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Ni/ZrO 2 and Ni/(Zr 0.9Sm0.1)0.95 catalysts were
prepared by wet impregnation, and their cata-
lytic activities for methanation of carbon dioxide
were compared with the highly active catalysts
prepared from amorphous nickel–zirconium–
samarium alloys. The Ni(Zr0.9Sm0.1)O1.95 cata-
lyst showed higher activity for methanation of
carbon dioxide than the samarium-free Ni/ZrO2
catalyst with the same nickel content. The higher
activity of the samarium-containing catalyst is
associated with the formation of the (Zr–Sm)Ox
oxide with a tetragonal ZrO2 structure, similar
to the Ni/(Zr–Sm)Ox catalysts prepared from the
amorphous nickel–zirconium–samarium alloys.
An increase in the nickel content from 30 to 60
mol% in cationic percentage results in a
decrease in the activity, mainly because of a
decrease in the surface area of the catalysts,
although the activity of the catalysts prepared
from amorphous nickel–zirconium–samarium
alloys increases with the nickel content. Further,
it was found that the activities of the Ni/(Zr–
Sm)Ox catalysts prepared from the amorphous
nickel–zirconium–samarium alloys are higher
than those prepared by wet impregnation. Uni-
form dispersion of nickel in the catalysts
prepared from amorphous single-phase alloys
should be one of the reasons for the extremely
high activity of the catalysts. Copyright # 2000
John Wiley & Sons, Ltd.
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INTRODUCTION

In order to avoid global warming, induced by
enormous amounts of carbon dioxide emissions,
and to supply abundant renewable energy, we are
proposing global CO2 recycling,1,2 which consists
of electricity generation in deserts, hydrogen and
CH4 production at coasts close to the deserts and
CO2 recovery in energy-consuming districts. In
deserts, electricity is generated by solar cells. At
coasts close to the deserts, the electricity is used for
hydrogen production by electrolysis of seawater,
hydrogen is used for methane formation by the
reaction with carbon dioxide, and methane is sent to
energy-consuming districts. In energy-consuming
districts, methane is used as a fuel, and the carbon
dioxide formed is recovered and sent back to the
coasts close to deserts. Production of methane by
catalytic hydrogenation of carbon dioxide is
selected in this system owing to its extremely
higher reaction rate and higher selectivity on the
well-designed catalysts in comparison with the
production of other valuable organic substances.
Moreover, we do not need to develop a new
methane combustion system, since liquid natural
gas (LNG), in which methane is a major compo-
nent, has already been used as a fuel. The key
materials needed to realize this global carbon
dioxide recycling are electrodes for hydrogen and
oxygen evolution in seawater electrolysis and a
catalyst for methanation of carbon dioxide.

To deal with the enormous amounts of carbon
dioxide emitted, precious metals are not allowed to
be used for the electrodes in seawater electrolysis
and the catalyst. Recently, we have tailored
amorphous nickel–molybdenum cathodes, which
are even more active than platinum for hydrogen
evolution,3 and manganese–molybdenum oxide
anodes,4,5 which produce oxygen predominantly
without forming toxic chlorine in seawater electro-
lysis. Additionally, extremely active and selective
catalysts for methanation of carbon dioxide have
been obtained from amorphous nickel–zirconium
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alloys.6–8 Using thesenovel materials,a prototype
CO2 recycling plant wassuccessfullybuilt on the
roof of theInstitutefor MaterialsResearch,Tohoku
University, and substantiatedour idea for global
CO2 recycling.Furthermore,it hasbeenestimated
that the energies and costs required to form
liquefied methanein the large-scaleglobal CO2
recyclingarecomparableto thosefor productionof
LNG from naturalgaswells.9

Concerningcatalystsfor methanationof carbon
dioxide, the high activity of the Ni/ZrO2 catalysts
preparedfrom amorphousnickel–zirconiumalloys
is strongly correlatedwith the formation of tetra-
gonalZrO2 phase.8 Turnoverfrequencyfor metha-
nationof carbondioxideincreaseswith anincrease
in therelativeamountof tetragonalZrO2. Whenthe
tetragonalZrO2, which is essentiallya metastable
phase,is further stabilizedby the additionof rare-
earth elements, such as yttrium, cerium and
samarium,to theamorphousnickel–zirconiumalloy
precursorsof catalysts,theactivity is enhanced.10,11

