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Promoting effects of Gd and CO-H interaction in CO hydrogenation on Ni/Gd/SiO2 catalysts have 
been investigated by means of kinetics, TPR, and FT-IR. The reaction rate of CO hydrogenation on 
Ni/Gd/SiOz was about five times faster than that on Ni/SiO2 above 500 K. The IR band of side-on 
CO ( N i - C = O - G d )  on Ni/Gd/SiO2 was observed at 1600 cm ~ in addition to the bands of on-top 
(ca. 2040 cm -I) and bridge CO (ca. 1950 cm-t). All side-on CO easily dissociates, whereas most 
on-top Gd exists as partially reduced GdOx and the GdOx acts as a reservoir of hydrogen. A new 
peak due to Gd-H was observed at 1610 cm-t under reaction conditions. The adsorbed hydrogen 
increased the amount of CO adsorbed on Ni/Gd/SiO2. Consequently, the easy dissociation of CO 
and the storage of hydrogen on the Ni/Gd/SiO 2 catalyst promoted the hydrogenation of CO to 
hydrocarbons (mainly methane). © 1992 Academic Press, Inc. 

INTRODUCTION 

In important catalytic reactions, such as 
CO hydrogenation (1-3), oxidative coupling 
of methane (4), and NO-CO reaction (5), 
the addition of rare earth metals increases 
the catalytic activities. Vannice and co- 
workers (1, 2) found that the activity of 
methanation over Pd supported on rare 
earth oxides (REO) is 10 times larger than 
that over Pd/SiO 2 . Rieck and Bell (3) inves- 
tigated the adsorbed states of H 2 and CO by 
TPD and TPR on REO's doped Pd/SiO 2 (3). 
They suggested that partially reduced REO 
is decorated on Pd particles and that REO 
promotes CO dissociation by forming side- 
on CO (Pd-C=O-M) .  IR spectra of ad- 
sorbed CO on several REO-doped transition 
metal catalysts have been measured (6-10). 
On Ce-doped Rh/SiO2, Kienneman et al. (6) 
observed a band at 1725 cm ~ in addition to 
the bands of on-top, bridge, and twin CO 
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and assigned the low-frequency band to be 
side-on CO. The low-frequency CO has 
been believed to be a precursor to the disso- 
ciation of CO. 

Nickel is known as a good methanation 
catalyst, and this reaction is thought to pro- 
ceed through CO dissociation and the subse- 
quent hydrogenation of carbide (11, 12). 
Chung et al. investigated CO chemisorption 
on Ni(ll  1) surfaces which are modified by 
partially reduced MnOx (13) and A1Ox (14) 
by means of HREELS, and they found that 
low-frequency bands at ca. 1620 cm -1 for 
both modified the Ni( l l l )  systems. Yates 
and co-workers (15, 16) studied CO chemi- 
sorption on Ni/Al(l l l)  by HREELS and 
they found a low-frequency band at 
1370-1430 cm i which they attributed to 
Nix-C-O-Aly. Thus, by the addition of 
REOs to Ni systems, it is expected that the 
dissociation of CO is promoted similarly to 
the cases of Pd/REO and that the activity 
for methanation is enhanced. 

We investigated the activities of Ni cata- 
lysts supported on several REOs, such as 
L a 2 0 3 ,  C e O  2, Gd203  , and Er203 oxide for 
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CO hydrogenation, and found that Ni/ 
Gd203 shows the highest activity. It is diffi- 
cult to characterize Ni/Gd203 catalysts by 
IR and EXAFS because of the strong ab- 
sorption of IR and X ray by Gd203 . Hence, 
in this paper we used Ni-Gd coimpregnate 
catalysts for less spectroscopic inter- 
ference. 

We have demonstrated the promotion of 
catalytic and surface reactions induced by 
coadsorbates (17-20). The present study re- 
ports the promoter effect of Gd additive on 
Ni catalysis for CO hydrogenation in rela- 
tion to the behavior and interaction of ad- 
sorbates. 

