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Abstract

Thermo catalytic decomposition of methane using Ni-Al and Ni-Cu-Al catalyst prepared by fusion of the corresponding nitrates is studied. The
effects of catalyst calcination temperature on the hydrogen yields and the characteristics of the carbon obtained are studied. The role of copper
has been also analyzed. Whatever the calcination temperature, all the catalysts show a high and almost constant hydrogen yield without catalyst
deactivation after 8 h on stream, which confirms the good performance of this kind of catalysts. The presence of copper enhances the hydrogen
production and the best results were obtained using catalysts calcined at 600 °C. Cu has a strong influence on the dispersion of Ni in the catalysts
and inhibits NiO from the formation of nickel aluminate even at high calcinations temperatures, which facilitates the formation of the metallic Ni
active phase during the subsequent catalyst reduction step. All catalysts tested promote the formation of very long filaments of carbon a few tens of
nanometers in diameter and some micrometers long. The structural properties of these carbon filaments highly depend on the presence of Cu:Ni-Cu-
Al catalysts promote the formation of a well-ordered graphitic carbon while Ni-Al catalysts enhance the formation of a rather turbostratic carbon.

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

Hydrogen is an emerging alternative to conventional fuels
to reduce CO, emissions. It is considered a clean energy
source and its market demand is steadily increasing [1-3]. It is
generally accepted, that in the near-to-medium term hydrogen
production will rely on fossil fuels, primarily natural gas. At
present reforming of hydrocarbons is the technique most widely
used for hydrogen production, generally using catalysts based
on metals like Ni [4-6], Cu [7] or Co [8], but this production
could be considered clean only applying techniques of capture
and storage of the CO; obtained during the process.

In the near-to-medium term, hydrogen will be produced in
small-to-medium decentralised installations located near to use
in order to minimise the important concerns derived from hydro-
gen transport. If methane is reformed in these “on site” installa-
tions, the transport of the CO, produced to a sink will increment
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significantly the cost of the hydrogen production. In this sce-
nario, thermo catalytic decomposition of natural gas, TCD, with
carbon being captured as a solid of added value product appears
as a very interesting alternative to steam reforming [9].

Feasibility of TCD in economical terms is very sensible to
the carbon selling price which depends on the properties of the
carbon obtained. The quality of carbon produced from TCD
largely depends on the operation conditions and the type of cat-
alyst used. Using metal-based catalysts lead to the production
of carbon forms of high quality whose high selling price would
compensate the high cost of the catalyst. Several prior studies
on methane decomposition using mainly transition metals have
been reported in the literature [10]. TCD of methane using Ni and
Ni-Cu catalysts to produce hydrogen and novel carbonaceous
materials was first reported by Muradov [11] and Parmon et al.
[12]. Although other many metals have been tested for TCD,
most of the reported studies have used Ni and Ni-Cu catalysts
[13-18].

In a previous work [19], it has been shown that the catalyst
life mainly depends on the morphology of the deposited car-
bon which appears either as long filaments a few nanometres
in diameter emerging from Ni particles or as uniform coatings.
Formation of filaments enlarges the catalyst life. The influence
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of presence of Cu on the characteristics of the carbon produced
using Ni-Cu-Al catalyst prepared by co-precipitation has been
extensively studied by Monzén et al. [20] and Suelves et al. [21].
It has been shown that presence of Cu has an important effect
on the size and shape of the Ni particles, which affects to the
catalyst behaviour.

Among the different methods of catalyst preparation
described in the literature, co-precipitation and impregnation
are the most used. These methods include washing and filtering
steps which are time and energy consuming and involve the use
of huge amounts of water. These could be important drawbacks
for their use at an industrial scale because in TCD the catalyst
is withdrawn from the reactor with carbon. For that reason an
easier preparation method based on the fusing of the metallic
nitrates was reported in a previous paper [21]. The use of this
kind of catalyst was first reported by BIC’s researchers [17].
However, in that work, the fusing catalysts were subjected to an
additional stabilization with silica and the effect of calcination
temperature was not included.

