by Yang et al. [9],  who reported
hat for metal with fcc structure (such as Ni, FeCo and FeNi alloys),
he metal–carbon interface consists of (1 1 1) crystal face. On the
ther hand, the metal–gas interface consists of (1 1 0) and (1 0 0)
aces, which are highly reactive faces for CH4 decomposition. That
rder is reversed for their activities for CO decomposition [28]
ince the (1 1 0) crystal face of conical particles coincides with
he carbon tube axis, whereas the metal-gas interface consists of
1 1 1) crystal face and this face is reactive for CO decomposition.
ccording to the studies by Yang et al. [9],  it can be concluded that

he decomposition of methane occurs on the front surfaces of Ni0

article having (1 0 0) and (1 1 0) faces, followed by the dissolution

f carbon atoms into Ni0 particles and diffusion through the Ni0

articles. The dissolved carbon atoms then precipitate at the
ear (1 1 1) face of the Ni0 particles, consequently detach the Ni0

articles from the La2O3 support and form a carbon nanotube
ting carbons and (c) the formation of CO via reaction between carbon atoms and
esent contact areas between Ni0 particles and La2O3 support before Ni0 particles

gend, the reader is referred to the web version of the article.)

with an exposed Ni0 particle at its tip (Fig. 11(a)); this mechanism
observed in our study follows the tip-growth mechanism.

There are two  main different mechanisms (i.e. tip-growth and
base-growth) which have been proposed for the growth of CNTs
during CH4 decomposition. Metal–support interaction is one of
the most important factors which control the growth mechanism
of carbon nanotube. In the base-growth mechanism, metal parti-
cles interact strongly with the support and remain pinned on the
support during the growth of CNTs. It has been reported that iron-
supported catalysts (such as Fe-supported on MgO, Al2O3, and SiO2
[29]) mostly form CNTs via the base-growth mechanism, proba-
bly due to the strong metal–support interaction caused by the high
thermal diffusion of Fe atoms into the support surface [30]. On con-
trary, in the tip-growth mechanism the growth of carbon nanotube,
which involves the catalyst particle detached from the support and

then located at the end of carbon nanotube, takes place when the
metal–support interaction is weak. The presence of Ni0 particle
with conical shape at the tip of CNTs (Fig. 11(a)) obtained from both
LaNiO3 perovskite and NiO/La2O3 catalyst precursors confirm that
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ig. 10. TEM images of carbon deposits produced from CDM reaction over NiO/La2O3 (lef
oday 171 (2011) 24– 35

the growth of CNTs during CH4 decomposition over both LaNiO3
perovskite and NiO/La2O3 catalyst precursors takes place via the
tip-growth mechanism.

However, the synthesis protocol of LaNiO3 perovskite and
NiO/La2O3 catalyst precursors has the major impact on morphol-
ogy of Ni0 particles deposited on La2O3 support after the reductive
treatment. From TEM images (Fig. 5) of the reduced catalysts, it
is possible to state that the larger Ni particles obtained from the
reduction of NiO/La2O3 has a stronger physical interaction with
La2O3 support, probably due to the larger contact area between
the larger Ni0 particles and La2O3 support (Fig. 8(a)). Although
the stronger physical interaction between large Ni0 particles with
La2O3 support obtained from the reduction of NiO/La2O3 is not
strong enough to attach Ni0 particles to the support and form
CNTs via the base-growth mechanism, it significantly causes the
difficulty of Ni0 particles to be detached from the support, mak-
ing them susceptible to be covered by graphitic layer and formed

encapsulating carbon especially at high reaction temperature. The
HR-TEM images (Fig. 12)  of the used NiO/La2O3 catalyst performed
at 800 ◦C show that the Ni0 particles are completely encapsulated
by the highly ordered graphitic layers. Therefore, it is worth to note

t) and LaNiO3 perovskite catalyst precursors (right) at 600 ◦C, 700 ◦C, and 800 ◦C.
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Fig. 11. HR-TEM images of CNTs produced from CDM reaction over LaNiO3 perovskite and NiO/La2O3 catalyst precursors. (Crystallographic orientation of crystal plane was
assigned relative to the studies of Yang et al. [9]:  metal–gas interface at (1 1 0) and (1 0 0) planes, metal–carbon interface at (1 1 1) plane).