EXPERIMENTAL 

Ni and Gd were coimpregnated on SiO2 
(Aerosil 200) using aqueous solution of 
Ni(NO3) 2 • 6H20 (99%, Soekawa Co., Ltd.) 
and Gdz(NO3) 2 (99%, Soekawa), where the 
content of Ni in the catalysts was fixed at 
1.5 wt%, while the amount of Gd was varied. 
Then the samples were dried, ground into 
fine powders, and calcined at 650 K. Before 
use as catalysts, the samples were oxidized 
in 13 kPa of oxygen at 673 K for 1 h and 
reduced in 13 kPa of hydrogen at 773 K for 
1.5 h. While Ni/SiO2 represents Ni catalysts 
supported on SiO2, Ni/Gd(X)/SiQ repre- 
sents Ni-Gd--coimpregnated catalysts on 
SiO2 with Ni 1.5 wt% and Gd(X) wt%. 
Gd203 was obtained by calcination of 
Gd(OH) 3 (99%, Soekawa) at 673 K for 3 h 
in air. Gd/SiO 2 (5 wt%) was obtained by 
impregnation of Gd(NO3)2 on Aerosil 200 
and treated in a way similar to that for Ni/ 
Gd/SiO 2 . 

Commercially obtained H 2 (99.9999%), 
CO (99.99%), and 13CO (isotope purity of 
99%) were used after purification through a 
liquid N 2 trap. 

The amounts of adsorbed CO and hydro- 
gen were volumetrically measured at room 
temperature. Samples were exposed to 13 
kPa of CO or hydrogen and the adsorbed 
amounts were measured (M1 txmol gL~). 
Then the samples were evacuated for 30 min 
and the second adsorption was measured 
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FIG. 1. Adsorbed amounts of hydrogen and CO as a 
function of Gd loading. (O) Irreversibly adsorbed CO; 
(0) reversibly adsorbed CO; (D) irreversibly adsorbed 
H2; (I)  reversibly adsorbed H2. 

again (M 2 /xmol g/a~). The amount of irre- 
versible adsorption was obtained by the dif- 
ference (M1 - M2). 

Reaction products and desorbed species 
were analyzed by mass spectrometry (Ulvac 
MSQ-150A) and/or gas chromatography (Si- 
mazu GC-8A). The columns of the Porapak 
R and the 5 A molecular sieve were used at 
353 K for the detection ofCO2,  C2H6, C3H8, 
and H20 and for H2, CO, and CH4, respec- 
tively. 

IR measurements were conducted in a 
way similar to that previously described (17, 
21). Ni/Gd/SiO2 catalysts (ca. 30 rag) were 
pressed into self-supported discs (4~ = 20 
ram). Then a disc was set in a quartz IR cell 
with two NaC1 windows and pretreated in 
the same way as that for kinetic studies. IR 
spectra were measured at room temperature 
or reaction temperatures with a resolution 
of 2 or 4 cm -1. 

RESULTS 

1. Adsorbed Amounts of  CO 
and Hydrogen 

Figure 1 shows adsorbed amounts of CO 
and hydrogen as a function of Gd loading. 
The amount of CO and hydrogen irrevers- 
ibly adsorbed decreased as Gd loading in- 
creased. The amount of CO irreversibly ad- 
sorbed on Ni/SiO2 was 11.6 /xmol gL~. It 
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FtG. 2. Rates of methane formation at 433 K (©) and 
538 K (0) as a function of Gd loading: p(CO) = 4.0 
kPa, p(H2) = 21.3 kPa. 

began to decrease at 0.1 wt% of Gd loading 
and reached 7.0 /xmol gca~ a t  9 wt% Gd. 
Reversibly adsorbed CO increased with an 
increase of Gd loading and became 15/xmol 
g~a~ at 9 wt% Gd, which is about twice as 
large as that for Ni/SiO2. 

2. TEM and EXAFS 

Averaged particle sizes of Ni particles in 
Ni/SiO 2 and Ni/Gd(1.5)/SiO 2 were deter- 
mined to be 7.0 and 6.6 nm, respectively, by 
TEM measurements. Gd L m edge EXAFS 
showed only Gd-O bond at 0.20 nm, and 
neither Gd-Gd nor Gd-Ni bonds were ob- 
served. As the Ni K edge (8.26 keV) is close 
to the Gd L 1 edge (8.39 keV), we cannot 
reasonably obtain EXAFS spectra of the Ni 
K edge. 

3. Kinetic Study 

Figure 2 shows turnover frequencies 
(TOF) for methane formation from CO/H2 
syngas as a function of Gd loading. The 
TOFs in this study are based on the irrevers- 
ible adsorption of H2. The maximum activ- 
ity at 433 K was obtained with Ni/Gd(0.5)/ 
SiO2. The activity of Ni/Gd/SiO2 at maxi- 
mum was 2.5 times larger than that of Ni/ 
SiO 2 . At 538 K, the TOF had a maximum at 
1.5 wt% of Gd. The maximum value was 
six times larger than that of Ni/SiO2. The 
difference of maximum TOF of Ni/Gd/SiO2 

and the TOF of Ni/SiO2 was larger at 538 K 
than that at 433 K. At higher Gd loadings 
beyond the optimum loadings at 433 and 538 
K, the TOFs decreased. The extent of the 
decrease of rate with an increase of Gd load- 
ing at 433 K was larger than that at 538 K. 

