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Catalytic hydrogenation of carbon dioxide over LaNi5
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Abstract

The hydrogenation of carbon dioxide to methane can be catalyzed over an intermetallic compound of LaNi at5
Ž .250–3508C. The catalytic activity at 2508C increases during the reaction while X-ray diffraction XRD analyses show that

Ž .the structure of the compound decomposes to La OH , LaCO OH, and metallic nickel. Formation of metallic nickel species3 3

during the reaction also takes place in a nickel–lanthanum oxides catalyst prepared by a coprecipitation method, however,
Ž .the activity is not so high as the former catalyst. Surface analyses by X-ray photoelectron spectroscopy XPS suggest that

new nickel species interacting with lanthanum cation, possibly Ni–O–La, are formed in LaNi during the reaction, and the5

species are supposed to be rather active than metallic nickel. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many of hydrogen storage alloys are inter-
metallic compounds composed of rare earth

w xmetals and transition metals 1 . Their catalytic
properties especially for hydrogenation have
been extensively investigated because they can
store hydrogen as metal hydride which is often
active to the hydrogenation of olefins at temper-

w xatures lower than 408C 2–6 . The alloys can
also be applied for the hydrogenation of carbon

w xoxides above 1008C 7–13 . The catalytic activi-
ties of the nickel-based alloys are generally high

) Corresponding author. Tel.: q81-727-51-9652; Fax: q81-
727-51-9629; E-mail: h-ando@onri.go.jp

while under the reaction conditions, the struc-
ture of the intermetallic compound is changed
and the growth of the transition metal particles
can be observed.

The catalytic activity of nickel to the hydro-
genation of carbon dioxide is known very well
w x14,15 . Addition of rare earth elements to nickel
catalysts often results in the enhancement of the
activity to the hydrogenation of carbon oxides
w x12,16–18 . In the case of lanthanum cobalt
intermetallic catalysts, it was shown that the
strong interaction between cobalt and the rare

w xearth causes formation of new active sites 19 .
This suggests that interaction between nickel
and rare earth elements is important and hydro-
gen storage alloys are rather good precursors.

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
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However, it is not obvious how the rare earth
elements affect the catalytic activity and the
further understanding is necessary for the devel-
opment of the hydrogenation catalysts prepared
from hydrogen storage alloys.

In this paper, we will show that the interac-
tion between nickel and lanthanum affects the
activity of the catalyst whose precursor is an
intermetallic compound of LaNi for the hydro-5

genation of carbon dioxide.

2. Experimental

2.1. Catalyst preparation

An intermetallic compound, LaNi , was pre-5

pared by arc-melting of the metal constituents in
a copper crucible under 66.7 kPa of an argon
stream. The ingot was pulverized into powder
by hydrogen absorption, then the particles of
145–200 mesh were sieved for catalytic tests.

ŽA mixed oxide of Ni and La denoted as
.Ni LaO was prepared by coprecipitation from5 x

Žan aqueous solution of the metal nitrates 0.83
2q 3q.M for Ni , 0.17 M for La with a sodium

Ž .carbonate solution 1 M . The precipitate was
well washed with distilled water and dried at
1208C for 6 h. The solid was calcined in air at
3508C for 3 h, and crushed into 24–40 mesh
granules.

Nickel powder with the particle size of ca.
210 mesh was obtained from Nihon Kagaku
Sangyo.

2.2. Reaction procedure

The hydrogenation of carbon dioxide was
carried out with a fixed-bed flow reactor made
of stainless steel tube with 10-mm i.d. A cata-

Ž .lyst 1.0 g was usually pretreated with a hydro-
Ž .gen stream diluted with nitrogen H , 1 mol%2

under atmospheric pressure at 2508C for 12 h.
After introduction of a reactant mixture of car-

Ž . Ž .bon dioxide 20 mol% and hydrogen 80 mol%
at 2508C, the pressure was raised to 5 MPa

Ž 3 y1 .total flow rate, 3.0 dm h in S.T.P. . The
effluent gas was analyzed with an on-line gas
chromatograph whose columns were Porapak Q
for carbon dioxide and MS-13X for methane
and carbon monoxide. Yields and selectivities
were calculated from the molar fraction of car-
bon in the products.

