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�-Alumina-supported 10, 20 and 33 wt.% nickel catalysts were prepared and used to investigate the
decomposition of ethanol to hydrogen and carbon materials at 500 and 700 ◦C. It was verified that the
ethanol conversion was complete for all nickel loadings at 500 and 700 ◦C. A low nickel loading (10
and 20%) favored the formation of the very stable spinel phase NiAl2O4, which has low activity in the
production of solid carbon. The maximum hydrogen and carbon production was obtained using a nickel
loading of 33%: more than 6 g of solid carbon per gram of catalyst (gC/gcat) was produced at 700 ◦C and

◦ ◦

thanol
atalytic decomposition
upported nickel catalysts
ydrogen production
arbon nanostructure

22.2 gC/gcat when the reaction was performed at 500 C. At 500 C, nanofibers were mainly formed, while
at 700 ◦C the production of multiwalled nanotubes was favored. The selectivity in terms of the gaseous
products was dependent on the nickel loading and temperature used. At high temperature the partial
thermal decomposition of ethanol was favored leading, mainly, to the production of hydrogen, methane,
and carbon monoxide. At 500 ◦C, there was the production of ethylene on the Al2O3 surface with low

nick
nickel loading. With high
carbon was favored

. Introduction

Hydrogen production is of great industrial interest since hydro-
en is considered to be an ideal fuel for fuel cells. Hydrogen is mainly
roduced by steam reforming of natural gas and more recently also
y decomposition of methane. The latter has the advantage of gen-
rating carbon nanostructured materials (carbon nanofibers and
anotubes) [1–3].

Carbon nanotubes (CNTs) and carbon nanofibres (CNFs) offer
any extraordinary physical and chemical properties, for instance,

hey can be used as supports for metal catalysts [4] and to
trengthen composite materials [5]. CNTs can be produced by three
echnologies: carbon-arc discharge, laser-ablation and catalytic
ecomposition processes. The latter method has been reported to
e the most selective toward carbon nanotube formation; arc dis-
harge and laser-ablation leading to mixtures of carbon materials.
ransition metals, such as nickel, iron and cobalt, are the most com-

only used catalysts for the growth of filamentous carbon [6–8].

he source of carbon is hydrocarbons, mainly methane, from natu-
al gas.

∗ Corresponding author. Tel.: +33 05 49 45 38 98; fax: +33 05 49 45 33 49.
E-mail address: catherine.batiot.dupeyrat@univ-poitiers.fr (C. Batiot-Dupeyrat).
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el loading (33%) ethanol decomposition to hydrogen and nanostructured
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In order to make the processes more environmental friendly the
use of ethanol, easily produced from biomass, has been developed
to produce hydrogen by steam reforming [9,10]. The use of ethanol
as a carbon source for the synthesis of CNTs was first reported by
Maruyama et al. [11].

More recently, Li et al. [12,13] have reported an interest in using
ethanol to produce hydrogen and CNTs simultaneously. The authors
showed that Fe/Al2O3 and Co/C catalysts were quite active in the
production of CNTs and hydrogen.

Wang et al. [14] studied the catalytic performance of Ni/Al2O3
catalyst prepared by a hydrothermal method for the decomposition
of ethanol to produce hydrogen and CNTs. The authors focused on
the effect of Ni loadings and reaction temperature on the produc-
tion of H2 and CNTs. They showed that the hydrogen production
increased with increasing temperature (from 500 to 800 ◦C) while
the quantity and quality of nanotubes decreased due to the sinter-
ing of Ni particles.

In this study we propose an extensive investigation of the cat-
alytic decomposition of ethanol using Ni/Al2O3 catalyst prepared
by a wet impregnation method. We focus on the composition of

the gas phase in order to determine what are the main reactions
involved in the process at two different temperatures: 500 and
700 ◦C. The effect of nickel loading and calcinations temperature
were investigated. The influence of the catalyst composition on the
simultaneous production of hydrogen and MWCNTs is discussed.

dx.doi.org/10.1016/j.molcata.2011.03.013
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:catherine.batiot.dupeyrat@univ-poitiers.fr
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Table 1
Catalyst active phase loading and specific surface area before and after calcination
at 700 ◦C.

