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a b s t r a c t

A novel ultrasonic-assisted route for the preparation of LaNiOx composite oxide nanotubes was devel-
oped in this study. A nickel–lanthanum composite oxide with a 1:1 molar ratio was prepared by the
co-precipitation–oxidation method (PO) and assisted with 240 W ultrasonic irradiation (assigned as U-
LaNiOx). The composite oxide nanorods were synthesized by the co-precipitation–oxidation method
(assigned as LaNiOx) without ultrasonic irradiation. Both samples were characterized by X-ray diffrac-
anotubes
tion (XRD), transmission electron microscopy (TEM), BET and temperature-programmed reduction (TPR).
Catalytic activity toward the steam reforming of ethanol (SRE) was tested in the temperature range of
300–450 ◦C in a fixed-bed reactor. The results indicated that U-LaNiOx nanotubes have better activity
which enables 100% ethanol conversion at 325 ◦C; while a conversion temperature of above 425 ◦C is
required for the LaNiOx nanorods. The distribution of CO is minor for both samples. This demonstrated

reacti
uce H
that the water gas shift
composite oxides to prod

. Introduction

With increasingly rapid developments in industry and technol-
gy, energy requirements have become of utmost importance. The
ource of most of our energy is fossil fuel [1]; however, it is not only
non-renewable energy source, but also it creates serious environ-
ental problems, i.e., green house gases and air pollution. Fossil

uel must be replaced by clean and efficient alternative energies.
f these new energies, hydrogen seems to be the ideal energy [2].

t can be used in fuel cells to generate electricity, its only emis-
ion is water, and its use would reduce the demand for imported
ossil fuels and result in less air pollution [3,4]. The reforming of
io-ethanol provides a promising method for hydrogen production
rom a renewable resource [1,5]. Moreover, a high yield of hydro-
en can be obtained from the steam reforming of ethanol (SRE)
1,5–11].

Nickel is used as an active catalyst in industry, as it has high C–C
ond-breaking activity and a relatively low cost [3,7,12,13]. It also

as been used in the steam reforming of ethanol, but the Ni cat-
lyst suffers severe deactivation caused by the sintering of nickel
nd the heavy coke deposition during the steam reforming process
14]. Recent studies have shown that carbon deposition on Ni cata-

∗ Corresponding author.
E-mail addresses: chenbinwang@gmail.com, chenbin@ccit.edu.tw (C.-B. Wang).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.10.017
on (WGSR) is an important side-reaction in the SRE reaction over both
2 and CO2.

© 2010 Elsevier B.V. All rights reserved.

lysts for the steam reforming of ethanol can be strongly suppressed
by adding promoters such as La and Cu [15]. Fatsikostas et al.
[16,17] showed that Ni/La2O3 exhibited high activity and stability
in the steam reforming of ethanol to hydrogen. This was attributed
to the formation of lanthanum oxycarbonate species (La2O2CO3),
which forms due to the adsorption of CO2 on La2O3 and reacts with
the surface carbon deposited during the reaction, thus prevent-
ing deactivation. Salavati-Niasari et al. [18,19] reported about the
ultrasonic chemistry in the synthesis of nanoparticles, nanotubes
were applied. They synthesized successfully Dy2(CO3)3 nanoparti-
cles and Dy(OH)3 nanotubes.

The aim of this work was to prepare and then study the effect
of the application of ultrasonic-assisted nickel–lanthanum com-
posite oxide nanotubes on the steam reforming of ethanol. The
expectation was that the catalytic activity and stability against
coke deposition of LaNiOx catalysts on the SRE reaction could be
enhanced. The characterization of the catalysts was analyzed by X-
ray diffraction (XRD), temperature-programmed reduction (TPR)
and TEM.

2. Experimental
2.1. Preparation of catalyst

A nickel–lanthanum composite oxide, U-LaNiOx, with a 1:1
molar ratio, was prepared by the co-precipitation–oxidation

dx.doi.org/10.1016/j.cattod.2010.10.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:chenbinwang@gmail.com
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and LaNiOx [Fig. 1(B)] composite oxides. It revealed the presence
of nanotubes and nanorods in these composite oxides. Comparing
with the pure LaOx and NiOx samples showed that the distribution
of nanotubes/nanorods came from the La(OH)3 that formed under
S.-W. Liu et al. / Catalys

ethod (PO) and assisted with ultrasonic irradiation. The
o-precipitation–oxidation method involved mixing nickel and
anthanum precursor solutions. Initially, an aqueous solution of
ickel nitrate [Ni(NO3)2·6H2O, Showa] and lanthanum nitrate
La(NO3)3·6H2O, Showa] was mixed and stirred, while a 3.2 M
aOH solution was added dropwise to produce precipitation; a
2% NaOCl solution was then added dropwise to oxidize the pre-
ipitant. All processes were irradiated under ultrasonic (240 W).
nother sample, LaNiOx, with a 1:1 molar ratio was also prepared
ith the PO method without ultrasonic irradiation. Then, the sus-
ension was filtered and washed seven times with DI water. Finally,

t was dried at 110 ◦C overnight.