In this work, Ni and Ni-Cu catalyst have been prepared by the
fusing method using different calcination temperatures in order
to study its influence on methane conversion, catalyst deactiva-
tion and the amount and characteristics of the carbon produced.
The role of copper has also been analyzed. A wide range of
calcinations temperatures covering temperatures up to 1000 °C
has been studied in order to simulate the regeneration step of an
industrial installation where catalyst was submitted to high tem-
peratures to burn the carbon layer coating the catalyst particle.

2. Experimental
2.1. Catalysts preparation

In a previous work [22] the influence of Ni and Cu con-
centrations for the catalysts prepared by co-precipitation were
studied. For this work, two catalysts were selected: Ni:Al—2:1
and Ni:Cu:Al—78:6:16 (molar ratio). The catalysts were pre-
pared by fusing nitric salt of nickel and copper (when necessary)
with nitric salt of aluminium followed by decomposition of the
mixtures at 350 °C for 1h and calcination for 8 h. Four differ-
ent calcination temperatures were studied: 450, 600, 800 and
1000 °C.

2.2. Activity tests

Runs were carried out in a fixed-bed quartz reactor 1.7 cmi.d.,
42.5 cm height, using pure CHy as feeding gas. The decompo-
sition tests were carried out at a reaction temperature of 700 °C
using a pure methane flow rate of 20 mlmin~—!. Samples of 0.3 g
of catalyst were used. Prior to activity tests, all catalysts were
subjected to a reduction treatment using a flow rate of pure
hydrogen of 20 mI min~! for 3h at 550°C.

The composition of the outlet gas from the reactor was deter-
mined by gas chromatography: two packed columns, Molecular
Sieve 13x and Porapack, and TCD detector were used. No
methane decomposition products other than hydrogen were
detected in the gas phase.

2.3. Characterization techniques

The actual metallic content in the catalysts was determined by
ICP-OES. Studies of the homogeneity degree of Ni dispersion
in the fresh catalyst and the morphological appearance of the
deposited carbon have been carried out in a scanning electron
microscope (SEM) Hitachi S-3400 coupled to a Si/Li detector
for energy dispersive X-ray (EDX) analysis.

Powder X-ray diffraction measurements were performed at
room temperature on a Bruker AXS D8 Advance diffractometer
with a 6—0 configuration. Cu Ka radiation was used, and graphite
was the secondary monochromator. An exit slit window of 0.5°,
antiscattering slit of 1.0 mm and a divergence slit of 0.2 mm were
used in all the experiments. The Bragg angle step was 0.05°, and
the time per step was 5s.

The qualitative and semi-quantitative analysis of the different
species was performed using the powder diffraction files 2002
(PDF) database in the DIFFRACP!"S EVAv8.0 software. The
crystallite size of the different crystalline phases was obtained
using the Scherrer equation on the fitting software TOPAS 2.1.

Transmission electron microscopy (TEM) studies were made
on a Philips TEM/STEM CM200 LaBg apparatus operating at
200kV.

The reducibility of the catalysts was studied by temperature
programmed reduction (TPR). The sample (100 mg) was heated
at the rate of 5 °C min~! in a TPR system equipped with a TCD,
from room temperature to 800 °C, under a Hy(5%)/N; mixture

with a flow of 100 Nml min—!.

3. Results and discussion
3.1. Hydrogen production

Fig. 1(a) shows the hydrogen yields obtained as a function of
calcination temperature for the Ni:Al catalyst. Catalyst deacti-
vation did not occur after 8 h on stream. In fact, catalyst activity
only slightly decreased in spite of the increasing amount of car-
bon deposited. A significant variation of the hydrogen yields
is observed. The highest yield was obtained for a calcination
temperature of 600 °C: a hydrogen yield close to those expected
from thermodynamics at 700 °C is observed. At 450 and 800 °C
slightly lower hydrogen yields were obtained whereas a notice-
able decrease in the methane conversion was observed when the
calcination temperature was increased up to 1000 °C. Fig. 1(b)
shows the results obtained for the Ni-Cu-Al catalyst. The same
tendency than for the Ni-Al catalyst is observed. However, the
effect is less noticeable in the case of the catalyst with copper,
so that a high hydrogen yield is obtained even after calcination
at 1000 °C.

3.2. Catalysts characterization

3.2.1. Nickel domain size

Table 1 shows the composition of the fresh catalysts
determined by ICP. Ni is the active phase for the thermal decom-
position of methane. Al,O3 is inactive and is only present to
increase the degree of dispersion of the Ni-containing phases
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Fig. 1. Effect of the calcination temperatures on the hydrogen production. (a)
Ni:Al catalysts. (b) Ni:Cu:Al catalysts.