Theseamorphousalloy precursorsof catalysts
havebeenpreparedby asingleroller melt-spinning
method,which is not well suitedto the production
of a large amount of catalyst precursors.If the
formation of tetragonalZrO2 is the only essential
factor in obtaininga remarkablyhigh activity for
methanationof carbon dioxide, similar catalysts
with highactivity wouldbeexpectedto beobtained
by a wet impregnation.In the presentstudy, Ni/
ZrO2 and Ni/(Zr–Sm)Ox catalysts have been
preparedby a wet impregnationmethod,andtheir
catalytic activities for methanation of carbon
dioxide have been comparedwith the catalysts
prepared from amorphousnickel–zirconium–sa-
mariumalloys.

EXPERIMENTAL

ZrO2 and (Zr0.9Sm0.1)O1.95 catalystsupportswere
preparedfrom a ZrO2 sol aqueoussolutionof pH 4
(NissanChemicals,NSZ-30A) and a sol solution
containingSm(NO3)3 (Zr:Sm= 9:1), respectively.
The solutions were dried at about 353K and
calcinedat 773K. 30 mol% Ni/ZrO2 and 15, 30,
50 and60 mol% Ni/Zr0.9Sm0.1O1.95 catalystswere
preparedby an ordinal wet impregnationmethod.
Thestructuresof thecatalystsandcatalystsupports
weredeterminedby X-ray diffraction usingCu Ka
radiation.Nitrogenphysisorptionwascarriedoutat
77K usinga Belsorp28SA automaticgasadsorp-
tion apparatusto determinethe BET surfaceareas

andporesizedistributionof catalystsandcatalyst
supports.Theporesizedistributionwasdetermined
by a D–H method.12 Prior to the nitrogen
physisorption measurements,the catalysts were
reducedin flowing hydrogenat 573K for 2 h and
thenevacuatedat thesametemperaturefor 3 h.

The catalytic reactionwasperformedat several
temperaturesin afixedbedflow glassreactor.A gas
mixture of CO2 and hydrogen(1:4, volume ratio)
was passedcontinuously on the catalyst at an
atmosphericpressurewith a reactantgasflow rate
(F/W) of 5400ml gÿ1

ÿcat hÿ1, unless otherwise
mentioned. At each temperature, the almost
steady-state conversion was obtained within
15min. After the reaction the gas mixture was
analyzedusinga ChrompacMcroGC CP2002gas
chromatographequippedwith a thermalconductiv-
ity detector.

RESULTS AND DISCUSSION

Figure 1 shows to X-ray diffraction patternsof

Figure 1 X-ray diffraction patterns of ZrO2 and
(Zr0.9Sm0.1)O1.95 preparedfrom ZrO2 aqueoussol solution
with and without Sm(NO3)3, together with 30 mol% Ni/
(Zr0.9Sm0.1)O1.95 preparedby wet impregnation.
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ZrO2 and(Zr0.9Sm0.1)O1.95supportsaswell asa 30
mol% Ni/(Zr0.9Sm0.1)O1.95 catalyst.ZrO2 prepared
from an aqueous sol solution consists of a
monoclinicZrO2 phase,whereas(Zr0.9Sm0.1)O1.95
is composedof tetragonalZrO2. Monoclinic ZrO2
is a thermodynamicallystablephasebelow about
1300K andthetetragonaloneis usuallystableonly
at temperatureshigherthan1300K. However,asis
well known,thetetragonalphaseis stabilizedby the
addition of samarium.13 In the X-ray diffraction
patternsof ZrO2 and(Zr0.9Sm0.1)O1.95, eachreflec-
tion is relatively broad, indicating the nano-
granularnatureof the oxides.From the full-width
athalf maximumof thereflectionsandtheScherrer

equation,14 the grain sizes of the ZrO2 and
(Zr0.9Sm0.1)O1.95 were estimatedto be 15nm and
12nm respectively.When nickel is supportedon
the(Zr0.9Sm0.1)O1.95, reflectionsfor aface-centered
cubic nickel phaseare found in addition to the
tetragonalZrO2 pattern.

