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ABSTRACT

LaNiO3 type perovskite was prepared by the “self-combustion” method and was used as catalyst
precursor for the methane decomposition reaction at 600 and 700 °C. CH,4 conversion reaches 80% at
700 °C and 65% at 600 °C using pure CH,. The yield of CNT and H, were 2.2 genr g 'h'and8.2Lg 1 h™!
at 700 °C respectively after 4 h of reaction. When the reaction is prolonged to 22 h the catalytic activity
decreases but the catalyst is still active, the production of hydrogen reaches 63.5 L (STP) per gram of
catalyst and the production of MWCNT was equal to 17 g per gram of catalyst.

Multi-wall carbon nanotubes were characterized by X-ray diffraction (XRD), surface area (BET),
transmission electron microscopy (TEM), scanning electron microscopy (SEM), thermogravimetric
analysis (TGA) and Raman spectroscopy. TEM micrographs showed that MWCNT longer than 20 pm
were formed with inner diameters ranging from 5 to 16 nm and outer diameters up to about 40 nm.

The results obtained here clearly show that the use of the perovskite LaNiOs as catalytic precursor is
very effective for the simultaneous production of carbon nanotubes and hydrogen.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is of great industrial interest, it is used in processes
for the desulphurization and/or hydrogenation of aromatic
derivatives produced in oil refining plants. Moreover the utiliza-
tion of hydrogen for fuel-cell type applications is considered to be
one of the most promising leads to answer the energy needs of the
future [1]. Methane steam reforming (MSR) has been the most
widely used and generally the most economical technology for the
production of H, [2]. However, the hydrogen production is
accompanied by CO formation typically with a ratio H,/CO = 3/1,
the reforming reaction is followed by the water gas shift reaction
(CO + H,0 — CO; + Hy) in order to remove carbon monoxide.

The thermo-catalytic decomposition of methane has been
proposed as an alternative route for the production of CO/CO,-free
hydrogen [3]. The process involves the production of a very
important product: carbon. Metal catalysts such as Ni, Fe, Co based
catalysts have been widely used; however there is a catalyst
deactivation due to the blockage of the active sites by carbon
deposition. The nature of carbon thus prepared depend on the
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operational conditions, it could be high value filamentous carbon:
multi-walled carbon nanotubes. Carbon nanotubes and carbon
nanofibers have many unique properties, such as high resistance to
strong acids and bases, high electric conductivity, high surface
area, and high mechanical strength [4]. These unique properties
result in many potential applications, such as catalyst supports,
selective adsorption agents, hydrogen storage, composite materi-
als, nano-electronic and nano-mechanical devices, and field
emission devices [5].

Three technologies have been used for the synthesis of carbon
nanotubes: arc discharge, laser ablation and catalytic chemical
vapor deposition (CCVD). The CCVD method appears as a
promising technique, the catalyst precursor being crucial to
control the size and the purity of the CNT. It has been shown
that the size of the active element, usually Fe, Co and Ni, can be
correlated with the tubes diameter [6]. For that purpose, mixed
metal oxides such as LaFeOs [7] and La;NiO4 [8] were used as
catalyst precursor for the preparation of CNT using the CCVD
method. The use of a perovskite as catalyst precursor is of great
interest since its reduction leads to the formation of small nickel
particles deposited on lanthanum oxide, consequently the shape of
the CNT can be controlled.

The decomposition of methane, using a reduced perovskite,
was mostly investigated with the goal of the production of CNT,
thus a mixture of CH4 and H, was used in the studies [9].
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The objective of this work was to show that the use of the
perovskite LaNiOs as catalyst precursor is not only interesting for
the production of CNT but also for the production of hydrogen in
high yields. Indeed, in a recent review on hydrogen production
technologies, Holladay et al. [10] assumed that the catalytic
decomposition of hydrocarbon will play a significant role in the
future due to the “clean” carbon formation associated with the
hydrogen production. The catalytic decomposition of methane into
hydrogen and carbon was studied by Shah et al. using bimetallic
iron catalysts FeM (M =Pd, Mo or Ni) supported on alumina.
They showed that carbon is deposited in the form of amorphous
carbon, carbon flakes at high temperatures (>900 °C) whereas
multi-walled nanotubes are obtained in the temperature range
of 700-800 °C [11].