Figure 3 shows Arrhenius plots of CO hy- 
drogenation on Ni/SiO2 and Ni/Gd(1.5)/ 
SiO2 catalysts. For Ni/SiO2, the rate of C2H6 
and C3H 8 formation decreased as the tem- 
perature increased to above 500 K, and the 
activation energy for C H  4 formation 
changed from 121 kJ mol -~ below 500 K to 
79 kJ mo1-1  above 500 K. For Ni/Gd(1.5)/ 
SiO2, the activation energy for C H  4 forma- 
tion did not change in this temperature 
range, and the decrease in the rates of C2H6 
and C3H 8 formations at high temperatures 
was not as large as that for Ni/SiO2, as 
shown in Fig. 3. 

Figure 4 shows the rate of methane forma- 
tion as a function of the partial pressure of 
CO (p(CO)). On Ni/SiO2, the maximum 
rate was observed at p (CO) = 0.13 kPa and 
the rate was proportional to p(CO) -°'9° 
above 0.13 kPa. On the other hand, the rate 
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FIG. 3. Arrhenius plots for the formations of meth- 
ane, ethane, and propane on Ni/Gd/SiO2 (O,D,A) and 
Ni/SiO2 (Q J , A ) ;  (©,0) methane; (D,II)ethane; (A,A) 
propane. 
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of methane formation on Ni/Gd(1.5)/SiO2 
was proportional to  p ( C O )  -0"67 in the whole 
range ofp(CO) in Fig. 4. 

4. TPR Study 

Figure 5 shows TPR spectra of adsorbed 
CO on (A) Ni/Gd(1.5)/SiO2 and (B) Ni/ 
S i O  2. The sample was exposed to CO (4.0 
kPa) at 300 K, followed by evacuation. Then 
the samples were exposed to 3.3 kPa of H2, 
followed by heating at a heating rate of 4 K 
min -1. For Ni/SiO2, the desorption peak of 
methane at 465 K was observed and that of 
CO was observed at 430 K. No COz was 
observed. On the other hand, for Ni/ 
Gd(1.5)/SiO2, the desorption peak of meth- 
ane at 445 K was observed and that of CO2 
instead of CO was observed at 410 K. The 
amount of water desorbed was not quantita- 
tively measured because of the experimen- 
tal restriction. 

Figures 6A and 6B show TPR spectra of 
surface carbides on Ni/Gd(1.5)/SiO2 and 
Ni/SiO2, respectively. The samples were 
exposed to CO (4.0 kPa) at 523 K, followed 
by evacuation, to form surface carbides by 
the Boudward reaction. The samples were 
exposed to 3.3 kPa of H2,  followed by 
heating at a rate of 4 K rain -~ For 
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FIG. 4. Rates of methane formation at 433 K as a 
function ofp(CO) on Ni/Gd(1.5)/SiO 2 (©) and Ni/SiO 2 
(V1); p(H2) = 21.3 kPa. 

Ni/SiO2, CH 4 was desorbed at 405 and 
465 K. The desorption peak of 465 K 
corresponds to the C H  4 peak in Fig. 5B, 
because a certain amount of CO remained 
on Ni/SiO2 after evacuation at 523 K as 
proved by IR. As for Ni/Gd(1.5)/SiO2 a 
desorption peak of C H  4 at 445 K was 
observed. Small amounts of C z H  6 and C3H8 
were desorbed at the same temperature. 

Figure 7 shows TPR spectra from Ni/ 
Gd(1.5)/SiO 2 having 12C-labeled carbide and 
13CO. The sample was exposed to 4.0 kPa 
of 12CO at 300 K, followed by evacuation at 
500 K for 30 rain, and then cooled to 300 K. 
The sample was further exposed to 4.0 kPa 
of 13CO, followed by evacuation. The TPR 
spectra were measured in the presence of 
0.6 kPa of hydrogen at a heating rate of 4.0 
K rain -1. 13CH4 and 12CH4 w e r e  evolved at 
480 and 465 K, respectively. The amounts 
of 13CH4 and 12CH4 produced are 7.1 and 1.9 
/xmol gL~, respectively. 