Methanationof carbondioxideonthepresentNi/
ZrO2 and Ni/(Zr0.9Sm0.1)O1.95 catalystsproceeds
with a selectivityof almost100%,which is similar
to that on the catalystspreparedfrom amorphous
nickel–Zirconium and nickel–Zirconium–samar-
ium alloys.Thechangein theconversionof carbon
dioxide on the 30 mol% Ni/ZrO2 and Ni/
(Zr0.9Sm0.1)O1.95 catalystswith reactiontempera-
ture is shownin Fig. 2. The reactionon both the
catalystsstartsat about 448K. Up to 573K, the
samarium-containingcatalyst shows higher con-
versionthan the samarium-freecatalyst.At 573K
boththecatalystsshowa conversionof about80%.
This result indicatesthat the additionof samarium
to the catalystspreparedby wet impregnationis
effective in enhancingthe catalytic activity be-
tween 448 and 548K, similar to the amorphous
alloy-derived catalysts.10,11 Figure 3 shows the
conversion of carbon dioxide on the Ni/(Zr0.9
Sm0.1)O1.95 catalystswith variousnickel contents
asa function of reactiontemperature.The conver-
siondecreasessignificantlywith an increasein the
nickel content at each temperature.Thus, the
addition of excessamountsof nickel in the wet
impregnatedcatalystsis detrimentalto the activity
of the catalysts.As shown in Fig. 4, the highest
conversionat 523K is obtainedwhen 30 mol%
nickel is containedin the catalystpreparedby wet

Figure 2 The conversionof carbondioxide on the 30 mol%
Ni/ZrO2 and30 mol% Ni/(Zr0.9Sm0.1)O1.95 catalystsprepared
by wet impregnationasa function of reactiontemperature.

Figure 3 The conversion of carbon dioxide on the Ni/
(Zr0.9Sm0.1)O1.95 catalystswith various nickel contentsas a
function of reactiontemperature.

Figure 4 Changein the conversionof carbondioxide on the
Ni/ZrO2 and Ni/(Zr0.9Sm0.1)O1.95 catalystspreparedby wet
impregnationand by oxidation–reductiontreatmentof amor-
phousalloys11 with the nickel content.
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impregnation. Although the conversion on the
catalystspreparedfrom amorphousNi–25Zr–5Sm
alloy 15 (thenumberin analloy formuladenotesthe
contentof the elementin mole percent)is lower
than thoseon the wet impregnatedcatalystswith
thesamenickelcontent,theconversionat523K on
thecatalystspreparedfrom amorphousNi–Zr–5Sm
alloys increaseswith an increasein the nickel
content.15 In particular, the nickel-rich catalysts
preparedfrom amorphousalloysshowaconversion
of about 90%, which is higher than the highest
conversion on the catalysts prepared by wet
impregnation.Thus, it can be said that more-ac-
tive catalystsfor methanationof carbon dioxide
are obtainedfrom amorphousnickel–zirconium–
samariumalloy precursors.

Thecompositionaldependenceof theactivity of
the catalystspreparedby wet impregnationandby
the oxidation–reductiontreatment of the amor-
phousalloyscanbepartly explainedby thechange
in the surfacearea.As shownin Fig. 5, the BET
surface area of the Ni/ZrO2 and Ni/(Zr0.9
Sm0.1)O1.95 catalystsdecreaseswith an increasein
thenickel content.In particular,when50 mol% or
more nickel is added, the BET surface area
becomeslessthan30 m2 gÿ1, suggestingthat it is
not easyto disperselargeamountsof nickel finely
on the oxide supportby this method.By contrast,
theBET surfaceareaof thecatalystspreparedfrom
amorphousnickel–zirconium–samarium alloys in-
creaseswith the nickel content,15 although their
areasare much smaller than those of the wet-
impregnatedcatalystscontaining�30 mol% nick-
el. Thus, it canbe said that the catalystsprepared

from amorphousalloysshowshigh activity in spite
of the low surfacearea.