[15,23-25]. Additionally, most of the mechanical properties
exhibited by the prepared catalysts are due to the presence of
this inactive phase. The catalyst composition determined by ICP
is highly correlated with the nominal composition, the results
obtained at higher calcination temperatures are not so accu-
rate due to the presence of nickel aluminate that has not been
completely dissolved by the digestion method previous to the
analysis.

Fig. 2(a) shows the powder XRD patterns of the Ni-Al cat-
alyst calcined at different temperatures. It reveals the presence
of NiO as the only nickel-containing crystalline phase for the
catalyst calcined at 450 and 600 °C. At higher calcination tem-

Table 1

Composition of the catalysts calcined at different temperatures determined by ICP
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Fig. 2. Powder XRD patterns of the fresh calcined catalysts. (a) Ni:Al catalysts.
(b) Ni:Cu:Al catalysts.

peratures new reflections appear due to the presence of nickel
aluminate, NiAl,Oq4. Fig. 2(b) shows the XRD patterns for the
Ni:Cu:Al—78:6:16. A similar trend is observed: nickel alumi-
nate appears only at the highest calcination temperatures. It
should be noted that Cu is in these samples in the form of a
mixed oxide Ni(j_y)Cu,O, with identical structure than NiO.
As a consequence, Cu oxide cannot be resolved by this tech-
nique. Alumina was only detected through the presence of some
characteristic broad reflections in some samples since it is micro-
crystalline. The XRD results indicate that NiO interacts strongly
with the inactive Al O3 through the formation of the spinel phase
NiAl, Oy at calcination temperature higher than 600 °C and that
presence of Cu inhibits the formation of this phase.

Fig. 3(a) shows the powder XRD patterns of the Ni:Al cat-
alysts calcined at different temperatures after the reduction
treatment under hydrogen. In all cases, the most prominent
reflections are assigned to metallic Ni, which obviously comes
from hydrogen reduction of the NiO present in the calcined cat-

Catalyst Calcination temperature (°C) Molar ratio (Ni:Cu:Al; nominal) Molar ratio (Ni:Cu:Al; determined by ICP)
Ni:Al—2:1 450 67:0:33 67.2:0:32.8

600 67:0:33 65.2:0:34.8

800 66:0:33 74.0:0:26.0

1000 66:0:33 92.8:0:7.2
Ni:Cu:Al—78:6:16 450 78:6:16 78:6.7:15.3

600 78:6:16 77.3:6.7:16

800 78:6:16 80.3:7.7:12

1000 78:6:16 88.5:7.8:3.7
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Fig. 3. Powder XRD patterns of the catalysts after the reduction pre-treatment
at 550 °C. (a) Ni:Al catalysts. (b) Ni:Cu:Al catalysts.

alysts. It can be observed that NiO is not totally reduced since
some peaks related to this compound persist after the reduc-
tion treatment. For the catalysts calcined at high temperatures
— appear also some peaks of nickel aluminate which cannot be
reduced under the conditions used. Fig. 3(b) shows the XRD
patterns of the Ni-Cu-Al catalyst after reduction. In Cu-doped
catalysts the presence of the spinel phase is not so evident.
Apparently, Cu-doping enhances the reducibility of the catalysts,
as will be shown in the below TPR study.

These results show that reducibility of the catalysts, i.e., the
formation of the metallic Ni active phase, is better for those
prepared at low calcination temperature. In addition, the pres-
ence of Cu improves reducibility of Ni since it prevents NiO
from the formation of not reducible Ni aluminates. It has been
reported [26] that Cu®* ions are stabilized by a square plane coor-
dination which differs from the octahedral one for Ni%*. So, the
layer structure of the Ni-Al catalysts can be partially distorted or

Table 2

fragmented by copper ions. Therefore, the introduction of cop-
per could prevent the formation of spinel or its growth during
samples calcination.

