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Alloying Co with Ni is effective for enhancing the activity for CO hydrogenation as well as the 
selectivity to gasoline. Infrared spectra of adsorbed NO and XPS spectra for the 3p3 n orbital of Co 
and Ni suggest that Co in the alloy interacts electronically with Ni in the outer shell orbital, resulting 
in the creation of adsorption sites with a new electron density. As a result, alloying Co with Ni 
strengthens the hydrogen adsorption. Thus alloying Co with Ni allows hydrogen to compete more 
effectively for adsorption sites in the co-adsorption of CO and H 2. Since the rate of H2-D 2 exchange 
on CO preadsorbed Co-Ni  alloy shows a good correlation with the CO hydrogenation activity, the 
reactivity of adsorbed hydrogen in the presence of CO plays a decisive role in determining the 
activity for CO hydrogenation in this alloy system. © 1992 Academic Press, Inc. 

INTRODUCTION 

A variety of products with different car- 
bon number is generally obtained in CO 
hydrogenation over Fischer-Tropsch cata- 
lysts. One of the important aims in this 
reaction is the control of products, in par- 
ticular, to enhance the selectivity to gaso- 
line. Alloying of metal components has a 
great effect on the catalytic activity and 
selectivity because of electronic interaction 
among the various metal components (1). 
Alloying of metals is expected to be effec- 
tive in the precise control of selectivity in 
CO hydrogenation (2-5). We have pre- 
viously reported the high CO hydrogena- 
tion activity and high chain growth proba- 
bility of ternary alloy catalysts of Fe, Co, 
and Ni (6-8). In particular, the Co-Ni 
alloy is the best candidate for gasoline 
synthesis among the supported Fe-Co-Ni  
ternary alloy catalysts. 

The co-adsorption behavior of H2 and CO 
confirmed that these molecules compete for 
the same adsorption sites on the metal (9). 
In general, the adsorption of CO is stronger 
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than that of hydrogen (10, 11); thus it is 
well known that the preadsorbed CO species 
strongly hinder the hydrogen adsorption 
(12). From the theoretical calculation of H 
and CO coverage on the Ni surface, the ad- 
sorption sites were nearly saturated by CO 
at temperature less th~n 570 K (13). The 
weakening of CO adsorption, which allows 
hydrogen to compete more effectively for 
nickel adsorption sites, leads to higher 
methanation activity by one or two orders 
of magnitude (14). The adsorption state of 
hydrogen and carbon monoxide, therefore, 
has a great significance for determining the 
catalytic activity and selectivity in CO hy- 
drogenation. In particular, the activation of 
hydrogen seems to be of primary impor- 
tance for the CO hydrogenation activity 
(15). However, the reactivity of hydrogen 
in CO hydrogenation has not been clearly 
understood up to now partly due to the dif- 
ficulty of spectroscopic analysis of adsorbed 
hydrogen. In this study, we investigated the 
alloy effects on the adsorption states of car- 
bon monoxide and hydrogen on SiO2-sup- 
ported Co-Ni alloy catalysts. The H2-D2 
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exchange reaction was also studied in order 
to clarify the reactivity of adsorbed hy- 
drogen. 

EXPERIMENTAL 

The SiO2-supported Co-Ni alloy cata- 
lysts with total metal loading of I0 wt.% 
were prepared by the incipient wetness 
technique according to the method de- 
scribed previously (6). The catalysts were 
calcined at 673 K for 4 h and were reduced 
at 573 K for 2 h and 673 K for 2 h under a 
hydrogen stream. Catalyst composition is 
denoted hereafter as XCo YNi, where X and 
Y are the atomic percentages of cobalt and 
nickel, respectively. 

Catalytic hydrogenation of carbon mon- 
oxide was performed in a high pressure fixed 
bed flow reactor. The catalyst was pre- 
heated in a hydrogen stream at 523 K for 1 h 
before reaction. A gaseous mixture of H2(62 
vol%), CO(33 vol%), and Ar(5 vol%), which 
was freed of water and carbonyl impurities 
by active carbon and 13X-type zeolite, was 
fed to the catalyst bed at W/F = 10 g-cat 
h/mol, where W is the catalyst weight and 
F the total flow rate. The reaction data were 
taken at 523 K and the total pressure was 
fixed at 1.0 MPa. The reaction products 
were analyzed by gas chromatography as 
reported previously (6). 