.2. Characterization of catalyst

X-ray diffraction (XRD) measurements were performed using
MAC Science MXP18 diffractometer with Cu K�1 radiation

� = 1.5405 Å) at 40 kV and 30 mA. The reduction behavior of
he LaNiOx composite oxides was studied by temperature-
rogrammed reduction (TPR). About 50 mg of the sample was
eated in a flow of 10% H2/N2 gas at a flow rate of 10 ml min−1.
uring TPR, the temperature increased at a rate of 7 ◦C min−1 from

oom temperature to 900 ◦C. Transmission electron micrographs
TEM) were taken on a PHILIPS (CM-200) microscope at an accel-
rating voltage of 200 kV. The samples for TEM were prepared by
ltrasonic dispersion of the powder products in ethanol, and then
eposited and dried on a holey carbon film on a copper grid.

.3. Evaluation of catalytic activity

The catalytic activities of the composite oxides towards the SRE
eaction were performed at atmospheric pressure in a fixed-bed
ow reactor. Catalyst in the amount of 100 mg was placed in a
mm i.d. quartz tubular reactor and held by glass–wool plugs.
he feed of the reactants comprised a gaseous mixture of ethanol
EtOH), H2O and Ar. The composition of the reactant mixture
H2O/EtOH/Ar = 37/3/60 vol.%) was controlled by an Ar stream flow
22 ml min−1) through the saturator (maintained at 120 ◦C) con-
aining EtOH and H2O. The gas hourly space velocity (GHSV) was

aintained at 22,000 h−1 and the H2O/EtOH molar ratio was 13.
rior to the reaction, the sample was activated by reduction with
ydrogen at 200 ◦C for 3 h. The SRE activity was tested stepwise
y increasing the temperature from 300 to 450 ◦C. The analysis of
he reactants and all the reaction products was carried out online
y gas chromatography with columns of Porapak Q and Molecular
ieve 5A to separate.

. Results and discussion

Fig. 1 shows the XRD profiles of the U-LaNiOx and LaNiOx sam-
les. Both samples had similar peaks, which matched the JCPDS
3-2034 file that identifies lanthanum hydroxide, La(OH)3, with a
exagonal structure; but, the absence of nickel-species may have
een because the nickel particles were too small (probably less than
nm) to be detected [20] or had an amorphous structure.

Fig. 2 shows the TPR profiles of the U-LaNiOx and LaNiOx sam-
les. The U-LaNiOx sample [Fig. 2(A)] had four main reduction
eaks around 197 ◦C (Tr1), 323 ◦C (Tr2), 382 ◦C (Tr3) and 590 ◦C (Tr4).
ccording to our previous study and literature reports [21–23],
e assigned these peaks to the reduction of continuous reductive

ickel oxyhydroxide, NiO(OH) (Tr1 and Tr2), La(OH)CO3 (Tr3) and
a2O2CO3 (Tr4) as shown in the following equations:

NiO(OH) + H2 → 2NiO + 2H2O (1)

iO + H2 → Ni + H2O (2)
Fig. 1. XRD profiles of nickel lanthanum oxides: (A) U-LaNiOx and (B) LaNiOx .

2La(OH)CO3 + 2H2 → La2O3 + 3H2O + 2CO (3)

La2O2CO3 + H2 → La2O3 + H2O + CO (4)

Although the XRD diffraction patterns did not observe the
amorphous phases of NiO(OH), La(OH)CO3 and La2O2CO3 for the
U-LaNiOx and LaNiOx samples, another two main broad reduction
peaks were observed: one at 382 ◦C of LaCO3OH reduced to La2O3;
and the other at 590 ◦C of La2O2CO3 reduced to La2O3, because
La(OH)3 is very sensitive to atmospheric conditions [24,25]. Under
normal conditions of temperature and pressure, it tends to absorb
moisture and CO2 in air [26], and then form LaCO3OH and La2O2CO3
at a high temperature. The TPR profile of the LaNiOx sample
[Fig. 2(B)] was very similar to the U-LaNiOx sample, but the first
reduction peak temperature was lower. This phenomenon was
due to the ultrasonic-assisted preparation of the catalyst which
enhanced the interaction between the nickel and lanthanum.

Fig. 3 shows the TEM micrographs of the U-LaNiOx [Fig. 1(A)]
Fig. 2. TPR profiles of nickel lanthanum oxides: (A) U-LaNiOx and (B) LaNiOx .
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Fig. 3. TEM images of nickel lanthanum oxides: (A) U-LaNiOx and (B) LaNiOx .

ltrasonic irradiation and was catalyzed by nickel. Mazloumia et
l. [27] ascribed the formation of rare earth hydroxide nanotubes
o the existence of lamellar structures. Fig. 4 shows the length of

anotubes and/or nanorods distribution on U-LaNiOx and LaNiOx

atalysts and presences with ranging from 100 to 900 nm. The
verage length as determined from TEM images were 301 and
66 nm, respectively for U-LaNiOx and LaNiOx catalysts. Fig. 5

Fig. 5. HR-TEM image and ED
Fig. 4. Length of nanotubes and/or nanorods distribution on U-LaNiOx and LaNiOx

catalysts.

shows HR-TEM image and EDX of U-LaNiOx catalyst. Apparently,
the distribution of components on different regions is different. The
component of the inner wall of nanotube is mainly the La(OH)3,
the component of nickel exists on the knot adjacent to the outside
of nanotubes. Apparently, the role of nickel acts as a catalyst to
promote the formation of nanotubes under ultrasonic irradiation.
Otherwise, only a few nanotubes dispersed in the nanorods were
observed for the LaNiOx sample.