Table 2 shows the crystal domain size of NiO in the cal-
cined catalysts and Ni in the reduced catalysts. As expected NiO
domain size is highly dependent on the calcination temperature:
at 450 and 600 °C similar domain sizes are obtained, while at
800 and 1000 °C the domain size increases due to thermal sin-
tering. However, after the reduction step, the domain sizes of Ni
are similar for all the calcination temperatures tested. Presence
of Cu increases the domain sizes of NiO in Ni-Cu-Al catalysts.
A plausible explanation is that Cu-doping reduces the melting
point of Ni species enhancing thermal sintering. Again in this
case, the domain size of Ni formed after reduction is similar for
all the calcination temperatures and all of them are higher than
for the Ni-Al catalysts.

3.2.2. Nickel reduction temperature

As Ni is the active phase in the TCD catalyst, it is important
to determine the temperature of reduction of the different Ni
compounds present in the calcined catalysts. The reducibility of
the oxidic species of Ni involved in the catalysts can be studied
in depth by TPR. Fig. 4(a) shows the TPR curve for the Ni:Al
catalyst calcined at 450 °C. Two reduction zones are observed.
The first one at 450—460 °C corresponds to the reduction of NiO
and the second one at 718 °C corresponds to the reduction of
the NiAl,O4 phase. The reduced species have been assigned in
basis on the XRD study although the spinel phase was not found
in the sample calcined at this low temperature. Aluminium
oxides do not reduce below 900 °C. The catalyst calcined at
600 °C has the same reduction regions, the first one corresponds
to the reduction of NiO, but in this case, the reduction peak
corresponding to NiAl,O4 displaces to higher temperatures
(781 °C). By increasing the calcination temperature, the TPR
profiles of sample calcined at 800 °C reveal the appearance of a
second reduction peak of NiO centred around 540 °C coexisting
with the first peak at 450 °C. These two reduction peaks of two
NiO species was reported earlier by Li and Chen [27] in TPR
profiles of catalysts prepared by co-precipitation with high
Ni loadings and calcined at 450 °C. Authors suggest that this
could be due to an increase in the nucleation rate of large NiO
crystallites. At the same time the reduction peak of the NiAl,O4
phase is shifted to higher temperatures almost out of the range
of the temperature scanned. This peak shifting is more clearly
evidenced in the TPR profile of sample Ni-Al calcined at

NiO domain size in fresh catalysts and Ni domain size in pre-reduced catalysts determined by XRD

Catalyst Calcination temperature (°C) NiO domain size (nm; fresh catalyst) Ni domain size (nm; reduced catalyst)
Ni:Al-2:1 450 14.8 +£0.2 215+ 0.6

600 14.0 £ 0.3 179 £ 0.5

800 24.0 + 0.6 326+ 1.7

1000 51.3 +£2.0 239+ 1.0
Ni:Cu:Al—78:6:16 450 41.6 £ 0.9 40.7 £ 0.9

600 404 £ 0.8 304 £ 0.6

800 60.0 + 1.6 423 +1.2

1000 124.8 £+ 6.0 48.0 £ 1.7
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Fig. 4. TPR profiles of the catalysts prepared at different calcination tempera-
ture. (a) Ni:Al catalysts. (b) Ni:Cu:Al catalysts.

1000 °C in which the reduction peaks of NiO at 450 °C and the
NiAl>,O4 at 781 °C vanish and only a prominent peak at 546 °C
is apparent. Consequently, TPR profiles of samples Ni-Al
evidence the formation of NiO and NiAl,O4 with decreasing
reducibility as the calcination temperature increases.

TPR profiles of the copper-doped catalyst Ni-Cu-Al
(Fig. 4(b)) show a first small reduction peak at around 237-
265 °C assigned to the reduction Cu' — Cu® in CuO suggest-
ing that in the doped catalyst there is a low concentration of CuO
not detected by XRD. Similarly to non-doped catalysts, a sec-
ond reduction peak 479-532 °C is associated with the reduction
of copper-nickel mixed oxides. By increasing the calcination
temperatures the reduction peaks shift toward higher temper-
atures indicating the formation of less-reducible NiO species.
The peak corresponding to the reduction of nickel aluminate
do not appear in the TPR profile scanned up to 800 °C sug-
gesting that copper promotes the formation of less-reducible
copper-nickel aluminates, although in lower quantity, as we have
seen in the XRD study. In the Ni-Cu catalysts almost all the

nickel is in the form of NiO, that could be reduced at the oper-
ating temperatures. Metallic Ni, the active phase in the TCD
of methane, is obtaining easier, leading to a higher hydrogen
production.