Catalysts Ni (wt.%) ICP-OES SBET (m2 g−1)

Before reduction After reduction
6 D.Z. Mezalira et al. / Journal of Molecu

. Experimental part

.1. Catalyst preparation

Ni catalysts were prepared by the wet impregnation method,
sing nickel nitrate [Ni(NO3)2·6H2O] (Sigma–Aldrich) as the metal
recursor. Known amounts of the nickel salt (to obtain a metal
ontent of 10, 20, and 30%) were dissolved in water and commer-
ial aluminum oxide [�-Al2O3] (AL-3996R, Engelhard Exceptional
echnologies) was added under continuous stirring. The slurries
hus obtained were heated slowly to 90 ◦C and maintained at that
emperature until nearly all the water had evaporated. The solid
esidues were dried at 100 ◦C for 24 h and then calcined in air at
00 ◦C for 5 h. The catalyst with 30 wt.% of nickel was calcined at
00, 500 and 700 ◦C, for 5 h.

.2. Characterization of catalyst and reaction products

Catalyst samples were characterized using N2 physisorption
sotherms (Micromeritics TriStar - Surface and Porosity Ana-
yzer). Specific surface areas were calculated according to the
runauer–Emmett–Teller (BET) method. Prior to the measure-
ents, the samples were outgassed at 350 ◦C for 8 h.
Nickel loading was measured using a Perkin Elmer (Optima

000 DV) inductively coupled plasma-optical emission spectrom-
ter (ICP-OES) after the catalyst calcinations.

The catalysts were characterized by X-Ray Diffraction (XRD)
sing a Siemens D-5005 diffractometer with CuK� = 1.5417 Å, oper-
ted at 40 kV and 30 mA. The diffraction patterns were recorded in
he 2� range of 10–90◦ with a step interval of 0.02◦ and period of
s.

Temperature Programmed Reduction (TPR) analysis was carried
ut with a Micromeritics Autochem 2910 analyzer using approx-
mately 100 mg of catalyst. These experiments were performed
sing a 5% H2/Ar flow and the temperature was raised at 5 ◦C min−1

rom room temperature to 900 ◦C and maintained at this tempera-
ure for 30 min.

Transmission Electron Microscopy (TEM) images were obtained
n a Philips CM120 instrument equipped with a LaB6 filament.
he sample was deposited on a Cu grid for observation by TEM.
he diameters of carbon nanotubes were evaluated from about 20
mages and 100 measurements.

Thermogravimetric analysis (TGA) was carried out with a SDT
960 thermobalance TA Instruments analyzer in Pt crucibles to
etermine the stability of the carbon formed. The measurement
f several samples was performed under an airflow of 100 cm3 h−1

n heating from room temperature to approximately 700 ◦C with a
eating rate of 5 ◦C min−1.

Raman spectra (Stokes spectra) were obtained at room temper-
ture, using an HR UV 800 confocal scanning spectrometer (Horiba
obin Yvon) equipped with a Peltier-cooled charge-coupled device
1152 × 298 pixels) for detection. The Raman scattering was excited
sing a 632.81 nm excitation wavelength supplied by an inter-
al He–Ne laser through an Olympus high-stability BXFM confocal
icroscope. Patterns were recorded in the 50–1000 cm−1 Raman

hift range with a spectral resolution of 0.5 cm−1. LabSPEC v. 5
oftware was used for data acquisition and processing.

.3. Catalytic reaction

Catalytic decomposition of ethanol was carried out at atmo-

pheric pressure, in a horizontal fixed-bed reactor at a temperature
f either 500 or 700 ◦C. Prior to this step, the catalyst was reduced

n situ using a 15% H2/N2 flow at 700 ◦C for 30 min. Ethanol was
umped into a tubular furnace (0.04 mL min−1) and vaporized. The
aseous ethanol was then mixed with nitrogen (volumetric mixture
10 wt.% Ni/Al2O3 9.8 162 156
20 wt.% Ni/Al2O3 20.4 104 102
30 wt.% Ni/Al2O3 33.3 116 100

ratio of ethanol/nitrogen = 1/1). A total flow rate of 40 mL min−1 was
then fed to the reactor containing 100 mg of the catalyst. Effluents
released by the reactor were analyzed using a gas chromatograph
(Perkin-Elmer) equipped with a Flame Ionization Detector (FID)
and Thermal Conductivity Detector (TCD). Separations were per-
formed using a carboxen 1000 column for CO and CO2, a Poraplot
Q column for CH4, C2H6 and C2H4, and a molecular sieve 5A col-
umn for H2. Reaction data were recorded for 4 h. Catalyst activity
was evaluated in terms of ethanol conversion. We defined ethanol
conversion as:

Ethanol conversion(%) = mol ethanol in − mol ethanol out
mol ethanol out

× 100

The molar concentration of products was calculated using a
standard mixture. The calculation is expressed as follows:

Molar concentration of products(%) = ni

n total
× 100

where ni is the moles of i gas product (H2, CH4, CO, CO2, C2H4, C2H6),
n total is the total moles of gas (N2, H2, CH4, CO, CO2, C2H4, C2H6).