5. IR Study 

Ni/SiO 2 and Ni/Gd(1.5)/SiO 2 were ex- 
posed to CO (4.0 kPa) at 303 K, followed 
by evacuation at given temperatures for 30 
rain. The IR spectra in Figs. 8A and 8B 
were recorded at room temperature. Ni/ 
SiO2 exhibited the bands at 2040-2030 and 
1950-1800 cm -1. The peak at 2030 cm -1 
began to decrease at 500 K, while the peak 
at 1950 cm -1 already decreased at 343 K. 
The peaks due to adsorbed CO almost 
vanished at 543 K. When the sample was 
exposed to CO at 303 K again, IR bands 
appeared at 2040 (with a shoulder at 2062 
cm -1) and 1950 cm 1. The total band inten- 
sity was almost the same as that of the 
fresh Ni/SiO 2 catalyst. On the other hand, 
three strong bands at 2070, 2030, and 1950 
cm-~ and a weak band at 1600 cm-1 were 
observed with Ni/Gd(1.5)/SiO2. The new 
peak of 1600 c m  -1 began to decrease at 
353 K. The bands at 2070, 2030, and 1950 
cm-1 decreased at 423 K and vanished at 
503 K. When Ni/Gd(1.5)/SiO 2 was exposed 
to CO at 303 K again, the bands at 2070, 
2030, and 1950 cm -1 appeared again; in 
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FIG. 5. (A) TPR spectra of adsorbed CO on Ni/Gd(1.5)/SiO2 in the presence ofp (H2) = 3.3 kPa; heating 
rate = 4 K min -1. (B) TPR spectra of adsorbed CO on Ni/SiO2 in the presence ofp(H2) = 3.3 kPa; 

heating rate = 4 K min -~. 

contrast, the peak of 1600 cm -~ no longer 
appeared. 

When Ni/Gd(1.5)/SiO2 was exposed to 
4.0 kPa of hydrogen at 403 K, an IR peak at 
1610 cm -1 was observed, as shown in Fig. 
9. The intensity gradually increased with the 
exposure time and reached an equilibrium 
at 30 min. When 0.40 kPa of CO was intro- 
duced to the system without evacuating H2 
at 403 K, the peak intensity at 1610 cm 1 
immediately increased and became twice as 

large as that before CO exposure. The peak 
position did not shift by replacing 12C0 by 
13CO. This band disappeared by exposure to 
D 2. The amount of hydrogen adsorbed on 
the catalyst corresponding to the spectrum 
(d) or the spectrum (h) in Fig. 9 was deter- 
mined by the temperature-programmed de- 
sorption measurements by mass spectrome- 
try: 0.08 /xmol g~a~ of hydrogen for the 
sample after exposure to 4.0 kPa of hydro- 
gen for 30 min and 0.14/xmol gL~ for the 
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FIG. 6. (A) TPR spectra of surface carbide on Ni/Gd(1.5)/SiO2 in the presence ofp(H2) = 3.3 kPa; 
heating rate = 4 K rain -1. (B) TPR spectra of surface carbide on Ni/SiO2 in the presence ofp(H2) = 
3.3 kPa; heating rate = 4 K rain-% 
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on Ni/Gd(1.5)/SiO2. The sample was exposed to 12CO 
at 300 K followed by evacuation at 500 K to form 
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FIc. 9. IR spectra of adsorbed hydrogen without and 
with coadsorbed CO on Ni/Gd(1.5)/SiO2. IR spectra 
were measured at 403 K. The sample was exposed to 
4.0 kPa of H2 at 403 K for (a) 2.5 min, (b) 10 rain, (c) 
20 rain, and (d) 30 min. After (d), without evacuation, 
the sample was further exposed to 0.23 kPa of CO at 
403 K for (e) 2.5 min, (f) 10 min, (g) 20 rain, and (h) 30 
min. After (h), the sample was evacuated for (i) 10 min, 
(j) 30 rain, and (k) 60 min. 

sample after exposure to 0.40 kPa of CO for 
30 min following the H 2 exposure. 