L
2.00um

Fig. 5. SEM micrographs of fresh NiAl catalysts after reduction pre-treatment.
Calcination temperature: (a) 450 °C. (b) 600 °C. (c) 800 °C. (d) 1000 °C.
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Fig. 6. SEM-EDX line profiles in the catalyst prepared at different calcination
temperatures. (a) Ni Ka line profiles in calcined fresh samples. (b) Ni Ka and
Cu Ko in NiCuAl catalysts after reduction pre-treatment at 550 °C.

3.2.3. Nickel dispersion

The morphological appearance of the fresh catalysts calcined
at different temperatures after the reduction pre-treatment with
Ho is displayed in Fig. 5. All samples appear as large agglom-
erates of particles whose size increases with the calcination
temperature. The real composition of these agglomerates in sam-
ple Ni-Al was clearly shown in a previous paper [21] using higher
resolution in a TEM study of the Ni-Al 450 revealing these
agglomerates are really made of single particles with different
sizes always below 50 nm.

The degree of Ni dispersion in the fresh catalysts is shown in
Fig. 6(a). The respective SEM-EDX line profiles of Ni Ka reveal
that the Ni dispersion in the calcined fresh catalysts becomes
highly correlated with copper in the copper-doped catalysts. In
these catalysts Cu increases the degree of Ni dispersion, in clear
agreement with the XRD study. Additionally, line profiles of Ni

Fig. 7. SEM micrographs of carbons obtained in the thermal decomposition of
methane. (a) NiAl 800 catalyst; (b) NiCuAl 600 catalyst.

Ka and Cu Ka in Ni-Cu-Al of reduced catalysts after H, pre-
treatment (Fig. 6(b)) reveal that Cu is chemically associated to
Ni in the reduced catalysts through the probably formation of an
alloy Ni(j—x)Cuy, not revealed by XRD.

3.3. Carbon characterization

The structural properties of the deposited carbon have been
studied by XRD. Their respective powder XRD patterns, shown
in Fig. 7, reveal two prominent reflections at 44.34 and 51.76°
assigned to metal Ni planes (1 1 1) and (2 00) and a third one at
26.24 assigned to graphite basal planes (0 0 2). The graphene dis-
tances, c/2, of the deposited carbon (Table 3) go from 0.336 nm
in sample Ni-Cu-Al 800-0.341 nm in sample NiAl 600. For

Table 3
Quantitative data from the XRD study of the carbon obtained with the different
catalysts

Catalyst Calcination Graphite
temperature (°C) /2 (nm) Lc (nm)
Ni:Al—2:1 450 0.338 83 £+ 0.1
600 0.341 7.6 £ 0.1
800 0.336 9.5+02
1000 0.337 9.8 +£0.2
Ni:Cu:Al—78:6:16 450 0.339 10.1 £ 0.2
600 0.339 11.7 £ 0.2
800 0.336 13.0 £ 0.2
1000 0.337 11.5 £ 0.2
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comparison a perfect graphite has an interplanar distance of
basal planes of 0.3354 nm while interplanar distances as high as
0.3440 nm have been measured in highly disordered turbostratic
carbons, in spite of the apparent inherent inaccuracies introduced
in dealing with very small domain sizes [29]. Additionally, the
domain sizes, Lc, of the carbon deposited in perpendicular direc-
tion to the graphene planes vary from 7.6 to 13.0 nm. Low values
of Lc are highly correlated with high values of the parameter c,
as one would expect for a turbostratic carbon. On the other hand,
large values of Lc are correlated with small values of the param-
eter ¢ corresponding to almost perfect graphite. In this sense, it
may be concluded that the presence of copper in the catalysts
leads to the formation of a high-order deposited carbon struc-
turally close to a perfect graphite while Ni-Al catalysts, lead to
the formation of a low ordered deposited carbon, specially in
Ni-Al the sample calcined at 600 °C.