3. Results and discussion

3.1. Characterization of the catalyst before reaction: nickel
loading and influence of the calcination temperature

The nickel loadings of the catalysts as determined by ICP-OES
are reported in Table 1. It can be observed that the amount of
nickel for the catalysts with 10 and 20 wt.% is close to the target
value, while the third catalyst is composed of 33% nickel. To sim-
plify the notation the samples were designated as 10NiAL, 20NiAl
and 33NiAl.

The specific surface areas of the catalysts calcined at 700 ◦C are
also indicated in Table 1, and the values exceeded 100 m2 g−1 for
all nickel loadings.

With the aim of identifying the phases present in the catalytic
samples, X-ray diffraction and TPR analysis were carried out. After
the drying step, samples of the catalyst 33NiAl were calcined at
300, 500 and 700 ◦C under air for 5 h. Fig. 1 shows the XRD profiles.
Broad peaks indicate that the Al2O3 phase is weakly crystallized.
In the presence of nickel, as the calcination temperature increases
the formation of the spinel NiAl2O4 occurs. It is difficult to iden-
tify precisely the diffraction lines of NiAl2O4 due to overlap with
those of the �-Al2O3 phase and some diffraction lines of NiO. Never-
theless, the presence of NiAl2O4 when the calcination temperature
exceeds 500 ◦C is well documented in the literature [15]. The pres-
ence of NiO can be evidenced by the diffraction peak at 2� = 63◦

corresponding to the NiO (2 2 0) plane. When the calcination tem-
perature increases the peaks become more intense and narrower,
indicating an increase in the average NiO crystallite size [16].

Fig. 2 shows the XRD patterns obtained for the 10NiAl, 20NiAl

and 33NiAl samples after calcination at 700 ◦C. Broad peaks were
obtained with lower nickel loadings (10 and 20%) and the peaks
were narrower for the highest nickel loading indicating the pres-
ence of larger NiO crystallites.
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reported in Fig. 4. The samples calcined at 300 and 500 C are easily
reduced compared to that calcined at 700 ◦C. The H consumption
ig. 1. XRD patterns obtained over 33 wt.% Ni/�-Al2O3 calcined at different temper-
tures (300, 500 and 700 ◦C).

The TPR profiles for the 10NiAl, 20NiAl and 33NiAl samples after
alcination at 700 ◦C are displayed in Fig. 3. We checked that the
ydrogen consumption during the H2-TPR corresponds to a com-
lete reduction of nickel in the temperature range: 300–1000 ◦C.

The TPR profiles of the samples with low nickel loading (10NiAl
nd 20NiAl) showed the presence of a large peak between 600
nd 1000 ◦C. This peak was attributed to the reduction of stoi-
hiometric nickel aluminate (NiAl2O4) [17,18]. The 10NiAl sample
learly showed a shoulder at close to 700 ◦C indicating the pres-
nce of nonstoichiometric nickel aluminate (NiO–Al2O3) [19]. This
houlder did not appear in the case of the 20NiAl sample, perhaps
ecause the NiAl2O4 phase, which overlaps with the NiO–Al2O3
hase, was present in greater quantity. For the 33NiAl catalyst three
ain peaks are clearly visible. In the lowest temperature region

300–400 ◦C) the peak corresponds to the bulk NiO, with some
nteraction with the support. The second peak (400–600 ◦C) indi-
ates a stronger interaction between NiO and Al2O3, while the third

600–900 ◦C) is attributed to the presence of the nickel aluminate.

The diffusion of nickel and/or aluminum from one phase to the
ther is probably dependent on the nickel loading. The driving force
or the diffusion of nickel and/or aluminum is likely to be the con-
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Temperature (°C)

Fig. 3. H2-TPR profiles obtained over Ni/�-Al2O3 calcined at 700 ◦C with different
amounts of Ni loading (10, 20 and 33%).

centration gradient between the nickel oxide and the aluminum
oxide phases [20]. From the H2-TPR results it can be concluded
that the diffusion of nickel ions into the Al2O3 is not complete with
33 wt.% of nickel, this amount corresponding to the quantity of Ni
in NiAl2O4.