In this study methane was used without dilution gas. The
catalyst stability was investigated by performing the reaction for
22 h. The influence of the reaction temperature was also studied.

2. Experimental
2.1. Catalysts preparation

The perovskite type oxide LaNiO; was prepared by the self-
combustion method [12]. Glycine (H,NCH,CO,H), used as ignition
promoter, was added to an aqueous solution of metal nitrates with
the appropriate stoichiometry in order to get a NO3;~/NH, = 1 ratio.
The resulting solution was slowly evaporated until a vitreous green
gel was obtained. The gel was heated up to around 250 °C,
temperature at which the ignition reaction occurs producing a
powdered precursor which still contains carbon residues. Calcina-
tion at 700 °C for 8 h eliminates all of the remaining carbon and
leads to the formation of the perovskite structure.

2.2. Catalytic decomposition of methane

The reaction was carried out in a horizontal reactor in order to
avoid sub-pressure during the formation of CNT (Fig. 1).

About 50 mg of the catalyst was placed directly into the reactor
and pre-reduced with pure hydrogen (30 mL/min) at 700 °Cfor 1 h.
The reduced Ni/La,05 catalyst was then cooled down to room
temperature under helium flow. Methane (99.995% purity) was
then introduced in the reactor at a rate of 15 mL/min and the
reactor temperature was increased from room temperature to 600
or 700 °C at arate of 10 °C/min, and kept at this temperature for the
desired reaction time.

The gaseous reaction products were analyzed by an on-line
mass spectrometer.

The produced carbon nanotubes were purified by acid
treatment to dissolve the catalyst. CNT was treated with HNOs,

65%, for 1 h under continuous stirring. The product was filtered and
washed with deionized water. The residue was then dried at 100 °C
for 24 h, and the CNT weight determined.

2.3. Characterization

The catalysts were characterized by powder X-ray diffraction
(XRD) using a Siemens D-5000 diffractometer with CuK,; =
1.5406 A and CuK,,=1.5439 A, operated at 40kV and 30 mA.
The diffraction patterns were recorded in the 26 values range 10-
90° with a step size of 0.01° and 1 s per step.

Transmission electron microscopy (TEM) was carried out on a
Philips CM120 instrument, with LaBg filament and equipped
with energy dispersive X-ray analyzer (EDX). TEM images of
deposited carbon were taken after treatment of the sample with
65%-HNO;3. The sample was deposited on a Cu grid for TEM
observation. Scanning electron microscopy (SEM) was carried
out on JEOL JSM 840.

Raman spectra of carbon nanotubes were obtained by diluting
the sample in KBr, using a PerkinElmer Spectrum GX-IR FT
equipment with a diode Nd:YAG laser and a wavelength of
514.5 nm from 10 to 4000 cm ™.

Thermogravimetric analysis (TGA) of CNTs was carried out in a
TA Instruments 2950 equipment. Samples were placed in a
platinum pan in quantities of 5-8 mg and heated at 10 °C/min from
room temperature up to 900 °C under air.

Surface areas were determined using nitrogen-helium adsorp-
tion. All samples were degassed under He for 30 min at 623 K
before analysis, adsorption-desorption isotherms of N, were
determined using 30% N,/He as adsorbate on a Micromeritics
Flowsorb I 2300 apparatus at —196 °C.

3. Results and discussion
3.1. Characterization of the catalyst by electron microscopy

The authors have shown in a previous study that the
reduction of LaNiOs under hydrogen at 700°C allow the
formation of small metallic Ni particles [13]. The presence of
spherical particles of nickel is clearly visible on TEM micrograph
(Fig. 2). The particle size distribution is reported in Fig. 3, the
particle size ranged between 2 and 50 nm. The average size of
metallic particles was calculated using the following equation:
d= Zinid?/zinidf.