Fig. 12. HR-TEM images of encapsulating carbon produced from CDM reaction over NiO/La2O3 catalyst precursor at 800 ◦C.
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s the main reason for the rapid deactivation of NiO/La2O3 catalyst
articularly at high reaction temperature, as mentioned earlier.

In addition to Ni0 particle at the tip of CNT, some Ni0 particle can
ometimes be observed inside CNT since Ni0 particle located at the
ip of CNT can behave like a quasi-liquid particle under the reaction
ondition [31]. Therefore Ni0 particle can be easily extruded and
roken into smaller Ni particle which is then trapped inside CNT by
he strong capillary force which usually occurs inside nanometer-
ized cavities [32,33].

.3.3. Influence of H2 presence in the feed stream on structure of
NTs

Fig. 13 shows the TEM image of CNTs produced from CDM reac-
ion over LaNiO3 perovskite catalyst with and without the presence
f H2 in the feed stream at high reaction temperature. Besides the
ighly ordered graphitic layers, trace amount of amorphous car-

on can also be observed on the surface of CNTs, especially over
he LaNiO3 perovskite catalyst. This is probably due to the differ-
nce between the decomposition rate of methane and the diffusion
ate of carbon atoms at high reaction temperature which produces

Temperature
50 100 150 200 250 300 350 400 450 5

Si
gn

al
 (a

.u
.)

467

(a)

(b)

ig. 14. O2-TPO profiles of CNTs produced from CDM reaction over LaNiO3 perovskite cat
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a lot of excess carbons that can migrate to the surface of CNTs. How-
ever, no amorphous carbon can be observed on the surface of CNTs
when 10 vol% of H2 was introduced into the feed steam.

Fig. 14 shows the O2-TPO profiles of CNTs produced from CDM
reaction at 800 ◦C over LaNiO3 perovskite catalyst with and with-
out the presence of H2 in the feed stream. The small peak at
300–450 ◦C refers to the oxidation of amorphous carbon [34], con-
firming the presence of amorphous carbon on the surface of CNTs
produced from CDM reaction over LaNiO3 perovskite catalyst with-
out the presence of H2. The TPO peak at 467.9 ◦C observed on the
CNTs produced from CDM reaction over LaNiO3 perovskite cata-
lyst without H2 presence reveals the formation of CNTs with less
ordered graphitic structure. However, the CNTs produced from
CDM reaction over LaNiO3 perovskite catalyst in the presence of
H2 have higher oxidation temperature (687.8 ◦C) than those CNTs
produced without H2 presence in the feed stream (662.9 ◦C). These
results suggest that the presence of H2 in the feed stream not
only reduces the catalytic deactivation rate of LaNiO3 perovskite

catalyst at high reaction temperature by the removal of excess
carbon atoms on the surface of Ni0 particles via the H2 gasifica-
tion, but also helps to improve the ordered graphitic structure of
CNTs [35].
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. Conclusion

LaNiO3 perovskite has been successfully used as a crystalline
atalyst precursor for catalytic decomposition of methane with
igh activity and stability at high reaction temperature, due to the

ormation of uniform Ni0 particles (24.00 ± 3.35 nm) which is able
o form carbon filaments during the CDM reaction. On the other
and, the large agglomerated Ni0 particles (40.78 ± 12.53 nm)  from
iO/La2O3 are difficult to form carbon filaments, causing the rapid
eactivation of catalyst. Moreover, the presence of H2 in the feed
tream not only reduces the deactivation rate of LaNiO3 perovskite
atalyst at high reaction temperature, but also eliminates amor-
hous carbon on the surface of CNTs and improves the ordered
raphitic structure of CNTs.
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