Consequently, it is proposed that, after calcination at 700 ◦C, the
catalyst composition is as follows, depending on the nickel content:

10%Ni/Al2O3: Al2O3 + NiAl2O4(10NiAl)

20%Ni/Al2O3: Al2O3 + NiAl2O4(20NiAl)

33%Ni/Al2O3: NiO + Al2O3 + NiAl2O4(33NiAl)

The influence of the calcination temperature for 33NiAl is
◦

2
observed before 300 ◦C indicates the presence of nickel nitrate used
as the metal precursor and this is not completely eliminated dur-
ing the calcination step. We can observe that the samples calcined
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Fig. 4. H2-TPR profiles obtained over 33 wt.% Ni/�-Al2O3 calcined at different tem-
peratures.
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ferent temperatures, at 500 and 700 ◦C. Prior to this study the
thermal decomposition of ethanol was investigated at tempera-
tures from 200 to 700 ◦C (Fig. 7). The results showed that ethanol
decomposition is not significant at 500 ◦C and is complete at 700 ◦C.
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ig. 5. XRD patterns obtained after reduction at 700 ◦C of Ni/�-Al2O3 with different
mounts of Ni loading (10, 20 and 33%).

t 300 and 500 ◦C have only a very small reduction peak at 800 ◦C,
ndicating that the preponderant phase is NiO and not NiAl2O4.
enerally, low temperature peaks are attributed to the reduction
f NiO particles presenting a weak interaction with the support,
hile the higher temperature peaks are attributed to the reduction

f NiO and strong interaction with the oxide support.
The H2-TPR not only allows the catalyst behavior to be investi-

ated under a reductive atmosphere, it is also an interesting tool to
erify the nature of the oxide phases obtained, complementing the
ata obtained from the XRD analysis.

.2. Characterization of the catalyst after reduction

The catalysts calcined at 700 ◦C were reduced under hydrogen
t 700 ◦C for 30 min prior to the reactions. As shown in Table 1
he surface area is not significantly modified by the reduction
tep regardless of the nickel loading. Only a small decreased was
bserved, values remaining higher than 100 m2 g−1. The surface
rea of the starting alumina support was equal to 200 m2 g−1, con-
equently the nickel impregnation followed by the calcination at
00 ◦C leads to a slight decrease of the surface area of the material.

The XRD measurements performed after the reduction step are
eported in Fig. 5. After the treatment under hydrogen at 700 ◦C,
he XRD patterns obtained with the 10NiAl and 20NiAl samples
ere not significantly different from the patterns obtained before

he reduction (presence of both Al2O3 and NiAl2O4). These results
re explained by the stability of the spinel phase NiAl2O4 towards
eduction, as a temperature of 700 ◦C is not sufficient to reduce
ompletely NiAl2O4.

For the catalyst 33NiAl, the presence of metallic nickel parti-
les is clearly evidenced from the XRD pattern, indicating that the
atalyst was reduced at 700 ◦C. The presence of the spinel phase
iAl2O4 cannot be established, from XRD, due to the overlapping
f the NiAl2O4 diffraction lines with the �-Al2O3 phase. However
ccording to the H2-TPR profile, the presence of NiAl2O4 after the
eduction step at 700 ◦C, can be proposed.

The 33NiAl catalyst showed peaks at 2� = 44◦, 51◦ and
6◦ corresponding to three nickel planes (1 1 1), (2 0 0) and

2 2 0), respectively. The nickel crystallite size was calculated
or the 33NiAl sample using the Ni (1 1 1) reflection and the
ebye–Scherrer equation. The calculated crystallite sizes were

ound to be 13 nm after the reduction step verifying that relatively
mall nickel particles are present. The presence of such small nickel
Fig. 6. TEM micrograph after reduction of 33 wt.% Ni/�-Al2O3 under hydrogen at
700 ◦C.

particles is also visible in the TEM images as shown in Fig. 6. It can be
explained by the low amount of metallic nickel particles at the sur-
face of the support compared to the high concentration of nickel in
the bulk. However, the presence of some nickel particles of close to
20 nm are also visible, which can be attributed to the large amount
of nickel used [14].