The adsorption state of NO reflects the 
electron density of the metal (16). The 
infrared spectra of adsorbed NO have been 
measured to study the electronic state o f  
the alloy. In situ infrared spectra were 
recorded with a JASCO IR-810 spectrome- 
ter. The background spectrum of the cata- 
lyst without NO adsorption was subtracted 
from that with NO adsorption. The elec- 
tronic state of metal was also studied with 
XPS. XPS measurements were carried out 
with a Shimadzu ESCA-850 after reduction 
at 673 K. Binding energies of Co 3d3/2 and 
Ni 3d3/2 peaks were corrected by comparing 
the C ls peak on the sample to that of 
graphite. 

Adsorption rates of H2 and CO were mea- 
sured with a conventional volumetric vac- 

uum apparatus. After an evacuation at 673 
K, the catalyst was exposed to H2 and CO. 
The pressure of CO or H2 was measured 
with a Pirani gauge. Desorption rates of H2 
and CO were observed by temperature- 
programmed desorption (TPD). TPD of hy- 
drogen or carbon monoxide was carried 
out with a flow system (6). The catalyst 
was reduced in a hydrogen stream at 673 
K for 1 h and was evacuated at room 
temperature for 0.5 h before the TPD mea- 
surement of H 2. Carbon monoxide was 
adsorbed on the prereduced catalysts at 
673 K and then was evacuated at room 
temperature. Argon and helium were used 
as carrier gases for TPD of H 2 and CO, 
respectively, after impurity oxygen was 
removed by electrochemical pumping using 
yttria-stabilized zirconia as an electrolyte. 
Desorption of hydrogen or carbon monox- 
ide from the catalyst was monitored by 
two thermal-conductivity detectors. Water 
and carbon dioxide were removed with a 
cold trap which was placed between the 
detectors. 

H2-D2 exchange reaction was carried out 
in a conventional closed circulating system 
of 120 cm 3 in volume. Gaseous deuterium 
was obtained by electrolysis of D20 and 
commercial hydrogen was purified by pass- 
ing through a liquid N 2 trap. The mixture 
with equal amounts of H2 and D 2 (total pres- 
sure is 32.0 kPa) was circulated and the iso- 
tope ratio was analyzed by gas chromatogra- 
phy using a MnC12/A1203 (10 wt.%) column 
at liquid N 2 temperature. Before the ex- 
change reaction, the catalyst (0.3 g) was re- 
duced with H 2 at 673 K for 1 h and then 
evacuated at 673 K for 1 h. The rate of 
H2-D 2 exchange, r, was obtained from the 
following equation (17), 

log[(X0 - X e ) / ( X  t - X e )  ] ~-- rt/2.303N, (1) 

where t stands for the reaction time, N the 
total molar amount of hydrogen isotopes 
(H 2 + D 2 + HD) in the system, and X 0, 
X t, and Xe are the molar fraction of HD 
at 0 sec, t sec, and in equilibrium, respec- 
tively. 
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FIG. 1. Lattice constant and particle size of SiO2- 
supported Co-Ni alloy as a function of alloy composi- 
tion: (©) Lattice constant, ([]) particle size. 

RESULTS AND DISCUSSION 

Lattice Constant and Crystallite Size of 
Supported Co-Ni Alloy 

X-ray diffraction was performed after re- 
duction at 673 K to determine the crystallite 
size and the lattice constant of the alloy cata- 
lysts. Only the diffraction peaks from the 
fcc-structured Co, Ni, and bulk alloy were 
detected except for peaks from the SiO2 sup- 
port (18). The crystal structure of Co was 
transformed from hcp to fcc around 700 K. 
Catalysts were reduced at 673 K in this 
study, and so fcc-structured Co was pre- 
pared in this study. The lattice constant of 
Co-Ni  alloy obtained from the strongest dif- 
fraction peak from the (111) plane is shown 
in Fig. 1 as a function of alloy composition. 
The lattice constant of the Co-Ni  alloy 
slightly decreases with increasing Ni con- 
tent. This suggests that the Co-Ni  ordered 
alloy with fcc structure is formed in each of 
the SiO2-supported Co-Ni  alloy catalysts. 
The average crystallite size of the supported 
metal was estimated with the Scherrer equa- 
tion from the line broadening of diffraction 
peak (Fig. 1). Although a slight deviation 
was recognized, the average crystallite size 
of the alloy can be regarded as almost the 
same among the catalysts. Part of the cata- 
lyst was subjected to measurement of the 
metal particle size distribution with a TEM 
observation. Metal particle sizes ranged 

from 3 to 20 nm with an average of about 15 
nm, which is in fair agreement with that 
obtained from XRD. 

