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Abstract

The characteristic copper—lanthanide complex oxide of CugOgLn(NO,) was found to be easily decomposed and reduced
under hydrogen atmosphere to form the homogeneous mixture of copper metal and the lanthanide oxide with relatively high
surface area. The catalytic property of the mixture obtained from Cu—Yb complex oxide, CugOgY b(NO,), for different types
of hydrogenations was investigated. It was confirmed that this mixture exhibited high catalytic activity for ethene and
acetone hydrogenation and the catalytic property can be controlled by changing the temperature of hydrogen pretreatment. It
is clear that the highly dispersed |anthanide oxide—copper metal binary catalyst can be easily and effectively prepared by the
decomposition of complex oxide precursor under H, atmosphere. The affection of the surface state of the catalyst to the

hydrogenations are also discussed. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lanthanide metals, ions and oxides have been
widely applied to various catalyst systems. Par-
ticularly, these are often used as supports, pro-
moters and additives of catalysts[1-15]. If metal
catalysts are modified or promoted by lan-
thanides, the catalytic performances are im-
proved noticeably in most cases, and generation
of interesting properties can be sometimes iden-
tified. Among the lanthanide compounds, oxides
are often applied as suitable promoters or addi-
tives in the catalyst systems.

* Corresponding author. Tel.: +81-836-35-9950; Fax: -+ 81-
836-35-9965

When a copper catalyst was promoted by
lanthanide oxides, the generation of high cat-
alytic performances for hydrogenation reaction,
in particular, for the hydrogenation of CO to
methanol have been reported [3,4,10]. In the
catalyst system, copper—lanthanide aloy was
used as the precursor of the catalyst for the
reaction. The lanthanide meta in the alloy was
oxidized in the induction period of the reaction,
and the catalyst under the steady state reaction
was homogeneous mixture of metallic copper
and the lanthanide oxide. The homogeneous
mixture exhibited high catalytic performance for
methanol production from CO hydrogenation at
relatively low temperatures compared with the
conventional copper based methanol synthesis
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catalysts [3,4,10]. Beside using the copper—
lanthanide alloy as a precursor for this catalyst
system, various materials and methods can be
expected for the preparation of the catalysts.
However, applications of the other starting ma-
terials and methods are found in few cases.

CugOgLn(NO,) (Ln=Tb-Lu) is one of the
recently synthesized copper—lanthanide com-
plex oxide, which can be synthesized by the
thermal decomposition of the homogeneous
mixture of copper and lanthanide nitrate in
blowing oxygen or inert gas at 673 K [16,17].
Copper, ytterbium and nitrate ions are regularly
arranged in the cubic structure of the oxide and
the oxide shows characteristic properties, such
as the magnetic property and high electron con-
ductivity [16,17]. We have investigated the cat-
alytic property of this complex oxide [18]. How-
ever, further investigations about the catalytic
property of the complex oxide and its deriva
tives have not been performed yet.

In this work, we have studied the catalytic
properties of copper metal—lanthanide oxide bi-
nary system which was prepared from the com-
plex oxide for hydrogenations. Here we report
the catalytic properties of the system obtained
from the decomposition of a copper—ytterbium
complex oxide of CugOgYb(NO,) under hydro-
gen atmosphere. We have carried out ethene
and acetone hydrogenation, as the examples of
C=C and C=0 bond hydrogenation, and char-
acterized the catalyst prepared under various
pretreatment temperatures in order to clarify the
contribution of the surface of the catalyst to the
hydrogenation of the different groups as well as
examine the effective preparation condition of
the catalyst.

2. Experimental
2.1. Preparation of catalyst
The complex oxide was prepared from calci-

nation of the homogeneous mixture of Cu(NO,),
and Yb(NO,); (Cu:-Yb=6:1 in molar ratio)

under oxygen blowing at 700 K for 5 h referred
to in the previous paper [16—18]. The structure
of crystal of the prepared complex oxide was
confirmed by XRD. The catalyst was obtained
from the decomposition and the reduction of the
prepared complex oxide under hydrogen atmo-
sphere at prescribed temperature as pretreatment
before the reaction.