3.3. Catalytic reaction

In order to investigate the catalytic activity of the different
Ni/Al2O3 catalysts, the decomposition of ethanol was carried out.
The catalytic decomposition of ethanol was performed at two dif-
200 300 400 500 600 700

Temperature (°C)

Fig. 7. Thermal decomposition of ethanol from 200 to 700 ◦C.
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Table 2
Influence of the nickel loading on the catalytic decomposition of ethanol.

Catalyst Reaction T (◦C) Reaction time (min) % Products C prod (g/gcat)

H2 CO CO2 CH4 C2H4 C2H6

10NiAl 700 30 27.0 13.0 0.6 14.1 3.0 2.5
700 240 20.4 13.4 0.4 21.8 2.2 2.4 0.33
500 30 14.0 0.5 2.0 0.2 30.5 0.3
500 240 18.6 0.5 4.1 0.2 30.3 0.2 1.16

20NiAl 700 30 29.0 12.0 0.7 13.1 2.4 2.4
700 240 22.5 13.1 0.5 20.8 2.1 2.3 1.02
500 30 20.5 0.5 4.0 0.9 26.0 0.6
500 240 20.8 0.7 4.5 0.4 30.5 0.4 2.99

33NiAl 700 30 31.5 12
700 240 23.5 13
500 30 29.5 1
500 240 30.2 1

Table 3
Ethanol transformation with 33 wt.% Ni/�-Al2O3 at 500 ◦C based on carbon balance.
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rom the GC analysis, it is possible to ascertain the composition of
he exhaust gases at 700 ◦C: hydrogen (33%), methane (23%), carbon

onoxide (15%), ethylene and ethane (3%). The presence of water
as indicated, but it was not possible to quantify.

The results show that hydrogen can be produced simply through
he thermal treatment of ethanol; however, the presence of unde-
ired products, such as methane, in high yields makes this process
f using ethanol to produce hydrogen unviable.

The influence of the presence of the nickel-based catalysts is
hown in Table 2. The catalysts with different nickel loading were
alcined at 700 ◦C. In all cases total conversion of ethanol was
chieved.

The carbon production is calculated with the formula:

production(g/gcat) = (mT − mcat)
mcat

here mT is the total mass of catalyst and carbon produced after
h of reaction, mcat is the mass of catalyst used (100 mg).

Table 2 shows that the production of carbon is low for 10NiAl
nd 20NiAl at all reaction temperatures; however, the production
f carbon reaches 22.2 gram per gram of catalyst with 33NiAl at
00 ◦C. For all samples, as the reaction temperature increases from
00 to 700 ◦C the amount of carbon produced decreases, which can
e attributed to two different scenarios:

1) The nature of the carbon materials produced. Indeed at 500 ◦C,
carbon nanofibers (CNFs) are mainly formed (see below) while
carbon nanotubes (CNTs) are produced at 700 ◦C. The higher
density of CNFs compared to CNTs can explain the higher yield
in weight of carbon obtained at low temperature.

2) A partial thermal decomposition of ethanol. When the reaction
◦
is performed at 700 C, not only the catalyst bed is heated at

700 ◦C but also the gas mixture (ethanol and nitrogen), before
entering the catalyst zone. Consequently, it is to be expected
that ethanol is partially decomposed into CO, C2H6 and C2H4.
The presence of such products, which are not as easily acti-

able 4
thanol transformation with 30 wt.% Ni/�-Al2O3 at 500 ◦C based on hydrogen
alance.

C2H5OH H2 CH4 H2O C2H4 C2H6

100% 42% 32% 19% 6% 1%
.2 1.0 10.8 0 0

.5 0.8 19.1 1.9 2.2 6.35

.5 3.5 17.5 0.2 0

.1 4.5 14.0 4.3 0.3 22.2

vated by the catalyst as ethanol, could explain the lower yield
of carbon at 700 ◦C.

The effect of temperature on the activity of Ni/Al2O3 catalyst
has been largely studied in the literature. Alberton et al. [21]
studied the influence of temperature on the carbon formation dur-
ing ethanol steam reforming over Ni/Al2O3 catalysts. The authors
showed that the deactivation of the catalyst was lower at 973 K
than at 773 K while the amount of deposited carbon was slightly
higher. They explained their results by the formation of encap-
sulating carbon during the initial stages of the reaction at 773 K,
while filamentous carbon is preferably formed at 973 K. In our
experimental conditions the formation of encapsulating carbon
can be envisaged at 773 K, nevertheless the ethanol conversion
remains 100%, showing that ethanol is still activated at 773 K
even after 75 h of reaction. Moreover, the difference in the mor-
phology of carbon material is evidenced by the TEM images, the
lowest reaction temperature (500 ◦C) favoring the production of
dense carbon material (carbon nanofibers) compared to the high-
est reaction temperature (700 ◦C) showing the presence of carbon
nanotubes.