The pore size distribution of the catalysts
preparedby wet impregnation is also different
from thatof thecatalystspreparedfrom amorphous
alloys (Fig. 6). The catalystpreparedfrom amor-
phousNi–25Zr–5Smalloy hasa majorporeradius
of about 1.8 nm.10 The catalystspreparedfrom
amorphousnickel–zirconiumalloyswithoutsamar-
ium have a similar pore size distribution. By
contrast,the 30 mol% Ni/ZrO2 catalystprepared
by wet impregnationhas a main pore radius of
about9 nm, which is abouteight timeslargerthan
that of the catalyst prepared from amorphous
alloys. The 30 mol% Ni/(Zr0.9Sm0.1)O1.95 catalyst
hastwo main pore radii: about1.7 and 14nm. In
this manner, the pore size distribution of the
catalystschangesgreatwith thepreparationmethod
andpresenceof samarium.

Theseresultssuggestthat the catalystsprepared
by different methodsare different from a micro-

Figure 5 Changein theBET surfaceareaof theNi/ZrO2 and
Ni/(Zr0.9Sm0.1)O1.95 catalystspreparedby wet impregnation
andby oxidation–reductiontreatmentof amorphousalloyswith
thenickel content.

Figure 6 Poresizedistributionof the 30 mol% Ni/ZrO2 and
30 mol% Ni/(Zr0.9Sm0.1)O1.95 catalysts prepared by wet
impregnationand the catalystpreparedfrom amorphousNi–
25Zr–5Smalloy.10.
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structuralpoint of view, althoughthe composition
is similar. Thus, the performanceof the catalysts
preparedby different methods is different. As
mentionedabove, the catalystspreparedby wet
impregnationshowloweractivity thanthecatalysts
preparedfrom amorphousalloys. However, the
conversionon the 30 mol% Ni/(Zr0.9Sm0.1)O1.95
catalystat 573K doesnot decreasegreatwith an
increasein thereactantgasflow rate.Additionally,
whentwo reactorsconnectedin seriesareusedand
whenwaterproducedin thefirst reactoris removed
beforeintroducingthereactiongasinto thesecond
reactor, the conversionis significantly increased,
similar to the amorphous alloy-derived cata-
lysts.7,10 The increasein the conversionis mainly
due to the removal of water, which inhibits the
catalytic reaction.16 A conversionof more than
94%is obtained,asshownin Fig. 7. Thus,although
the activity of the wet impregnatedcatalystsis
lower than that of the amorphousalloy-derived
catalysts,evenafter the two-stagereaction,it may
besaidthatthehighconversionandhighselectivity
is obtained by using the Ni/(Zr0.9Sm0.1)O1.95
catalystspreparedby wet impregnationand by
usingtwo reactorsconnectedin series.

CONCLUSIONS

(1) A (Zr0.9Sm0.1)O1.95 oxidewith tetragonalZrO2

structureis formedfrom ZrO2 aqueoussolution
containingSm(NO3)3.

(2) The Ni/(Zr0.9Sm0.1)O1.95 catalystpreparedby
wet impregnation shows higher activity for
methanationof carbondioxide than the simi-
larly preparedNi/ZrO2 catalyst,in which ZrO2
hasa monoclinicZrO2 structure.Thebeneficial
role of the formation of tetragonal ZrO2,
observed for the catalysts prepared from
amorphousnickel–zirconium–samarium alloys
is again confirmed for the presentcatalysts
preparedby wet impregnation.

(3) However, the activity of the Ni/(Zr0.9
Sm0.1)O1.95 catalystspreparedby wet impreg-
nation is lower than those prepared from
amorphousnickel–zirconium–samariumalloys.
Additionally, theactivity of theformercatalysts
decreases with increasing nickel content,
mainly dueto a decreasein thesurfacearea.

(4) Whentwo reactorsconnectedin seriesareused
andwhenwatergeneratedin thefirst reactoris
removedbeforepassinginto thesecondreactor,
aconversionof morethan94%is obtainedeven
ontheNi/(Zr0.9Sm0.1)O1.95catalystpreparedby
wet impregnationat 573K up to a reactantgas
flow rateof 7500ml gÿ1 hÿ1.
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