Where n; is the particle number and d; is the characteristic
diameter of particles [14]. The average particle size is around
15 nm.

This result suggests that the use of the well defined crystallized
perovskite LaNiO3 as catalyst precursor, allows to prevent
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Fig. 1. Schematic diagram of experimental apparatus for methane decomposition.
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Fig. 2. TEM micrograph obtained after reduction of LaNiO3 under hydrogen at 700 °C.
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Fig. 3. Ni particle size distribution determined from TEM micrographs of LaNiO3;
reduced under hydrogen at 700 °C.

agglomerations of the transition metal and promotes the disper-
sion of nano-scale Ni particles, which has been reported as a very
advantageous condition for CNT growth [15].

3.2. Catalytic decomposition of methane

The catalytic decomposition of methane was performed at two
different temperatures, at 600 and 700 °C. The reaction was
preformed during 4 and 22 h in order to observe the catalyst
deactivation.
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3.2.1. Influence of the reaction temperature

Fig. 4 depicts the experimental results of methane catalytic
decomposition at 700 and 600 °C. Whatever the reaction condi-
tions hydrogen was the only product formed during the reaction,
which is in accordance with previous studies [16-18].

Methane conversion increases slowly during the rise of
temperature. As soon as 600 °C is reached the conversion of
methane is maximum (around 60%) and remains almost
constant during the following 4 h of reaction. At 700 °C, the
methane conversion reaches 80% which is very close to the
thermodynamic value, then the CH,4 conversion decreases slowly
during the reaction, after 4 h the conversion is equal to 60%. In
our knowledge, the values obtained here are among the highest
single pass conversions of methane reported for this process
[19-21].

In order to compare our results with those of the literature,
yields of CNT and H, obtained using different nickel based
materials are gathered in Table 1. Most of the studies were
performed in order to produce CNT, so the yield of hydrogen is
often missing. Moreover the yield of CNT is often given after the
complete deactivation of the catalysts, so in order to compare the
catalytic activity of the different materials, the yield of CNT was
indicated per gram of catalyst and per hour.
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Fig. 4. (a) Conversion of CH,4 and (b) H, yield at 700 and 600 °C using Ni®/La,05 obtained from LaNiO5 perovskite. CH4 flow = 15 mL/min and 50 mg of catalyst.
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Table 1

Comparison of methane conversion, yield of CNT and H, at different conditions, between our catalyst and those reported in the literature.

Catalyst Ni%% Temp (°C) Conc. CH, in feed (%) Max. CH,4 conv (%) Yield of H, (Lg 'h™1) gentg 'h! Ref.

Ni/La;03 23 700 100 80 8.2 2.20 This work

Ni/La;03 23 600 100 65 7.5 2.02 This work

Ni/MgO 48 550 10 38 0.7 22

Ni/SiO5 16 550 10 35 0.8

Ni/ZrO, 55 550 10 4 0.2

Ni/LiAlO, 16 550 10 35 0.6

Ni-Cu-Al,05 Ni = 45-90 625 100 22 8.4 23
Cu=8-45 675 100 35 111

65Ni-25Cu-10Nb;05 65 600 100 45 50 6.9 24

Table 2

Methane conversion and yields of CNT and H, at different reaction times and temperatures using the catalyst obtained from the LaNiO5 perovskite.

Catalyst Temp (°C) Time of reaction (h) Max. CH4 conv (%) Yield of H, (Lg~'h™") Yield of Hy (L gcara ') gonrg 'h! EONT Eeata
Ni/La;03 700 4 80 8.2 323 2.20 8.7
Ni/La,03 600 4 65 7.5 29.9 2.02 8.0
Ni/La,03 700 22 75 2.9 63.5 0.85 17.0

The results obtained by Bonura et al. [22], using different
supports of nickel showed that a strong deactivation proceed.
After 4h of reaction the catalyst Ni/MgO is completely
deactivated, whereas Ni/ZrO,, Ni/LiAlO,, Ni/SiO, are no more
active after 1, 2 and 3 h of reaction respectively. In these
works, the formation of filamentous and encapsulating carbon
species was showed, being the last species the responsible for
catalyst deactivation. The production of carbon was lower than
the one we obtained using the perovskite LaNiOs as catalyst
precursor.