2.2. Catalytic reaction

All reactants, gases and reagents used in the
present work are at research grade. The pretreat-
ment and catalytic reaction were carried out in a
closed-gas circulation system for ethene hydro-
genation and a fixed bed flow system under
atmospheric pressure for acetone hydrogenation.
The 200 mg of complex oxide was mounted on
quartz wool in a reactor tube and set to the
systems. The oxides was pretreated under hy-
drogen atmosphere and then the reaction was
started.

Ethene hydrogenation was performed with
ethene-hydrogen mixed gas (total pressure 60
Torr (H,:C,H, = 2:1)). We have confirmed that
the rate of the reaction depended on the first
order of H, pressure and the zero order of
ethene pressure over the catalyst, so that the
activity is show in this text as the rate constant
k. On the other hand, the hydrogenation of
acetone was performed in the flow of H, mixed
with acetone vapor under atmospheric pressure.
The partial pressure of acetone was kept at 5.8
Torr in the mixed gas and the total flow rate
was kept at 25 ml per min. The reaction was
carried out at 353 K and the catalytic activity
shows the value calculated from the formula of
In(1 — a)~! where « is a conversion of ace-
tone under the steady state. All products were
collected to 1 ml of a sample loop attached to
the reaction system and analyzed by on-line
gaschromatograph (Shimadzu GC-14B).

2.3. Characterization of catalysts

The surface areas of the catalysts before and
after pretreatments were evaluated by N, ad-
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sorption a 77 K by B.E.T. method. The struc-
ture of crystal was measured by a X-ray diffrac-
tometer with using the irradiation of Cu K«
(XRD, Shimadzu XD D1). The detail morphol-
ogy of the catalyst was observed by a transmis-
sion electron microscope (TEM) equipped with
UTW type Si detector for energy dispersed
X-ray spectroscopic analysis (EDX) (JEOL
JEM-2010).

3. Results and discussion

Our previous paper [18] reported that the
complex oxide, CugOgYb(NO,), is stable to 723
K in vacuo, decomposed to CuO and Yb,O,
over 773 K, and the catalytic activity for ethene
hydrogenation appeared when it was pretreated
over 573 K in vacuo. In this study, first, we
have confirmed that the complex oxide was
decomposed and reduced under H, atmosphere
a 423 K to form copper metal particles ob-
served by XRD. The decomposition temperature
under H, atmosphere was very low compared
with that in vacuo. This suggests that character-
istic lanthanide ion contained copper metal can
form by the decomposition of the complex ox-
ide under H, atmosphere. We investigated the
catalytic property of the oxide decomposed un-
der H, atmosphere for the hydrogenations.
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Fig. 1. Arrhenius plots for ethene hydrogenation over E- and
R-CugOgYb(NO,).
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Fig. 2. Dependence of the activity of ethene hydrogenation upon
pretreatment temperatures.

The hydrogenation of ethene was carried out
over pretreated CuzOgY b(NO;), where the com-
plex oxide was pretreated in vacuo at 673 K
(E-CugOgYh(NO,)), and pretreated under H,
atmosphere at 573 K (R-CugOgYb(NO,)). Ar-
rhenius plots for the hydrogenation of ethene
over E- and R-Cu,OgYh(NO,) are shown in
Fig. 1. The activity was further improved by
pretreating under H, atmosphere at 573 K in-
stead of in vacuo at 673 K. When the ethene
hydrogenation was performed over Cu metal
prepared from the reduction of copper oxide
with H, at 473 K, the activity at 298 K was
zero within detection limit, which was reported
our previous paper [5] and also confirmed in
this work. The activation energy for the reaction
can be evaluated from the slope of the Arrhe-
nius plots and the values are 27 kJ/mol and 12
kJ/mol over E- and R-CugOgY b(NO,), respec-
tively. These suggest that the hydrogenation
activity of the R-CugOgYb(NO,) catalyst is very
high compared with the E-CusOgY b(NO,) cata-
lyst and different types of active centers are
operating for the hydrogenation over E- and
R-CugOgYb(NO,), the latter showed higher ac-
tivity.

Dependence of the activity of the ethene
hydrogenation upon H, pretreatment tempera-
ture is shown in Fig. 2. From Fig. 2, it is
noticed that the pretreatment temperature at 573
K was the optimized condition for preparing the
highly active catalyst for ethene hydrogenation.
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Therefore, it is suggested that the state of the
catalyst is strongly influenced by the pretreat-
ment temperature.