Catalytic Activity and Selectivity for CO 
Hydrogenation 

Catalytic activity and selectivity for CO 
hydrogenation on SiO2-supported Co-Ni  
alloy are shown in Fig. 2 as a function of Ni 
content. In Fig. 2, hydrocarbon products 
are grouped into four categories according 
to their carbon number, i.e., methane, 
C2-C 4 olefins, C2-C 4 paraffins, and C5+ hy- 
drocarbons with five or more carbon atoms, 
which mainly consisted of gasoline com- 
pounds. In some cases, a small amount of 
oxygenated compounds such as alcohol and 
ester was produced, but no carbon dioxide 
was produced on any catalyst (6). Alloying 
Co with Ni enhanced the catalytic activity 
for CO hydrogenation. Among the Co-Ni  
alloy catalysts, 50Co50Ni shows the highest 
CO conversion, which is almost six times 
higher than that of Co and Ni single metal. 
The Co-Ni  alloy catalysts showed a high 
selectivity to higher hydrocarbons, in par- 
ticular, to gasoline compounds, but are un- 
selective for methanation. Alloying Co with 
Ni, therefore, increased not only the CO 
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FIG. 2. Catalytic activity and selectivity in CO hydro- 
genation over SiO2-supported Co-Ni alloy catalysts as 
a function of Ni content: (O) CO conversion, (A) CH4, 
(O) C2-C 4 olefins, (O) C~-C~ paraffins, ([2) C5+. 
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FIG. 3. XPS spectra for the 3p3n orbital of Co and Ni 
in Co-Ni alloy catalysts: (a) Co, (b) 75Co25Ni, (c) 
50Co50Ni, (d) 25Co75Ni (e) Ni. 

conversion but also the selectivity to gaso- 
line. The yield of gasoline attained on 
50Co50Ni was as high as 15%. Comparing 
with the yield of other Fischer-Tropsch cat- 
alysts, this yield was classified into the high- 
est group at the reaction condition exam- 
ined. Therefore, Co-Ni alloy catalyst at the 
equimolar composition is one of the best 
candidates for the gasoline synthesis from 
CO hydrogenation, as already reported 
(6, 7). 

Electronic State of  Adsorption Sites on 
Co-Ni Alloy Catalyst 

Effects of alloying on catalysis are gener- 
ally classified into two groups; electronic(l, 
19, 20) and geometric effects (21-24). It is 
reported that the geometric effect is domi- 
nant on Cu-Ni alloy catalyst (25). An elec- 
tronic ligand effect, however, is anticipated 
on alloy consisting of group VIII metals 
themselves because of the similarity in the 
electronic configurations (19, 26). 

XPS spectra for the 3p3n orbital of Co and 
Ni in alloy catalyst are shown in Fig. 3. The 
3P312 orbital is the highest occupied orbital 
of these metals. The binding energy for the 

3P3/2 electron of Co increased, but that of Ni 
decreased. Furthermore, the binding energy 
for the 3p3/2 electrons of Co and Ni increased 
with increasing Ni content in alloy. On the 
other hand, an energy shift could not be 
recognized on the binding energy of the 
2p312 electrons of Co and Ni in the alloy. 
Thus, the electronic configuration of Co and 
Ni seems not to be affected significantly by 
alloying as suggested by a band structure 
calculation (27, 28). However, the higher 
and lower shifts in the 3p31z peaks of Co and 
Ni, respectively, suggest that Co in the alloy 
interacts electronically with Ni at the 3p 
level, and it is expected that a part of the 
electronic charge in the outer shell of Co is 
donated to Ni, or an intra-atomic reorgani- 
zation of the valence electrons of Co and 
Ni is produced by alloying (28). Electronic 
interaction at the outer shell orbital was also 
pointed out in the other kinds of alloy sys- 
tems (29, 30). It is expected that the effects 
of the electron transfer would be restricted 
to the outer shell orbital. This is because 
electrons in the inner shell orbital are more 
strongly attracted by nuclear (screen) ef- 
fects and the changes in the electronic states 
by alloying are very small due to the large 
number of the valence electrons. Since the 
electron in the outer shell orbital is used 
when a gaseous molecule adsorbs on the 
metal, alloying Co with Ni could bring about 
a marked change in the adsorption property 
because of the electronic interaction be- 
tween Co and Ni in the outer shell orbital. 