Jeong and Lee [7] investigated the growth of filamentous carbon
by decomposition of ethanol on nickel foam. They showed that the
most favorable temperature was around 600 ◦C: only a thin layer
100 20 30 40 50 60 70 80

0

10

20Pr
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u
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Fig. 8. Long term experiment with 33NiAl at 500 ◦C.
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So we can see that the influence of the temperature for the reac-
ivity of ethanol over nickel based catalysts can be explained by
onsidering the reactions involved or by the mechanism of car-
on deposition. It seems difficult to conclude at this stage; most
robably the two phenomenons are combined.

According to the gas phase composition and the thermodynamic
ata, the main reactions involved in the catalytic decomposition of
thanol can be proposed as follows:

H3CH2OH → CO + H2 + CH4 (1)

H3CH2OH → CH2 CH2 + H2O (2)

Subsequent reactions can proceed from the products, such as:

H4 → C + 2H2 (3)

2H4 → 2C + 2H2 (4)

Ethylene can be hydrogenized as follows:

H2 CH2 + H2 → CH3–CH3 (5)

The gas phase composition with 10NiAl and 20NiAl could be
xplained as follows:

At 500 ◦C, the dehydration of ethanol to ethylene is favored
(�G◦ = −52.9 kJ/mol), the direct cracking of ethylene to carbon
can proceed at this low temperature whereas methane crack-
ing is not favored at 500 ◦C (�G◦ = 5 kJ/mol). Consequently, the
resulting carbon formation can be attributed to ethylene decom-
position. Indeed, the amount of CO and CH4 is very low which
shows that reaction (1) is not favored. These results show that
the mixture of Al2O3 and spinel NiAl2O4 favors the dehydration
of ethanol. The dehydration properties of Al2O3 have been evi-
denced by Rosynek et al. [22] and Fatsikostas et al. [23].
At 700 ◦C, the thermal decomposition of ethanol according to
reaction (1) is favored but the dehydration of ethanol can also
proceed. The carbon deposition would result from methane or
ethylene decomposition. This hypothesis is corroborated by the

composition of the exhaust gas, which is similar to the composi-
tion obtained without a catalyst.

he catalyst 33NiAl is much more active than 10NiAl and 20NiAl
ue to the presence of metallic nickel on the support after the
500 and 700 ◦C with 33 wt.% Ni/�-Al2O3.

reduction step. The maximum hydrogen production and a particu-
larly high carbon yield are obtained with 33NiAl.

The very low ethylene production with 33NiAl can be explained
by the ethanol activation on metallic nickel particles at the surface
of the support (after the reduction step) which is responsible for
bond cleavage to produce mainly hydrogen and carbon.

At 500 ◦C, methane is present most probably due to ethylene
cracking at the surface of nickel particles or to reaction (1) fol-
lowed by CO methanation. The methanation of CO being favored
in the presence of metallic nickel particles and low temperature, it
is thus not possible to exclude the methanation of CO as a possible
reaction. At 700 ◦C with 33NiAl, the product distribution is not very
different from those obtained using 10NiAl and 20NiAl proving that
a thermal effect can be mainly responsible of the gas phase com-
position. However the amount of carbon deposition is much higher
with 33NiAl than with 10NiAl and 20NiAl, so the direct decompo-
sition of ethanol or ethylene decomposition is strongly favored at
the surface of nickel metal.

In addition, according to the TPR and XRD results, the NiAl2O4
phase formation is greater for these samples, indicating a greater
metal–support interaction. Thus, the active phase (Ni) is expected
to be less accessible and the support mainly responsible for the
catalytic activity.

A modification of the selectivity toward CH4 and H2 can be noted
over time on stream when the reaction is performed at 700 ◦C, the
selectivity toward methane increases while at the same time the
selectivity toward hydrogen decreases regardless of the nature of
the catalyst. This result can be attributed to the formation of carbon
which is not highly structured (such as amorphous carbon) and
which can react with hydrogen to produce methane.