The hydrogenation of acetone was carried out
as an example of C=0O bond hydrogenation
over the catalyst pretreated under the various
conditions, and the results are shown in Fig. 3.
The product of acetone hydrogenation in the
present work was 2-propanol in 100% selectiv-
ity. The catalytic activity was improved by in-
creasing the pretreatment temperatures and
reached the maximum at 523 K pretreatment.
This suggests that the activity for acetone hy-
drogenation also depends on the pretreatment
temperature of the catalyst similarly to ethene
hydrogenation. However, the optimized pre-
treatment temperature for acetone hydrogena-
tion was lower than that of ethene hydrogena
tion and the strong dependency was observed.
This difference is probably reflected by the
contributions of the different surface states to
the hydrogenation of ethene and acetone.

In order to make clear the change of the
surface states and the contributions of the cata-
lyst surface to each hydrogenation, the states of
the catalysts at various pretreatment conditions
were examined.

XRD patterns of the catalysts pretreated at
various conditions are shown in Fig. 4. The
values of surface area and the crystal size of
components are listed in Table 1. The crystal
sizes in Table 1 was evaluated from the XRD
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Fig. 3. Dependence of the activity of acetone hydrogenation upon
H, pretreatment temperatures.
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Fig. 4. XRD pattern of pretreated complex oxide at (a) 523 K, (b)
623 K and (c) 723 K.

patterns of the catalysts pretreated at various
conditions by Scherrer formula. Only the diffract
pattern due to copper metal was observed when
the catalysts were pretreated at lower than 623
K, while both diffract patterns of copper metal
and ytterbium oxide were clearly observed when
the catalysts were pretreated at higher than 673
K. From the results in Fig. 4, it is noticed that
only the diffract pattern due to copper metal
was observed to the catalysts pretreated at the
optimized temperatures for both of the hydro-
genation. From the results in Table 1, when the
mixed oxide decomposed in H, atmosphere, the

Table 1
Surface area and the particle size of components of the catalyst at
various pretreatments

Pretreatments (K) ~ Surfacearea(m? g=)  Particle size? (nm)
Cu  Yb,0,

700EP 10 - -

473R 64 168 -

523R 72 136 -

573R 41 165 -

623R 40 175 -

673R 37 195 82

723R 23 199 91

#The values were evaluated from XRD peak by the Scherrer
formula
bE; Evacuation, R; Hydrogen pretreatment.
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surface area increased remarkably compared
with the evacuated complex oxide. The vaue
increased with increasing the pretreatment tem-
perature and reached the maximum at 523 K
pretreatment, while that was decreasing with
increasing the pretreatment temperature over 523
K. The change of crystal size of copper meta
was corresponding to changing the surface area
of catalyst, where the value was becoming
smaller with increasing the pretreatment temper-
ature and the value reach minimum at 523 K
pretreatment, while that was increased with in-
creasing pretreatment temperature over 523 K.
The diffract pattern of ytterbium oxide was also
confirmed when the complex oxide was pre-
treated at higher than 673 K. These suggest that
the decomposition of the structure probably pro-
ceeded to the pretreatment temperature at 523 K
and the growth of the crystals proceeded over
523 K pretreatment.

From these results, it is elucidated that when
the complex oxide was treated in H, atmo-
sphere, the oxide decomposed and reduced to
the mixture of copper metal and ytterbium oxide
and the crystallization of the components were
proceeding individualy by increasing pretreat-
ment temperature. These suggest that the mor-
phology of the catalyst may be systematically
changing by changing the pretreatment tempera-
ture. This probably affected the catalytic hydro-
genation activity. The activity increased with
increasing the pretreatment temperature. The
surface area was simultaneously increased. This
suggests that the active surface was appearing
during the process of reduction and decomposi-
tion of the complex oxide by increasing the
pretreatment temperature. In the preferable pre-
treatments for ethene and acetone hydrogena-
tion, the surface area of the catalyst was ex-
pressed very high; the value was 72 m? /g when
the catalyst was pretreated at 523 K and 41
m?/g when the catalyst was pretreated at 573
K. Under these conditions, the XRD pattern of
ytterbium oxide was not observed as shown in
Fig. 4, so that the state of ytterbium is regarded
as amorphous or fine particles dispersed in the

catalyst. On the other hand, the decrease of the
catalytic activity by increasing the pretreatment
temperature over the optimized value is proba-
bly originated from the changes of the catalyst
states.