The use of bimetallic copper-nickel system supported on
alumina was reported by Reshetenko et al. [23]. The addition of a
low amount of copper in the Ni-Al,05 catalysts acts as a stabilizing
component, the catalyst lifetime being increased. An increase of
the temperature reduces the catalyst lifetime; the methane
conversion at 675 °C is higher than which at 625 °C but it sharply
decreases after 5 h of reaction. TEM analysis reveals the presence of
encapsulating carbon species.

Niobium oxide was used as bimetallic nickel-copper support
for methane decomposition to hydrogen and filamentous carbon
by Li et al. [24]. The maximum yield of hydrogen was obtained for
65Ni-25Cu-5Nb,0s, as shown in Table 1 high yields are obtained.
Nevertheless, TEM images after 18 h of reaction reveals the
presence of very small filaments in length, suggesting that the
filament are very fragile.
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Fig. 5. CH,4 conversion during 22 h of reaction at 700 °C using Ni°/La,05 obtained
from LaNiO5 perovskite. CH4 flow = 15 mL/min and 50 mg of catalyst.

3.2.2. Influence of the time of reaction

The catalytic decomposition of methane over catalyst obtained
from LaNiO3 precursor was performed during 22 h of reaction at
700 °C. The evolution of methane conversion is reported in Fig. 5.
The conversion sharply increases to reach 75% and then a slow
decrease is observed. After 20 h of reaction, the catalyst is still
active being the CH4 conversion equal to 40%. The yield of
hydrogen and carbon is reported in Table 2, after 22 h of reaction
high yields of hydrogen and CNT per gram of catalyst are obtained,
which shows that LaNiO; used as catalyst precursor is an
interesting material for the simultaneous production of CNT and
hydrogen.

3.3. CNTs characterization

3.3.1. BET and CHN analysis
The specific surface area of the purified CNTs measured by N,
adsorption was equal to 81 m? g'. Some authors proposed that
acid purification can partially open the CNT tips and remove the
metallic particles from them increasing the BET surface [25].
Elemental analysis of the CNTs showed that the composition of
the material corresponds to: carbon 99.1% and hydrogen 0.9%.

3.3.2. Characterization of CNTs by transmission electron microscopy

TEM micrographs provided clear evidence of the formation of
multi-wall carbon nanotubes during the methane decomposition
reaction (Fig. 6). We can see many rope-like structures of carbon
nanotubes with several microns in length. The inner diameters
ranging from 5 to 16 nm and outer diameters up to about 40 nm.
The inner diameters are very close to the previously determined
size of the Ni particles. Most of the Ni particles capped nanotube
tips or were encapsulated by the CNT.

Similar shapes of the CNT are shown in the literature using
catalysts such as NiO [26], NiAl,04 [27] and Ni/Cu/Al,O3 [28].

TEM micrographs performed after 22 h of reaction (Fig. 7) shows
the presence of MWCNT longer than 20 pum in a high amount. The
growth of the nanotube is thus facilitated using the catalyst obtained
from LaNiOs; precursor. The MWCNT formed are particularly
resistant since they are not broken in to pieces when the reaction
is extended to 22 h. This result is very interesting since it is shown in
the literature that CNT can be fragile when the reaction is performed
during 18 h using a Ni/Cu/Nb,Os catalyst [29].
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Fig. 6. TEM micrographs of multi-wall carbon nanotubes obtained after 4 h of reaction and after treatment with 65%-HNOs.

3.3.3. Thermogravimetric characterization of MWCNTs

After reaction the MWCNTSs were purified by treatment with
HNOs-65% in order to remove the catalyst particles. Then, to
remove amorphous carbon an oxidation treatment with H,0, was
carried out. In this step there was no weight loss suggesting that
the content of amorphous carbon in the product was insignificant
[30]. After purification thermogravimetric analysis was carried out
to study the oxidation behavior of CNT. The analysis was
performed with a heating rate of 10 °C/min up to 800 °C in air.
The oxidation profile is presented in Fig. 8.