The amount of carbon dioxide produced is very low for all of the
catalysts and reaction temperatures investigated. The presence of
CO2 can result from steam reforming of ethanol:

C2H5OH + 3H2O → 6H2 + 2CO2 �G(500
◦
C) = −125 kJ mol−1

(6)
Based on the gas phase composition, the above-mentioned
reactions, and the carbon and hydrogen balance, it is possible
to estimate the ethanol transformation. The results reported in



D.Z. Mezalira et al. / Journal of Molecular Catalysis A: Chemical 340 (2011) 15–23 21

F 3 at 50

T
5
b
e
F
o
(
i

l
o
a

ig. 10. TEM images of carbon formed after 4 h of reaction over: 33 wt.% Ni/�-Al2O

ables 3 and 4 were obtained with the catalyst 33NiAl at 500 ◦C:
5% of the carbon present in the ethanol is transformed into car-
on deposits, 24% into methane, 10% into carbon dioxide, 9% into
thylene, 2% into carbon monoxide, and 1% into ethane (Table 3).
rom the hydrogen balance (Table 4), it is clear that a high amount
f the hydrogen present in the ethanol is converted into methane
32%), while 42% is converted into hydrogen, 19% into water, 6%

nto ethylene and 1% into ethane.

A long term experiment was performed using the 33NiAl cata-
yst at 500 ◦C. The reaction was carried out using a flow of ethanol
f 0.05 mL/min, with the appropriate flow of nitrogen to obtain
ratio of C2H5OH/N2 = 1. Fig. 8 shows that the hydrogen produc-
0 ◦C (A and B) and 700 ◦C (C and D), over 10 wt.% Ni/�-Al2O3 at 700 ◦C (E and F).

tion is high during the first five hours of reaction and then sharply
decreases from 35% to 25%. At the same time the production of
methane decreases, which shows that the ethanol decomposition
according to reaction 3 is less favorable after 5 h of reaction. The
production of carbon monoxide is always low even at the begin-
ning of the reaction, indicating that CO reacts to generate carbon
according to the following reactions:
2CO → C + CO2(�G◦
500 ◦C = −35.27 kJ mol−1) (7)

CO + H2 → C + H2O(�G◦
500 ◦C = −24.91 kJ mol−1) (8)

CO + 3H2 → CH4 + H2O(�G◦
500 ◦C = −30.02 kJ mol−1) (9)
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Fig. 11. Raman spectra of nanotubes obtained over 30% Ni/�-Al2O3 calcined at
700 ◦C after 4 h of reaction at 500 ◦C and over Ni/�-Al2O3 calcined at 700 ◦C with
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The deactivation of the catalyst can be explained by a change
n the accessibility of the nickel particles. At the beginning of the
eaction metallic nickel particles are available for the activation of
thanol and its decomposition to hydrogen, methane and carbon
onoxide, but when the amount of solid carbon produced becomes

igh, nickel particles are covered by or encapsulated in the carbon
anotube/nanofiber (see Fig. 10). Consequently, the activation of
2H5OH is limited and its dehydrogenation at the surface of the
upport (mainly NiAl2O4) is favored. This is corroborated by the
resence of ethylene in high yields after a few hours of reaction.
owever, the growth of the carbon fibers continues for 75 h on

tream, the amount of solid carbon reaching 31 g/gcat.

.4. Characterization of the carbon produced

Thermogravimetric analysis (TGA) was performed after 4 h of
eaction at 500 ◦C and 700 ◦C over 33NiAl. Fig. 9 shows that no
morphous carbon, easily oxidized at around 320 ◦C, is present in
he samples. The mass-loss step occurs at 450–550 ◦C when the
eaction is performed at 500 ◦C, and at 550–620 ◦C for the reaction
t 700 ◦C, accounting for the higher stability of the carbon formed
t higher temperatures. The TGA curve has a shoulder immediately
efore the sharp weight loss. This shoulder could be attributed to
he presence of filled filaments at 500 ◦C and thick multiwalled
arbon nanotubes at 700 ◦C.