SEM micrographs of catalysts NiAl 800 and NiCuAl 600
after the reaction of methane decomposition at 700 °C are shown
in Fig. 8. The presence of filamentous carbon a few nanometers
in diameter and some micrometers long are clearly evidenced
in the two studied samples. The fiber diameter obtained from
the SEM micrographs gives an average diameter of 50-60 nm
for the fibers obtained with the catalyst Ni-Al 800 while for the
fibers obtained with the Ni-Cu-Al 600 catalyst the average diam-
eter is 70—-80 nm. In both cases, this size is a bit higher than that
obtained with the XRD after the reduction pre-treatment, prob-
ably due to additional thermal sintering undergone by the nickel
particles in operation at 700 °C during the TCD of methane.
These results agree with the mechanisms proposed in the liter-
ature for filament growing which suggest that the diameter of
carbon fibres must be approximately equal to the Ni particle size
[28]. So, one would expect from data shown in Table 2 obtain-
ing the thinnest carbon fibres with NiAl catalysts, in complete
agreement with the experimental results.

Additional information on the graphene orientation in the
deposited carbon can be gained from high resolution micro-

€ (002)

Ni (111)

Ni (200)
Fus NiAl 450

Fus NiAl 600

Fus NiAl 800

Fus NiAl 1000

Fus NiCuAl 450

Fus NiCuAl 600

Fus NiCuAl 800

Fus NiCuAl 1000

3 10 20 30 40 50 60
2-Theta - Scale

Fig. 8. Powder XRD patterns of carbons obtained with the different catalysts.
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Fig. 9. TEM micrographs of carbons obtained. (a) NiAl 450. (b) NiCuAl 450.

graphs obtained in TEM as shown in Fig. 9. The graphene
layers in the deposited carbon obtained from TCD of methane
for both Ni-Al (Fig. 9(a)) and Ni-Cu-Al catalysts (Fig. 9(b))
form an angle of around 14° with the fibre axis. Within a fibre,
the graphenes reach the fibre surface leaving a rough surface.
Other graphenes extend up inside the fibre as a bundle of very
thin fibres like steps in a staircase.

4. Conclusions

It can be concluded that presence of copper in the catalysts
prepared by fusing the nitric salts and calcined at different tem-
peratures has a strong influence on the degree of dispersion of
Ni in the catalysts. In addition, it inhibits the formation of nickel
aluminate facilitating the reduction of NiO under hydrogen in the
subsequent catalyst reduction step. The calcination temperature
has a strong influence on the NiO domain size in the calcined
catalysts, so that, the highest the calcination temperature the
highest the domain sizes.

Whatever the calcination temperature, all the catalysts show
a high and almost constant hydrogen evolution without cata-



Y. Echegoyen et al. / Journal of Power Sources 169 (2007) 150-157 157

lyst deactivation after 8 h on stream. The presence of copper
enhances the hydrogen production and the higher hydrogen
yields were obtained using catalysts calcined at 600 °C. This
behaviour is attributed to the fact that at 450 °C the conversion of
the nitric salts into oxides is not complete, while at temperatures
higher than 600 °C there is an increment in the metal crystal
size. Consistently, the efficiency for methane decomposition
decreases.

All catalysts tested promote the formation of very long fila-
ments of carbon a few tens of nanometers in diameter and some
micrometers long. The structural properties of these carbon fil-
aments highly depend on the presence of Cu:Ni-Cu-Al catalysts
promote the formation of a well-ordered graphitic carbon while
Ni-Al catalysts enhance the formation of a rather turbostratic
carbon.

Acknowledgements

This work has been supported with funds provided by the
Spanish Ministry of Science and Technology Research Project
ENE2005-03801/ALT, and by the Aragon Government through
the recognition as a Consolidated Research Group.

References

[1] F.A. Coutelieris, S. Douvertzides, P. Tsiakaras, J. Power Sources 123 (2003)
200-205.

[2] R. Peters, R. Dahl, U. Kliittgen, C. Palm, D. Stolten, J. Power Sources 106
(2002) 238-244.

[3] J. Meusinger, E. Riensche, U. Stimming, J. Power Sources 71 (1998)
315-320.

[4] S. Freni, S. Cavallaro, N. Mondello, L. Spadaro, F. Frustreri, J. Power
Sources 108 (2002) 53-57.

[5] E. Pompeo, N.N. Nichio, M.G. Gonzilez, M. Montes, Catal. Today 107/108
(2005) 856-862.