2.3. Characterization of the catalyst

Ž .X-ray diffraction XRD patterns were record-
ed with a Rigaku ROTAFLEX diffractometer
Ž .Cu-Ka . The crystallite size of the catalyst
was calculated from the peak width of the XRD

w xpattern using the equation of Scherrer 20 .
Surface analyses by X-ray photoelectron

Ž .spectroscopy XPS were performed with a Shi-
madzu ESCA-750. The spectra were recorded

Žafter argon-ion sputtering for 0.5 min 2 kV, 25
.mA . The binding energy was corrected with

Ž . Ž .the energy of C 1s 284.6 eV for carbon con-
w xtaminant 21 .

The BET surface areas of the samples were
measured with a Quantasorb Jr. by the physi-
sorption of krypton at y1968C.

3. Results

3.1. Catalytic performance of the catalysts

The hydrogenation of carbon dioxide to
methane was carried out over LaNi at 250–5

3508C. The conversion at 2508C increased grad-
ually with time-on-stream and the conversion of
carbon dioxide reached to ca. 94% at 5 h-on-
stream and the catalytic activity became stable
Ž .Fig. 1 . Trace amounts of carbon monoxide and
ethane were formed as by-products, but no C3q
hydrocarbons were detected. The catalytic activ-
ity increased within 2 h when the reaction tem-
perature was 3508C. After the reaction at 3508C
for 10 h, the reaction temperature was reduced
to 2508C. The catalytic activity was almost the
same as that produced in the reaction at 2508C
for 10 h without the hysteresis, that is, the
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Fig. 1. Hydrogenation of carbon dioxide to methane at 2508C.
Ž . Ž .` , LaNi ; ^ , Ni LaO .5 5 x

Ž .conversion was 92% Table 1 . The catalyst
reduced at 4008C for 12 h and that without
reduction produced almost the same activity as
the one reduced at 2508C.

In the case of Ni LaO , the catalytic activity5 x

was increased during the reaction at 2508C for
10 h, but the conversion reached was only 8%
Ž .see Fig. 1 . The CO conversion at 3508C2

increased with in 0.5 h-on-stream and the activ-
ity was as high as that for LaNi . However, the5

conversion at 2508C after the reaction at 3508C
for 10 h was the same as that without the

Ž .reaction at 3508C see Table 1 . No change in
the activity was observed over Ni powder cata-

Table 1
Catalytic activities after the reaction at 3508C for 10 h

Ž .Catalyst Temp. CO Conv. Selectivity %2
Ž . Ž .8C % CH C H CO4 2 6

LaNi 250 93.6 98.1 1.9 05

300 95.1 98.8 1.2 0
350 95.1 100 0 0

Ni LaO 250 7.9 89.6 0 10.45 x

300 54.4 95.3 2.1 2.6
350 95.4 100 0 0

Ni powder 250 1.1 100 0 0
300 12.4 100 0 0
350 85.8 100 0 0

lyst which produced methane with the conver-
sion of 86% at 3508C. The conversion at 2508C
was significantly low as 1.1% and that was not
increased after the reaction at 3508C for 10 h.

The BET surface areas were less than 0.1 m2

gy1 for all the samples after the reaction.

3.2. XRD analyses

XRD analyses were carried out with different
aliquots of LaNi taken out from the reactor just5

after the pretreatment with H at 2508C for 12 h2

and after the reaction for 0.5–6.5 h. A typical
XRD pattern of the intermetallic compound was
recorded with LaNi just after the pretreatment5
Ž . w xFig. 2a; solid circles 22 , but the intensity of
the peaks was reduced with the time period of

Ž .the reaction Fig. 2b–d and the clear peaks

Ž . Ž .Fig. 2. X-ray diffraction XRD patterns for LaNi , a just after5
Ž . Ž . Ž .pretreatment, b after reaction at 2508C for 0.5 h, c 2 h, d 4 h,

Ž . Ž . Ž . Ž . Ž . Ž .e 6.5 h. v , LaNi ; ` , Ni; ^ , La OH ; = , LaCO OH.5 3 3
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Ž . Ž .Fig. 3. XRD patterns for Ni LaO , a just after pretreatment, b5 x
Ž . Ž . Ž .after reaction at 3508C. v , NiO; ' , La NiO ; B , La O ;2 4 2 3