An initial weight loss (0.05 wt%) from ambient temperature to
200 °C, for the sample, is attributed to the removal of physisorbed
water. A second weight loss of 1.2 wt% between 200 and 550 °C
can be attributed to the burning of amorphous carbon on the
outer wall of nanotubes and some surface structure defects
[31,32]. This total weight loss up to a temperature of 550 °Cis less
than 2 wt%, suggesting that the amount of disordered carbon
sample is very low.

Complete oxidation of the sample takes place between 550 and
750 °C. The residue found after complete oxidation of carbon
species is 5.0 wt% of the original sample. Assuming that the
residue after oxidation is just NiO, this suggests that about 80% the
Ni in the perovskite was encapsulated inside the CNT’s, which
indicates a very high availability of Ni metal for the growth of CNT
when Ni-perovskite is used as precursor.

The temperature of oxidation of CNT is almost equal to the
value reported by Ajayan (over 700 °C) [33] and higher than that of
Kukovitskii (ca. 420 °C) [34]. Thus purity of MWCNTs in the
optimal processing condition is estimated as over 94%.

3.3.4. Raman characterization of CNTs

Raman spectrum of the carbon nanotubes after acid treatment
is shown in Fig. 9. The spectrum presents bands originated from
carbon structures. The band at 1602 cm™! is due to the tangential
C-C stretching (G mode), at the one at 1290 cm™' is the D mode,
attributed to disordered carbon structures present in carbon



370 G. Sierra Gallego et al./Catalysis Today 149 (2010) 365-371

500 nm

200 nm

Fig. 7. TEM micrographs of multi-wall carbon nanotubes obtained after 22 h of reaction and after treatment with 65%-HNOs.
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Fig. 8. (a) TGA of carbon nanotubes after treatment with 65%-HNOs. (b) Derivative

TG curves of (a). Fig. 9. Raman spectrum of carbon nanotubes after treatment with 65%-HNOs.



G. Sierra Gallego et al./Catalysis Today 149 (2010) 365-371 371

nanotubes or other carbon forms, with its overtone at 2568 cm™ 1.

The relative intensity of the ratio Ip/Ig can express the graphitiza-
tion of carbon nanotubes or degree of disorder in the structure,
which is related to the quality of the carbon nanotubes. Tan et al.
[35] reported values of Ip/Ig = 0.051 for highly oriented pyrolytic
graphite (highly organized), Ip/Ig =0.430 for carbon nanotubes
prepared by D.C. arc discharge and Ip/Ig = 3.56 for CNT prepared by
catalytic methods. In our case Ip/lg=1.15, indicating that the
carbon nanotubes are quite well graphitized. This is confirmed by
the oxidation temperature observed by TGA.

4. Conclusions

The reduction of the perovskite LaNiOs3 leads to the formation of
small nickel particles with an average diameter of 15 nm. This
catalyst presents a high activity for the methane decomposition
reaction. CH4 conversion reaches 80% at 700 °C and 65% at 600 °C
using pure CH,. The yield of CNT and H, were 2.2 gonr g~ ' h™! and
8.2Lg 1h ! at 700 °C respectively after 4 h of reaction. When the
reaction is prolonged the catalytic activity decreases but the
catalyst is still active after 22 h of reaction, the production of
hydrogen reaches 63.5L (STP) per gram of catalyst and the
production of MWCNT was equal to 17 g per gram of catalyst.

The MWCNT had inner diameters ranging from 5 to 16 nm and
outer diameters up to about 40 nm. After 22 h of reaction TEM
micrographs revealed that CNT longer than 20 wm are formed in a
large amount, showing that the growth of CNT is favored using the
catalyst obtained from LaNiO3 precursor. The destruction of CNT
does not seem to proceed in our experimental conditions when the
reaction time is increased.

The results here obtained clearly show that the use of the
perovskite LaNiOs as catalytic precursor is very effective for the
simultaneous production of carbon nanotubes and hydrogen.
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