[6] S. Rakass, H. Oudghiri-Hassani, P. Rowntree, N. Abatzoglou, J. Power
Sources 158 (2006) 485-496.

[7] S. Patel, K.K. Pant, J. Power Sources 159 (2006) 139-143.

[8] A. Fonseca Lucrédito, E. Moreira Assaf, J. Power Sources 159 (2006)
667-672.

[9] N.Z. Muradov, T.N. Veziroglu, Int. J. Hydrogen Energy 30 (2005) 225—
237.

[10] M.G. Poirier, C. Sapundzhiev, Int. J. Hydrogen Energy 22 (1997) 429-433.

[11] N. Muradov, Proceedings of the 11th World Hydrogen Energy Conference,
Stuttgart, Germany, 1996, pp. 697-702.

[12] V.N. Parmon, G.G. Kuvshinov, V.A. Sobyanin, Proceedings of the 11th
World Hydrogen Energy Conference, Stuttgart, Germany, 1996, pp. 23-28.

[13] Y. Li, J. Chen, L. Chang, Appl. Catal. A: Gen. 163 (1997) 45-57.

[14] T.V. Choudary, C. Sivadinarayana, C.C. Chusuei, A. Klinghoffer, D.W.
Goodman, J. Catal. 199 (2001) 9-18.

[15] P. Wang, E. Tanabe, K. Ito, J. Jia, H. Morioka, T. Shishido, K. Takehira,
Appl. Catal. A: Gen. 231 (2002) 35-44.

[16] M.A. Ermakova, D.Yu. Ermakov, G.G. Kuvshinov, L.M. Plyasova, J. Catal.
187 (1999) 77-84.

[17] M.A. Ermakova, D.Yu. Ermakov, G.G. Kuvshinov, Appl. Catal. A: Gen.
201 (2000) 61-70.

[18] Y. Li, J. Chen, Y. Quin, L. Chang, Energy Fuels 14 (2000) 1188-1194.

[19] I. Suelves, M.J. Lazaro, R. Moliner, B.M. Corbella, J.M. Palacios, Int. J.
Hydrogen Energy 30 (2005) 1555-1567.

[20] A. Monzén, N. Latorre, T. Ubieto, C. Royo, E. Romeo, J.I. Villacampa, L.
Dussault, J.C. Dupin, C. Guimon, M. Montioux, Catal. Today 116 (2006)
264-270.

[21] 1. Suelves, M.J. Lazaro, R. Moliner, Y. Echegoyen, J.M. Palacios, Catal.
Today 116 (2006) 271-280.

[22] 1. Suelves, Y. Echegoyen, H. Cubero, M.J. Lézaro, R. Moliner, Gordon
Conference on Chemistry of Hydrocarbon Resources, Ventura, California,
2005.

[23] L. Piao, Y. Li, J. Chen, L. Chang, J.Y.S. Lin, Catal. Today 74 (2002)
145-155.

[24] T.V. Reshetenko, L.B. Abdeeva, Z.R. Ismagilov, A.L. Chuvilin, Carbon 42
(2004) 143-148.

[25] C. Park, M.A. Keane, J. Catal. 221 (2004) 386-399.

[26] T.V. Reshetenko, L.B. Avdeeva, Z.R. Ismagilov, A.L. Chuvilin, V.A.
Ushakov, Appl. Cat. A: Gen. 247 (2003) 51-63.

[27] C.P. Li, Y.-W. Chen, Thermochim. Acta 256 (1995) 457-465.

[28] V.B. Fenelonov, A.Y. Derevyankin, L.G. Okkel, L.B. Avdeeva, V.I
Zaikovskii, E.M. Moroz, A.N. Salanov, N.A. Rudina, V.A. Likholobov,
S.K. Shaikhutdinov, Carbon 35 (1997) 1129-1140.

[29] H. Fujimoto, Carbon 41 (2003) 1585-1592.



	Hydrogen production by thermocatalytic decomposition of methane over Ni-Al and Ni-Cu-Al catalysts: Effect of calcination temperature
	Introduction
	Experimental
	Catalysts preparation
	Activity tests
	Characterization techniques

	Results and discussion
	Hydrogen production
	Catalysts characterization
	Nickel domain size
	Nickel reduction temperature
	Nickel dispersion

	Carbon characterization

	Conclusions
	Acknowledgements
	References