The effect of electronic interaction be- 
tween Co and Ni on the adsorption behavior 
of the alloy can be further investigated using 
the infrared spectra of adsorbed NO as a 
probe. We have reported previously that the 
infrared spectra of adsorbed NO are sensi- 
tive enough to study the electronic state of 
surface adsorption sites (31). Two infrared 
bands around 1800 and 1860 cm -I generally 
appeared on Co-Ni alloy catalysts. The ab- 
sorption band at 1860 cm -I was still present 
even after evacuation at 573 K, but that of 
1800 cm -1 almost disappeared. Two types 
of adsorbed NO, i.e., bent-type and linear- 
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FIG. 4. Dependence of the absorbance of linear- and 
bent-type NO and its ratio on the alloy composition: 
(O) Bent-type NO, (A) linear-type NO, (0)  ratio of the 
absorbance of bent- to linear-type band. 

type, have been observed so far by IR mea- 
surement at 1720-1520 and 1900-1700 c m  - l ,  
respectively (16). Since the bonding of N-O  
in bent-type NO is weaker than that in lin- 
ear-type NO and its stretching band appears 
at lower wavenumber, the absorption bands 
at 1860 and 1800 cm -1 can be assigned to 
linear-type and bent-type NO, respectively. 
Bent-type is formed by electron donation 
from the metal to the antibonding orbital of 
the NO molecule, but linear-type is formed 
by electron withdrawal from NO. The ab- 
sorbance of bent- and linear-type NO seems 
to reflect the number of electron-donating 
and electron-withdrawing sites, respec- 
tively, by assuming that an extinction coef- 
ficient of bent- and linear-type NO is inde- 
pendent of the alloy composition. The ratio 
of the absorbance of bent- to linear-type 
NO, therefore, qualitatively reflects the 
electron-donating properties of the surface 
adsorption sites on the alloy. The ab- 
sorbance of linear- and bent-type NO and 
its ratio are plotted versus the alloy compo- 
sition in Fig. 4. Linear-type NO adsorption 
is dominant on Ni/SiO 2, but the absorbance 
of bent-type band is strong on Co/SiO2. This 
suggests that Co/SiO2 and Ni/SiO2 exhibit 
the electron-donating and electron-ac- 
cepting property, respectively. The work 
functions of Co and Ni are 5.00 and 5.14 eV, 
respectively (32). The electron affinity of Ni 

is stronger than that of Co considering from 
the work functions. Therefore, the adsorp- 
tion states of NO on Co and Ni are in good 
accord with the expectations based on the 
work functions. On the other hand, the ratio 
of these two absorption bands linearly de- 
creased with increasing Ni content. It is ex- 
pected that the electronic state of surface 
adsorption sites altered linearly from Co to 
Ni as a result of the electron transfer from 
Co to Ni, which is suggested by the XPS 
measurements. The absorbance of both lin- 
ear- and bent-type NO bands are increased 
by alloying Co with Ni, as shown in Fig. 4. 
These increased absorbances of linear- and 
bent-type NO suggest the creation of ad- 
sorption sites with new electron density as 
a result of electronic interaction between Co 
and Ni. 