Ž . Ž . Ž .` , Ni; I , La O CO ; = , LaCO OH.2 2 3 3

Žattributed to metallic nickel 2us44.7 and
. Ž .52.28 appeared Fig. 2c, d and e; open circles

w x22 . The crystallite sizes of nickel in the sam-
ples after the reaction for 4–6.5 h were esti-
mated as 11–18 nm. Lanthanum was supposed
to transform into La O , however, the peaks2 3

were not found in the XRD patterns while peaks
Ž . Ž .for La OH Fig. 2e; triangles and LaCO OH3 3

Ž . w xcrosses were clearly observed 22 . No peaks
attributed to nickel carbide were recorded.

ŽPeaks attributed to NiO Fig. 3a; solid cir-
. w x Ž . w xcles 22 , La O solid squares 22 , and2 3

Ž . w xLa NiO solid triangles 18 were recorded in2 4

the XRD pattern of Ni LaO just after the5 x

pretreatment with hydrogen while the peaks of
Ž .metallic nickel open circles were also ob-

served. The peaks of the oxides disappeared and
the intensity of the peaks for metallic nickel
significantly increased in the pattern for the
sample taken out from the reactor after the

Ž .reaction at 3508C Fig. 3b . The peaks attributed
Ž . Ž .to La O CO squares and LaCO OH crosses2 2 3 3

w xwere also seen in the pattern 22 . Only peaks
attributed to metallic nickel were observed with
Ni powder stabilized after the reaction at 3508C
Ž .not shown . The crystallite sizes of metallic
nickel for Ni LaO and Ni powder after the5 x

reaction were estimated as 29 and 35 nm, re-
spectively.

3.3. Surface analyses by XPS

In order to clarify the source of the high
activity of LaNi at 2508C, XPS analyses were5

performed with the catalysts after the reactions
Ž .at 2508C. The spectra for Ni 2p were decon-3r2

voluted into two Gaussian peaks and the peak at
852.7–852.8 eV was attributed to metallic
nickel, while the broad peak at 854.8–855.3 eV

2q Ž . w xwas attributed to Ni Fig. 4 21 . The peak
width and the intensity of the broad peak in-
creased with an increase in the time-period of

Ž .the reaction. The profiles for O 1s were also
separated into two Gaussian peaks at 531.7–

Ž .Fig. 4. X-ray photoelectron spectroscopy XPS spectra of Ni-
Ž . Ž . Ž .2p for LaNi , a just after pretreatment, b after reaction for3r2 5

Ž . Ž . Ž .0.5 h, c 2 h, d 4 h, e 6.5 h.
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Ž . Ž .Fig. 5. XPS spectra of O 1s for LaNi , a just after pretreatment,5
Ž . Ž . Ž . Ž .b after reaction for 0.5 h, c 2 h, d 4 h, e 6.5 h.

Ž .532.2 eV and 529.3–529.6 eV Fig. 5 . The
Ž .peak position of La 3d was at 835.4 eV for5r2

the sample after the reaction for 6.5 h, while
that was at 834.7 eV just after the pretreatment

Ž .with hydrogen not shown . Since the binding
Ž .energy of La 3d for La O was reported to5r2 2 3
w x 3qbe 834.9 eV 21 , La species were dominant

on the surface of LaNi . The surface atomic5

ratio was calculated assuming that the atomic
Ž . Ž .sensitivity factors of Ni 2p , La 3d , and3r2 5r2

Ž .O 1s are 13.92, 26.50, and 2.85, respectively
Ž . w xsee Table 2 21 . A peak at 289 eV attributed
to carbonate species was recorded in the spectra

Ž .for C 1s while no peak attributed to carbide
species usually at 281–283 eV was recorded
Ž .not shown .

4. Discussion

The catalytic activity of LaNi increases5
Žgradually during the reaction at 2508C see Fig.