Figs. 6 and 7 show a comparison of the SRE reaction over the
LaNiOx (Fig. 6) and U-LaNiOx (Fig. 7) composite oxides. There were
significant differences in catalyst activity due to the different meth-
ods. Clearly, the U-LaNiOx nanotubes had better activity than the
LaNiOx nanorods. The results indicated that the ethanol conversion
approached completion around 325 ◦C for the U-LaNiOx sample,
while a temperature of 425 ◦C was required for the LaNiOx sample
to complete conversion. At lower temperatures, the main reaction
was the dehydrogenation of ethanol to acetaldehyde. As the tem-
peratures rose, the major reaction proceeded with acetaldehyde
decomposition into methane and CO. This indicated that the nickel-
species had a stronger capacity for breaking the C–C bond in the
reforming of ethanol [1,4,12,13,20]. When comparing the effect of

temperature on the decomposition of acetaldehyde (DT), the easy
cracking of acetaldehyde promoted an increase in the hydrogen
yield (YH2). Nevertheless, the promoting effect of the U-LaNiOx

sample was more pronounced than that of the LaNiOx sample. The

X of U-LaNiOx catalyst.
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Fig. 6. Catalytic performance in the SRE reaction over LaNiOx catalyst.

T of the U-LaNiOx sample approached 325 ◦C, and above 375 ◦C
or the LaNiOx sample. Comparing with the results of Homs et al.
28] showed that the distribution of hydrogen was higher at this
ow temperature. Also, the distribution of CO was minor (<1%) for
oth samples and was lower than that reported in the literatures
CO > 5%) [15,29]. This demonstrated that the water gas shift reac-
ion (WGSR) was an important side-reaction in the SRE reaction
ver both the U-LaNiOx and LaNiOx composite oxides used to pro-
uce H2 and CO2:

O + H2O → H2 + CO2 (5)

Amounts of C2 (CH3CHO) and C3 (CH3COCH3) products distribu-
ion on the LaNiOx sample below 400 ◦C indicated that the structure
f the nanorods initiated the aldol condensation of ethanol. The
oncentration of hydrogen increased abruptly as temperatures
pproached 400 ◦C, whereas the concentration of both C2 and C3

roducts decreased gradually. This phenomenon indicated that the
team reforming of acetaldehyde and acetone [30] were thermo-
ynamically feasible under high temperatures:

H3CHO + 3H2O → 5H2 + 2CO2 (6)

Fig. 7. Catalytic performances in the SRE reaction over U-LaNiOx catalyst.
Fig. 8. XRD profiles of used nickel lanthanum oxides: (A) U-LaNiOx and (B) LaNiOx .

CH3COCH3 + 5H2O → 8H2 + 3CO2 (7)

Fig. 8 shows the XRD profiles of the U-LaNiOx and LaNiOx sam-
ples after the SRE reaction. A comparison with the fresh samples
(see Fig. 1) showed clear differences before and after the reaction.
There was several diffraction peaks observed for La2O2CO3 which
formed due to the adsorption of CO2 on La2O3; while no diffrac-
tion peaks of La2O3 were observed. Fig. 9 shows the TPR profiles
of the U-LaNiOx and LaNiOx samples after the SRE reaction. The
reduction peaks of the two samples below 400 ◦C were NiOx signal.
Above 400 ◦C, one sharp reduction peak was observed at 652 ◦C on
U-LaNiOx [see Fig. 9(A)] that was La2O2CO3 reduced to La2O3 as
follows:

La2O2CO3 + H2 → La2O3 + CO + H2O (8)

But in Fig. 9(B), LaNiOx had a broad reduction peak which meant
the two peaks covered each other: one was the deposited coke
with a different degree of graphitization on the Ni particles [31,32];

and the other was the La2O2CO3 reduction signal because LaOx

on Ni particles had the ability to remove carbon deposition in the
U-LaNiOx catalyst.

Fig. 9. TPR profiles of used nickel lanthanum oxides: (A) U-LaNiOx and (B) LaNiOx .
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. Conclusions

In this study, a fabrication process for nickel–lanthanum com-
osite oxide nanotubes with ultrasonic irradiation was developed.
he ethanol conversion was almost 100% around 325 ◦C for the U-
aNiOx nanotubes, while a temperature of 425 ◦C was required for
he LaNiOx nanorods. The distribution of CO was minor for both
amples, which demonstrated that the WGSR was an important
ide-reaction in the SRE reaction over both composite oxides to
roduce H2 and CO2.
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