Effect o f  the Alloying on the Adsorption 
State o f  CO and H 2 

Temperature-programmed desorption is 
powerful in determining the adsorption state 
of H2 and CO (33). Since the XPS and infra- 
red study showed that electronic interaction 
between Co and Ni greatly affected the ad- 
sorption property of the catalyst, it is ex- 
pected that significant effects of alloying Co 
with Ni on CO hydrogenation might result 
from the changes in the adsorption behav- 
ior. Effects of alloying on the adsorption 
state of CO and H 2 were studied by TPD 
measurements (Fig. 5). The adsorption state 
of CO and H2 were changed remarkably by 
alloying. A rather high temperature is re- 

H2-TPD CO-TPD 

4! Co Co 
.c_. A 40 

2 S\ 20 
~ 0  0 
~06; 50C650Ni : SOCoSONi 

~2 20 
~0 . , - 0 
=.4 Ni --LCO 40 
~; 2 20 
~c ~ -  o 

273 473 673 6'73273 473 673 873 1073 
Temperature/K 

FIG. 5. Desorption curves of hydrogen and carbon 
monoxide from Co, Ni, and 50Co50Ni alloy. 
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quired for reducing Co compared with Ni. 
However,  XPS and XRD analyses suggest 
that not only cobalt oxide but also nickel 
oxide did not exist in the alloy catalysts. 
Therefore, effects of  the degree of reduction 
could be neglected in this study. Alloying 
Co and Ni enhances the adsorption amount 
of H 2 and CO. In particular, the desorption 
amount of H2 below 573 K was greatly in- 
creased. Comparing with carbon monoxide, 
an alloy effect was obviously observed on 
the adsorption state of hydrogen. The 
change in the adsorption state of CO and H 2 

on alloy catalysts seems to result from the 
creation of the adsorption sites with new 
electron density, which are suggested by the 
infrared spectra of adsorbed NO and the 
XPS spectra. The desorption amount of CO 
was generally larger than that of H 2 by an 
order of magnitude. In addition, most of the 
preadsorbed CO on these catalysts de- 
sorbed in a higher temperature region com- 
pared with the preadsorbed H z. Chemisorp- 
tion of carbon monoxide seems to be much 
stronger than that of hydrogen on the alloy 
catalysts. The surface concentration of hy- 
drogen and carbon monoxide plays a deci- 
sive role for determining the catalytic activ- 
ity and the selectivity in CO hydrogenation. 

The effect of alloying Co with Ni was in- 
vestigated based on the Langmuir adsorp- 
tion model as below (14),  

ka" 
Hz(g) + 2-~ ,2H(a) (2) 

kH 
d 

ka co 
CO(g) + * ,  , CO(a), (3) 

kffo 

where the asterisks (*) represent unoccu- 
pied surface sites, and the subscripts (g) and 
(a) indicate the gas phase and the adsorbed 
species, respectively. It is well known that 
the heats of chemisorption of hydrogen and 
CO decrease as the coverage increase. 
However,  these influences are neglected in 
this study for simplification. The surface 
concentrations of Hz and CO calculated by 

the Langmuir model reflect the actual ones 
reasonably well according to Raupp and 
Dumesic (13, 14). The equilibrium surface 
concentration coverage of H and CO was 
obtained as the following equations by as- 
suming that hydrogen adsorbs dissocia- 
tively and that catalytic reaction between 
adsorbed H and CO species is absent (14),  

H H 1/2 
(ka PH2/kd ) 

0 H - -  1 + H H 1/2 CO CO (kaPH2/kd) + (k a e c o / k d  ) 

(4) 
kCOD 1LCO 

a ~ C O ~ d  
vCO 1 + H H 1/2 CO CO ' 

( k a P H 2 / k d )  + (k a Pco/ka ) 

(5) 

where PH2 and Pco are the partial pressure 
of H2 and CO, respectively. The following 
expression gives the desorption rate (rd) 
without readsorption (32),  

r d = kaA e x p ( - E d / R T ) ,  (6) 

where A stands for the adsorbed amount, 
and Ed is the activation energy for desorp- 
tion. The activation energy, Ed was obtained 
from the slope of the straight lines between 
ln(rd/A)  and T -l, and thus the desorption 
rate constant (ka) at 523 K can be estimated 
from Eq. (6) by using the thus-obtained E a 
and the measured rd. Desorption rate con- 
stants for CO and H2 were enhanced by al- 
loying Co with Ni, as is summarized in Table 
1. On the other hand, the adsorption rates of 
CO and H 2 were expressed as the following 
equations: 

r H = kHprt2(1 -- Oft) 2 (7) 

co kC°Pco(1 - 0co). (8) r a = 

Since the surface coverage of hydrogen and 
carbon monoxide can be approximated to 
be 0 in the initial stage of adsorption, the 
adsorption rate of CO and H 2 w a s  simply 
expressed as 

rHa = k~PHz (9) 

r c° = kaC°Pco • (10) 
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TABLE 1 

Adsorption Rate Constant, Desorption Rate Constant, and Surface Coverage of H2 and CO on Co, Ni, and 
50Co50Ni Alloy Catalysts 

Catalyst CO adsorption (min -1) H 2 adsorption (min -T) Surface coverage 

° ° 0co 0. 