In order to examine the states of the catalyst
in detail, the states of the catalysts were exam-
ined by TEM—-EDX system.

TEM photographs of the catalysts pretreated
at 523 K and 623 K are shown in Fig. 5. Fig. 5a
shows the picture of the catalyst pretreated at
523 K. In this photograph, the particles of crys-
tals of ca. 10 to 15 nm in diameter are observed.
From the result in Table 1, this particle can be
attributed to the crystal of copper metal. Other
small crystals, which can be attributed to ytter-
bium oxide, are difficult to observe in this
photograph. EDX analysis was performed under
the same condition. Cu and Yb atom can be
detected in the stoichiometric ratio of the origi-
nal complex oxide at every particle in the pho-
tograph. These results strongly suggest that,
when the complex oxide was pretreated under
optimum condition for hydrogenation reaction,
ytterbium oxide dispersed homogeneously in the
crystal of copper metal and ytterbium oxide
exist as very fine particles, such as nano-oxide
cluster. The TEM—EDX analysis was also per-
formed to the catalyst pretreated at 573 K and
nearly the same morphology was observed.
Therefore, it is very difficult to know the differ-
ence of the catalyst morphology at the optimum
pretreatments for both of hydrogenations di-
rectly from the TEM—-EDX examination. To
know the difference, it is necessary to examine
how to change the morphology by increasing
the pretreatment temperature.

Fig. 5b shows the photograph of the catalyst
pretreated at 623 K. In this photograph, particles
15 to 20 nm and a few nanometers in diameter
can be observed. EDX analysis was also per-
formed to the same catalyst and the results
clearly suggested that the large particles mainly
consist of copper metal and the small one mainly
consist of ytterbium oxide. From these results,
the crystal of ytterbium oxide can be confirmed
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as particles with a few nanometers in diameter
in the catalyst, although, in the results of XRD
as show in Fig. 4 and Table 1, the diffract
pattern of ytterbium oxide cannot be observed
clearly to the catalyst pretreated under the same
condition. The results in Fig. 5b clearly ex-
presses the procedure of crystalization ytter-
bium oxide in the catalyst by increasing the
pretreatment temperature.

From the results of characterization, the af-
fection of the pretreatment temperature to the

Fig. 5. TEM pictures of the catalysts pretreated at (a) 523 K and (b) 623 K.

catalyst morphology and the optimum condition
of the catalyst for the hydrogenations can be
discussed. The morphology of the catalyst at the
optimum conditions for the hydrogenations is a
homogeneous mixture of copper metal and yt-
terbium oxide, where cluster-like ytterbium ox-
ide in nano-scale is homogeneously dispersed in
the crysta of the copper metal. It is clearly
confirmed that the crystals of copper metal and
ytterbium oxide grow individually with increas-
ing the pretreatment temperature over its opti-
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mum values. These suggest that the dispersion
of ytterbium oxide decreases with increasing the
pretreatment temperature, so that an interaction
(it is probably electrostatic interaction [19]) be-
tween the copper metal and ytterbium oxides
decrease. The catalytic hydrogenation activity
of copper metal itself is very low as we men-
tioned at the beginning of this section. There-
fore, an effective interaction between the copper
metal and ytterbium oxide is necessary and
important for improving the hydrogenation ac-
tivity as well as ability for hydrogen activation
over the surface. It can be explained that the
decrease of the interaction is one of the cause of
decreasing the catalytic activity for hydrogena-
tions by increasing the pretreatment tempera-
ture.

The differences of the preferable pretreat-
ment temperature and the dependency of the
activity upon the temperatures between ethene
and acetone hydrogenation also suggest the dif-
ferent contribution of the surface to the reac-
tions. The optimum activity for ethene hydro-
genation was obtained by the catalyst pretreated
at 573 K though the surface area of the catalyst
was not the maximum value, which was ob-
tained by the catalyst pretreated at 523 K.