Figure 10 shows IR spectra of CO ad- 
sorbed on Gd/SiO2. When the sample re- 
duced at 773 K for 1 h was exposed to CO 
at 303 K, IR bands at 2191,2138, 2085, 2017, 
1950, and 1857 cm -] appeared, as shown in 

Fig. 10. By evacuation at 303 K, the bands 
at 2191, 2138, 2017, and 1950 cm -1 disap- 
peared, showing the remaining two peaks at 
2077 and 1857 cm 1. For the sample reduced 
for 2.5 h, the spectrum was more intense, 
but the feature was similar to that for the 1- 
h-reduced sample. The amount of CO re- 
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FIG. 8. (A) IR spectra of adsorbed CO on Ni/SiO 2 . The sample was exposed to 4.0 kPa of CO at 303 
K, followed by evacuation at (a) 303 K, (b) 343 K, (c) 423 K, (d) 503 K, and (e) 543 K. After (e), the 
sample was exposed to 4.0 kPa of CO at 303 K again, followed by evacuation at 303 K (f). (B) IR 
spectra of adsorbed CO on Ni/Gd(1.5)/SiO2. The sample was exposed to 4.0 kPa of CO at 303 K (a) 
followed by evacuation at (b) 303 K, (c) 343 K, (d) 383 K, (e) 423 K, (f) 463 K, and (g) 503 K. After 
(g), the sample was exposed to 4.0 kPa of CO at 303 K again, followed by evacuation at 303 K(h). 
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FIG. 10. IR spectra  of  adsorbed  CO on Gd/SiO 2 . The 
sample  reduced at 773 K for 1 h was exposed  to 4.0 
kPa of  CO at 303 K (a), followed by evacuat ion at 303 
K (b). The  sample  reduced  at 773 K for 4 h was exposed  
to 4.0 kPa of CO at 303 K (c), followed by evacuat ion 
at 303 K (d). 

versibly adsorbed CO on the 2.5-h-reduced 
sample is about four times larger than that 
for the 1-h-reduced sample, and the amount 
of CO irreversibly adsorbed for the 2.5-h- 
reduced sample is about twice as large as 
that for the 1-h-reduced sample. The band 
frequencies of carbonate, carboxylate, and 
formate adsorbed o n  Gd203 are listed in 
Table 1. 

D I S C U S S I O N  

1. Characterization o f  the 
N i /Gd /S iO  2 Catalyst  

The Gd LII I edge EXAFS analysis re- 
vealed only the presence of the Gd-O bond 
at 0.20 nm. Neither the Ni-Gd bond nor the 
Gd-Gd bond was observed. Hence, most 
Gd atoms may be dispersed as GdO x parti- 
cles in an amorphous form. Hydrogen atoms 
formed on Ni particles in Ni/Gd/SiO2 re- 
duced with H 2 at 773 K should partially re- 
duce the GdOx species (x < 1.5). This is 
suggested by the fact that adsorbed CO on 
GdO~. increases with increasing reduction 
period, as shown in Fig. I0. 

As shown in Fig. 1, the amounts of hydro- 
gen and CO irreversibly adsorbed decreased 
with an increase of Gd loading, while revers- 
ibly adsorbed amounts of them increased. 
The peak frequencies of reversibly adsorbed 

CO on Ni/Gd/SiO2 are almost the same as 
those of reversibly adsorbed CO on GdOx/ 
SiO2, as shown in Figs. 8B and 10. On the 
other hand, irreversibly adsorbed CO on Ni/ 
Gd/SiO 2 showed similar frequencies to 
those of CO irreversibly adsorbed on Ni/ 
SiO2. These facts suggest that CO and hy- 
drogen strongly adsorbed on Ni particles, 
but weakly adsorb on partially reduced 
GdO X . 

According to TEM measurements, Ni 
particle size in Ni/Gd/SiO2 was independent 
of Gd loading. Thus the decrease of irrevers- 
ible CO quantity in Fig. 1 is suggested to be 
due not to the decrease of the dispersion of 
Ni particle but to the deposition of GdOx on 
Ni particles. The amount of N i - C ~ O - G d  
(1.9 /.tmol gc~ for Ni/Gd(1.5)/SiO2 as dis- 
cussed hereinafter) was almost the same as 
the decrease of Ni surface area (2.1 ~mol 
gL~ for Ni/Gd(1.5)/SiO2), which demon- 
strates that a part of the GdOx species mi- 
grated on Ni particles to be dispersed in 
atomic/small cluster forms. 

2. CO and Carbide Adsorbed  on N i /Gd /  
SiO 2 and Ni /S iO 2 

When Ni/Gd/SiO2 was exposed to CO, 
three absorption bands were observed at 
2070-2030, 1980-1900, and 1600 cm -~, as 
shown in Fig. 8B. The peaks of 2040 and 
1950 cm -~ are attributed to CO on Nickel 
metal (22-24). On the other hand, as for the 
low-frequency band at 1600 cm ~, there are 
two possibilities. One is that the band of 
surface carbonates or carboxylates on GdOx 
particles is v~s (OCO) and the other is that 
the band is a large red shift of u(CO) mode 