The TEM images in Fig. 10(A and B) shows that carbon fibers
re present after the reaction at 500 ◦C with the catalyst 33NiAl,
eterogeneous filaments are formed with external diameters of
etween 7 and 150 nm and internal diameters of 1.5–3 nm. When
he reaction is conducted at 700 ◦C, multiwalled carbon nanotubes
ith external diameters of 8–50 nm and internal diameters of

–12 nm are formed. The presence of carbon nanofibers has also
een evidenced by Chen et al. [16] for the same type of catalyst
t 500 ◦C during methane decomposition. It is generally accepted
hat carbon growth takes place on the nickel particle according to a
issolution–precipitation mechanism [24]. The greater thickness of
he walls formed at 500 ◦C may be attributed to the easier solubility
f carbon in the nickel particles at low temperature [25]. Fig. 10(E
nd F) shows that carbon nanotubes are also formed at 700 ◦C with
he catalyst 10NiAl. It proves that 10NiAl is partly reduced to form

etallic nickel during the step under hydrogen at 700 ◦C. However
he amount of CNTs obtained is low: 0.33 g/gcat which results from
he low amount of reduced nickel available for the growth of CNTs.
his result is in accordance with the H2-TPR profile showing that
he reduction of the spinel phase NiAl2O4 starts at 600 ◦C but is
omplete after 950 ◦C.

Raman spectroscopy was used to characterize the nanotubes.
he spectra exhibit similar features (Fig. 11). Two intense peaks
re observed at 1323–1325 cm−1 and 1575–1581 cm−1 which
re assigned to the D and G peaks, respectively. The D peak is
isorder-induced and thus indicative of disordered carbon, mul-
iwalled tubes and microcrystalline graphite. The G peak is the
nly peak originating from a normal first-order Raman scattering
rocess of E2g symmetry and results from the tangential stretch-

ng mode of graphitic-like materials. In addition, the D′ peak [26]
ypical of disordered graphite is detected as a shoulder in all
he samples. Spectral features were fitted to Lorentzian curves,
rom which the relative intensities of the D and G bands were
etermined.

The ID/IG ratio is known to be dependent on the size of the
raphitic crystallites. The lower this ratio the higher the degree

f crystallinity and the lower the defects in the sidewalls of nan-
tubes [27,28]. The ID/IG values are very similar for all amounts of
ickel present in the catalyst (Fig. 10). It seems that this parameter
oes not affect significantly the quality of the nanotubes. However,
he higher ID/IG value obtained for 33 wt.% Ni/�-Al2O3 when the
different amounts of Ni loading (10, 20 and 30%) after 4 h of reaction at 700 ◦C.
Experimental data are represented in grey, band components and the sum of the
components by solid lines.

reaction was performed at 700 ◦C could indicate a slight increase
in the disorder and decrease in the size (diameter) of the carbon
material when compared with the reaction carried out at 500 ◦C in
presence of the same catalyst with a constant ethanol flow rate of
0.04 mL min−1.

4. Conclusions

The decomposition of ethanol over Ni/�-Al2O3 catalysts with
different nickel loadings (10, 20 and 33%) was investigated at two
different temperatures: 500 and 700 ◦C. The production of carbon
materials is low with 10 and 20% nickel loading, which can be
attributed to the formation of the very stable spinel phase NiAl2O4
during the calcination step at 700 ◦C. TPR experiments revealed that
the reduction of NiAl2O4 requires temperatures higher than 900 ◦C.
Consequently, metallic nickel species are not available to perform
the decomposition of ethanol over the 10 and 20% Ni/Al2O3 mate-
rials. When the nickel loading reaches 33%, the presence of nickel
oxide is evidenced by XRD after calcination. The reduction of 33NiAl
at 700 ◦C leads to the formation of metallic nickel particles respon-
sible for the high catalytic activity and more than 6 g of solid carbon
per gram of catalyst is produced at 700 ◦C, this reaching 22.2 gC/gcat

when the reaction is performed at 500 ◦C. The characterization of
carbon formed after 4 h of reaction shows that carbon fibers are pro-
duced at 500 ◦C while multiwalled carbon nanotubes are produced
at 700 ◦C.

The conversion of ethanol is complete at 500 ◦C and 700 ◦C for
all nickel loadings. When the reaction is performed at 700 ◦C it is
assumed that a partial thermal decomposition of ethanol occurs
which produces not only hydrogen but also methane and carbon
monoxide in high yields.

At 500 ◦C, 10NiAl and 20NiAl catalysts promote the formation

of ethylene due to the dehydrogenation properties of Al2O3 while
with 33NiAl the CO2 production is very low and the decomposi-
tion of ethanol proceeds readily to produce hydrogen and solid
carbon.
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Thus, according to the results presented here, the optimum
xperimental conditions are obtained at 500 ◦C using a 33% nickel
oading over alumina.
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