.1 . Although crystallites of metallic nickel ap-
pear clearly after the reaction for 2 h at 2508C
Ž .see Fig. 2c , the catalytic activity at 2 h-on-
stream is not so high as that at 4 or 6.5 h-on-
stream. The XRD pattern for Ni LaO after the5 x

reaction also shows the presence of metallic
Ž .nickel in the catalyst see Fig. 3b , however, the

catalytic activity at 2508C is not high. Hence,
the formation of the metal crystallites in LaNi5

does not account for the increase in the activity
during the reaction at 2508C, and it shows the
formation of new active sites in LaNi .5

The typical structure of intermetallic com-
pound of LaNi is destroyed and the phase was5

separated into nickel metal and La3q com-
Ž .pounds during the reaction see Fig. 2 . Al-

though no peaks attributed to nickel oxide or
carbonate are present in the XRD patterns for
LaNi , the result of XPS analyses shows pres-5

ence of Ni2q species on the surface. The bind-
Ž . Žing energy of O 1s at 529.3–529.6 eV see

. w xTable 2 is close to that for NiO 21 , suggesting

Table 2
XPS analyses for LaNi5

Ž .Time-on-streamrh Binding energyreV Surface compositionrmol% Atomic ratio
0 2q 2qŽ .Ni Ni O O La 3d O rNi O rLaNi La 5r2 Ni La

Ž . Ž . Ž . Ž . Ž .0 852.7 17.5 855.3 12.3 529.3 16.2 531.7 35.4 834.7 18.7 1.3 1.9
Ž . Ž . Ž . Ž . Ž .0.5 852.7 15.5 855.3 13.7 529.3 12.8 531.8 39.0 834.9 19.1 0.9 2.0
Ž . Ž . Ž . Ž . Ž .2 852.7 13.7 855.2 14.1 529.5 13.0 531.8 40.9 835.1 18.3 0.9 2.2
Ž . Ž . Ž . Ž . Ž .4 852.7 11.0 855.0 14.7 529.6 12.0 532.2 48.4 835.5 14.0 0.8 3.5
Ž . Ž . Ž . Ž . Ž .6.5 852.8 7.0 854.8 19.4 529.5 10.9 532.2 48.0 835.4 14.6 0.6 3.3
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presence of nickel oxide on the surface. It would
be possible that nickel is oxidized in air after
taken out from the reactor. However, the surface
concentration of Ni2q species increases with an
increase in the time-on-stream and the position
of the peak for Ni2q shifted to a lower binding
energy while the ratio of O rNi2q decreasesNi
Ž .see Fig. 4, Table 2 . Hence, new nickel species
other than nickel oxide are believed to be formed
on the surface during the reaction.

Since the catalytic activity at 2508C seems to
depend on the surface concentration of Ni2q

Ž .cf. Fig. 1, Table 2 , we may infer that the new
nickel species is the source of the increase in
the activity. In the case of Ni LaO , the in-5 x

crease in the activity during the reaction is not
so large as that of LaNi . In the former solid,5

La O CO is mainly formed during the reaction2 2 3
Ž . Ž .and La OH is not present see Fig. 3b . On the3

Ž .other hand, La OH and LaCO OH are formed3 3
Ž .in LaNi during the reaction see Fig. 2 , and it5

is supposed that the phase change of LaNi is5

caused by water produced in the reaction. The
Ž .binding energy of O 1s for lanthanum oxide

Ž .was 529.5 eV our result , and the major peaks
Ž .of O 1s for LaNi are at 531.7–532.2 eV.5

Ž .Since the binding energy of O 1s for metal
hydroxide seems to be higher than that for metal

w xoxide 21 and the energy for lanthanum carbon-
Ž .ate was 532.0 eV our result , the peaks can be

attributed mainly to both the hydroxyl and car-
bonate species. Supposing that the surface hy-
droxyl groups are reactive to nickel under the
reaction conditions, formation of the bonding
such as Ni–O–La will take place and it can
account for the formation of the new nickel
species on the surface. The XRD pattern of
Ni LaO after the reaction shows discernible5 x

formation of LaCO OH and it may result in the3

gradual increase in the catalytic activity by for-
mation of the new nickel species. Formation of
other active species such as carbide during the

w xreaction would be possible 19,23 , however, no
presence of the species was evident in this
study, while further investigation is necessary to
clarify the details.
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