T A B L E  1 

Frequencies  ( cm-  ~) of  IR Bands  of Adsorbed  
Species on Gd203 

Species v(CD) v(C--O) Uas(OCO) vs(OCO) 

Bidentate carbonate 1580 1320 1000 
Unidentate carbonate 1477 1389 
Carboxylate 1527 1346 
Formate 2148 1590 1377 
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of adsorbed CO. The former possibility is 
excluded by the fact that Vas(OCO) of car- 
bonates, carboxylates, and formates on 
Gd203 appear below 1600 cm -1 and that 
us(OCO) of them which should be in 
1400-1000 cm -l was not observed. Similar 
low-frequency CO has been observed on 
REO-doped metal catalysts (6-10) and Ni 
surfaces modified by partially reduced ox- 
ides (13-15). Hence, the peak at 1600 cm -1 
can be attributed to side-on CO 
(Ni -C=O-Gd) .  This peak shifted to 1570 
cm -1 by 13CO. 

As shown in Fig. 8A (f), IR bands at 2040 
(with a shoulder at 2062 cm -1) and 1950 
cm 1 appeared when Ni/SiO 2 was exposed 
to CO at room temperature after IR bands 
of adsorbed CO was vanished [Fig. 8A (e)]. 
The total intensity of the peaks for the sec- 
ond CO adsorption on Ni/SiO2 is almost the 
same as that for the first CO adsorption on 
Ni/SiO2, which suggests that most of the 
adsorbed CO on Ni/SiO2 desorbed when the 
sample was evacuated up to 543 K. The 
appearance of a high-frequency band at 2062 
cm i may be attributed to CO adsorbed at 
morphologically different Ni sites, despite 
the possibility of adsorbed CO on partially 
oxidized Ni. IR bands of terminal CO ad- 
sorbed on Ni(100) (25), Ni(l l l )  (26), and 
Ni[5(111) x (110)] (27) appear at 2065, 2045, 
and 2020-2060 cm 1, respectively. Simi- 
larly, on-top and bridge CO molecules on 
Ni/Gd(1.5)/SiO2 de sorb and appear again by 
CO adsorption [Fig. 8B (h)]. On the con- 
trary, side-on CO on Ni/Gd(1.5)/SiO2 was 
not reproduced by readsorption of CO at 
room temperature after evacuation at 503 
K. These results show that adsorbed CO on 
Ni/SiO2 and on-top and bridge CO on Ni/ 
Gd(1.5)/SiO2 scarcely dissociate by heating 
to 503-543 K, whereas all of side-on CO on 
Ni/Gd/SiO 2 dissociates. Figure 7 demon- 
strates the formation of 1.9 /xmol g2a~ of 
12CH4 by the hydrogenation of lZC-labeled 
carbides originated from the dissociation of 
side-on CO. The amount of 12CH4 was one- 
fifth as large as that of 13CH4 (Fig. 7), which 
shows that the amount of side-on CO is 

one-fifth as large as those of on-top and 
bridge CO. 

Without any direct evidence, the side-on 
CO has been thought to be a precursor for 
CO dissociation. However, Figs. 7 and 8B 
provide evidence that side-on CO preferen- 
tially dissociates around 400 K to form ac- 
tive carbides for hydrogenation. 

By addition of gadolinium, the adsorption 
of on-top and bridge CO was weakened, as 
shown in Fig. 8, where on-top and bridge 
CO on Ni/Gd/SiO 2 desorbed at ca. 450 K, 
but on Ni/SiO 2 CO desorbed at ca. 540 K. 
This may be caused by the electronic effect 
of GdOx because the u(CO) stretching band 
of on-top CO blue-shifted by 5-10 cm -1, 
often leading to a weakening of the Ni-CO 
bond by a decrease of back donation from 
Ni to CO due to the electron-withdrawing 
character of GdOx on Ni particles. As shown 
in Fig. 2, the Gd loading in Ni/Gd/SiO2 had 
an optimum value for promotion of CO hy- 
drogenation, with decreasing TOF at the 
larger Gd loadings. This decrease of activity 
may be ascribed to the decrease of side-on 
sites by aggregation of small GdOx clusters 
on Ni particles. In fact, the intensity of the 
side-on CO peak for the 9 wt% Gd-loaded 
catalyst was much less than that for the 1.5 
wt% loaded catalyst. 