Although the difference of the detail mor-
phology between the catalyst pretreated at both
of the optimum pretreatment temperatures,
which are 523 K and 573 K for acetone and
ethene hydrogenation, respectively, are not clear
from the results of TEM—EDX, the difference
can be estimated from the tendency of changing
the morphology by increasing the pretreatment
temperature. From the tendency, the dispersion
of ytterbium oxide in copper metal in the cata-
lyst is decreasing with increasing the pretreat-
ment temperature. Therefore, when the catalyst
was pretreated at 523 K, the dispersion of the
ytterbium oxide in copper metal is higher than
that in the catalyst pretreated at 573 K. It can
also be observed in Table 1 that the average
particle size of copper metal is smaller and the
surface area is becoming larger. Moreover, the
dependency of the activity on the pretreatment

temperature for acetone hydrogenation is sharper
than that of ethene hydrogenation. These sug-
gest that the surface where cluster-like ytter-
bium oxide highly disperses in copper metal is
desirable for acetone hydrogenation, while the
increase of metallic surface is desirable for
ethene hydrogenation. Of course, both of the
surfaces must have the ability for high hydrogen
activation.

These differences are probably originated
from the different contributions of the catalyst
surface to the hydrogenation of different groups,
such as C=C and C=0, in the molecules. Since
the appearance of the metallic copper over the
surface is desirable for ethene hydrogenation,
the metallic surface which show the ability for
the high activation of hydrogen contributes the
C=C bond hydrogenation. On the other hand,
since the surface where the cluster-like ytter-
bium oxide highly dispersed over copper metal
is desirable for acetone hydrogenation, the
boundary between the copper metal and the
ytterbium oxide probably contributes the activa-
tion of C=0 bond to hydrogenate beside the
ability of hydrogen activation. The sharp depen-
dency of the activity on the pretreatment tem-
perature for acetone hydrogenation also sup-
ports to lead the same discussion. These infor-
mation are noticeable and important for consid-
ering the selectivity of hydrogenation reaction
over the binary functiona surface.

It was reported that the copper—lanthanide
binary alloy catalysts exhibit a characteristic
activity for the hydrogenation of CO to selective
formation of methanol [4,10]. In the system,
lanthanide metals were oxidized to oxide under
the induction period of the reaction to form a
homogeneous mixture of copper metal and lan-
thanide oxide. This catalyst showed high activ-
ity at relative low temperatures to the reaction.
However, the fundamental catalytic property for
hydrogenations were not shown in detail. In this
work, we have prepared the system from the
precursor of complex oxide, CugOgYh(NO,),
and clarified the catalytic property for hydro-
genations. It is interesting to note that decompo-
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sition and reduction of the complex oxide is one
of the effective ways to prepare the copper
metal and lanthanide oxide binary catalyst sys-
tem and the catalytic performance of the system
for hydrogenation can be easily controlled by
changing the preparation condition.

4. Conclusion

In this paper, We have investigated the cat-
alytic property of the copper—ytterbium oxide
binary catalyst as an example of copper—lantha-
nide oxide system, which is prepared from char-
acteristic copper—ytterbium complex oxide of
CugOgYh(NO,), for hydrogenation reactions and
following conclusions are obtained.

(1) The copper—ytterbium oxide system which
is prepared from characteristic copper lan-
thanide complex oxide under hydrogen atmo-
sphere exhibit high activity for ethene hydro-
genation. The activity remarkably improved
compared to the activity of the base complex
oxide.

(2) The catalytic activity depends on the con-
dition of hydrogen pretreatment. Different cat-
alytic behaviors were observed by changing the
reactant from ethene to acetone. The optimum
activity express the catalyst pretreated at 573 K
for ethene hydrogenation, while at 523 K for
acetone hydrogenation.

(3) The catalyst morphology changes by the
change of the pretreatment temperature. When
the catalyst was pretreated at optimum tempera-
ture for hydrogenation, cluster-like ytterbium
oxide homogeneously dispersed in copper metal,
while the crystal grew individually with the
increase of the pretreatment temperature. This
morphology strongly affects the catalytic perfor-
mance of hydrogenation.

(4) The different catalytic behaviors between
ethene hydrogenation and acetone hydrogena-
tion are originated from the different contribu-
tions of the activation of the reactants. Exposing
the metal surface is desirable for ethene hydro-

genation, while the surface where a number of
boundaries between the metal and the oxide
exist is desirable for acetone hydrogenation.
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