3. Interaction of Adsorbed CO 
and Hydrogen 

As shown in Fig. 4, the methanation rate 
over Ni/SiO 2 depended onp(CO) o.9o in the 
pressure range p(CO) > 1.3 kPa, while that 
for Ni/Gd/SiO 2 depended on p(CO) -0"67. 
This suggests that the suppression/blocking 
effect of CO is weaker on Ni/Gd/SiO2 than 
on Ni/SiO 2 . On the other hand, in the pres- 
sure range p(CO) < 1.3 kPa, the methana- 
tion rate on Ni/SiO2 was proportional to 
p(CO), but the rate on Ni/Gd(1.5)/SiO2 still 
depended on p(CO) -0"67. When CO adsorbs 
on Ni/SiO2 without any coadsorbates, the 
adsorbed amount is saturated below 1.0 
kPa. Thus the positive correlation between 
methanation rate and p (CO) at p (CO) < 1.3 
kPa over Ni/SiO 2 suggests that CO adsorp- 
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tion is blocked by hydrogen when p(H2) ~> 
p (CO). In contrast, no blocking of H 2 for CO 
adsorption was observed with Ni/Gd(1.5)/ 
SiO2, irrespectively of the smaller negative 
order with respect to CO pressure, as shown 
in Fig. 4. Adsorption sites of CO and hydro- 
gen Ni/Gd/SiO2 may be different from each 
other. 

When Ni/Gd/SiO2 was exposed to H2, a 
new peak at 1610 cm 1 appeared. This peak 
disappeared by exposing to D2 by the iso- 
tope exchange. We were not able to observe 
the isotope (D) band corresponding to the 
1610 cm-1 peak as a low signal to noise ratio 
below 1300 cm 1. The rate for the desorp- 
tion of hydrogen was measured by mass 
spectrometry and from the decrease in in- 
tensity of the 1610 cm -1 peak by IR, giving 
the similar values of 4.0 × 10 -11 and 4.3 x 
10 11 mol s -1, respectively, at433 K. Hence 
the band at 1610 cm -1 is attributed to ad- 
sorbed hydrogen. 

IR bands of hydrogen adsorbed on Ni 
metal have been reported to appear at 
1200-700 and 600 cm -1 for threefold and 
fourfold hydrogen, respectively (28), and it 
does not appear around 1610 cm-l  (29). The 
intensity of the 1610 cm -1 band gradually 
increased when the sample was exposed to 
hydrogen at 407 K and its increase was very 
slow at 300 K. Hydrogen is known to be 
dissociated immediately on Ni metal surface 
with almost no activation barrier. From the 
behaviors of hydrogen on Ni metal and Ni/ 
Gd/SiO2, the band at 1610 cm -1 is assign- 
able to a Gd-H stretching peak, where hy- 
drogen atoms on the Ni metal surface mi- 
grate to partially reduced GdO~ in the Ni/ 
Gd/SiO 2 catalyst. This also agrees with the 
fact that IR bands of Zn-H and Zr-H 
stretching vibrations have been observed at 
1709 cm -1 (30) and 1562 cm -1 (31), respec- 
tively. 

When the Ni/Gd(l.5)/SiO2 catalyst was 
exposed to CO without evacuating hydro- 
gen at 403 K (Fig. 9), the intensity of the 
1610 cm -1 peak increased rapidly. The fre- 
quency of this band did not depend on the 
carbon isotopes of CO, excluding the possi- 

bility of the contribution of the side-on CO 
peak to the peak enhancement. In fact, the 
desorption measurements of hydrogen by 
mass spectrometry showed an increase in 
the amount of hydrogen adsorbed in the co- 
existence of CO. Thus the enhancement of 
the peak intensity at 1610 cm-1 corresponds 
to an increase of hydrogen atoms on GdOx. 
This increase of Gd-H may be caused by 
the replacement of hydrogen adsorbed on 
Ni bare metal surface by adsorbed CO, re- 
sulting in the movement of H atoms to 
GdOx. Partially reduced GdOx acts as a hy- 
drogen reservoir and keeps a high density of 
surface hydrogen under reaction conditions. 

In addition to the repulsive interaction be- 
tween CO and hydrogen on Ni bare metal 
surface, a positive interaction was also ob- 
served. The amount of CO adsorbed in- 
creased by hydrogen coadsorption. This 
phenomenon was also observed on Ni/SiO2 
catalyst, but the degree of the increase was 
larger with Ni/Gd/SiO2 than on Ni/SiO2. 
H-CO interaction has been observed on 
Ni(100) (32, 33), where both H and CO ad- 
species are stabilized. As the amount of hy- 
drogen adsorbed on Ni/Gd/SiO2 is larger 
than that on Ni/SiO2, Ni/Gd/SiO 2 would 
have more interaction of adsorbate. 

4. Promoting Effect of Gd Additive 

Ni particles are interacted with partially 
reduced GdO x as already discussed. At the 
boundary sites of GdOx on Ni particles the 
side-on CO (Ni -C=O-Gd)  is produced, ex- 
hibiting the peak of 1600 cm- 1. The dissocia- 
tion probability of the side-on CO is almost 
100% under reaction conditions. On the con- 
trary, the dissociation of on-top and bridge 
CO is negligible. Surface carbides originated 
from the side-on CO were a little more active 
for the methanation than other carbides 
originating from on-top and bridge CO, but 
the difference was not significantly large. 

Another effect of gadolinium is to reserve 
hydrogen on GdOx under reaction condi- 
tions. Hydrogen density on Ni/Gd/SiO 2 un- 
der reaction conditions was higher than that 
on Ni/SiO2; an IR band of 1610 cm -1 was 
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observed for Gd-H and 0.14 /xmol gL~ of 
hydrogen was adsorbed on Ni/Gd(1.5)/SiO: 
in the steady state of the reaction. Addition- 
ally, the adsorbed hydrogen increased the 
amount of CO adsorbed. 

As discussed above, two promoting ef- 
fects of GdOx are observed on the Ni/Gd/ 
SiO2 system; one is the promotion of CO dis- 
sociation and the other is hydrogen storage. 
Under reaction conditions at 558 K, 5.1 and 
2.0/xmol gL~ of carbides remained on Ni/ 
Gd(1.5)/SiO2 and Ni/SiO2 surfaces, respec- 
tively. The amount of carbides on Ni/ 
Gd(1.5)/SiO2 is 2.5 times as large as that on 
Ni/SiO2. The overall reaction rate of CO hy- 
drogenation on Ni/Gd/SiO2 at 558 K (244 
/xmol rain- 1 gL~) was ca. five times as fast as 
that on Ni/SiO2 (50.5/xmol min- 1 gL~). If the 
rates are normalized to the amount of car- 
bides, the rate of hydrogenation of carbides 
on Ni/Gd(1.5)/SiO2 is two times larger than 
that for Ni/SiO2. This promotion of Gd addi- 
tive is ascribed to the hydrogen storage effect 
of GdOx. On the basis of the amounts of CO 
adsorbed on Ni/Gd(l.5)/SiO 2 and Ni/SiO 2 
under reaction conditions at 558 K, the rate 
constant for CO dissociation on Ni/Gd(1.5)/ 
SiO2 was ca. five times larger than that on 
Ni/SiO2. Thus, the promoter effect of Gd is 
observed more with CO dissociation. 

While the rate decrease in the low-CO- 
pressure range was observed with Ni/SiO2, 
if molecularly adsorbed CO plays a key role 
in methanation, the linear phenomenon ob- 
served with Ni/Gd/SiO2 in Fig. 4 cannot be 
a weaker dependency of the reaction rate on 
CO pressure compared with the case of Ni/ 
SiO2. The role of a Gd additive in the easy 
dissociation of CO through the side-on CO is 
also seen in Fig. 3. CO adsorption becomes 
more difficult at higher temperatures, lead- 
ing to a rate decrease, whereas more rapid 
dissociation of CO on Ni/Gd/SiO 2 gives rise 
to linear dependency without a break over 
whole reaction temperatures. 

CONCLUSIONS 

(1) Gd exists as partially reduced GdO~ 
in Ni/Gd/SiO2. 

(2) GdO x displays two promoter effects 
on the Ni catalysis for CO hydrogenation. 
One is the promotion of CO dissociation and 
the other is the enhancement of hydrogena- 
tion rate of carbides because of the storage 
of hydrogen (u(Gd-H) = 1610 cm-1). 

(3) These two effects, consequently, in- 
creased the methanation rate, particularly 
at high temperatures. 

(4) Side-on CO (Ni -C~O-Gd)  is pro- 
duced at the boundary sites of GdOx on Ni 
particles, showing v(CO) of 1600 cm-l .  

(5) All side-on CO species easily dissoci- 
ate, whereas on-top and bridge CO species 
scarcely dissociate and most of them are 
desorbed by heating in vacuum. 

(6) The amount of side-on CO was one- 
fifth as large as those of on-top and bridge 
CO on Ni/Gd(1.5)/Si02. 

(7) Carbides originated from side-on CO 
were active for hydrogenation to produce 
hydrocarbons (mainly methane). 

(8) It is suggested that adsorbed CO and 
hydrogen interact with each other to in- 
crease their adsorbed amounts. 
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