Co 0.257 0.090 0.729 0.021 0.984 0.016 
50Co50Ni 0.225 0.228 0.934 0.029 0.956 0.044 
Ni 1.901 0.157 2.324 0.013 0.986 0.014 

Note. k H, kaC°: adsorption rate constant of H 2 and CO at 523 K, respectively; k~, kC°: desorption rate constant 
of H2 and CO at 523 K, respectively; 0co, OH: calculation under 523 K, PH2 = 64 kPa, Pco = 32 kPa. 

Time dependence of the adsorption amount 
of H 2 and CO at 523 K on 50Co50Ni/SiO2 is 
shown in Fig. 6 as an example. Equations 
(9) and (10) could be applied within 40 sec 
after the introduction of CO and H2, and the 
initial adsorption rate was estimated from 
the time-dependence of the adsorbed 
amount in this period. The adsorption rate 
constants are approximately estimated from 
the adsorption rate under the different par- 
tial pressure of hydrogen and carbon mon- 
oxide as shown in Fig. 7. The adsorption 
rate constants for CO and H2 on Ni, Co, and 
50Co50Ni are summarized in Table 1. By 
calculating with thus-obtained adsorption 
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FIG. 6. Time dependence of the adsorption amount 
of H2 and CO on 50Co50Ni/SiO2 catalyst under various 
initial pressures. Adsorption temperature; 523 K. 

and desorption rate constants for CO and 
H2, the surface coverage was estimated 
from Eqs. (4) and (5) under the hydrogena- 
tion condition of CO, i.e., 523 K, Pco = 320 
kPa, PH2 = 640 kPa (Table 1). The nickel 
and cobalt surfaces are nearly saturated 
with carbon monoxide in the absence of ca- 
talytic reaction. Alloying Co with Ni alters 
the adsorption strength of CO and H 2 as 
shown in Fig. 4, and leads to a higher hydro- 
gen surface coverage. Raupp and Dumesic 
(13, 14) reported that the catalytic activity 
for methanation on Ni catalyst primarily de- 
pends on the extent of inhibition to hydro- 
gen adsorption by adsorbed CO. The low 
hydrogenation activity for carbon monoxide 
on Co/SiO2 or Ni/SiO2 seems to result from 
the extremely low surface coverage of hy- 
drogen. Alloying Co with Ni increases the 
H-adatom coverages on metal under steady- 
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T A B L E  2 

Rate of  H2-D2 Exchange  React ion over  Supported C o - N i  Alloy Catalys ts  
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Cata lys t  Before CO adsorpt ion After  CO adsorpt ion 

Exchange  rate (mol/min) E a Exchange rate (mol/min) Ea 
(kcal/mol)  (kcal/mol)  

195 K 273 K 2 7 3 K  2 9 8 K  

Co 8.28 × 10 -6 1.37 × 10 -4 3.8 1.34 x 10 -6 4.87 × 10 -6 7.8 

75Co25Ni 3.74 x 10 -5 3.39 x 10 -4 3.0 2.32 x 10 -5 9.10 x 10 -5 8.8 
50Co50Ni 3.89 x 10 -4 1.63 × l0 -3 1.7 1.69 x 10 -5 8.45 x 10 -5 10.4 

25Co75Ni 5.66 × 10 -4 1.67 × l0 -3 1.4 2.32 x 10 -5 9.10 x 10 -5 8.8 

Ni 8.25 × 10 -4 1.60 × 10 -3 0.9 6.47 x 10 -5 8.65 × 10 -5 1.9 

state conditions of CO hydrogenation, and 
should lead subsequently to the higher reac- 
tion rate of hydrogen. It appears that the 
new adsorption sites created by allowing Co 
with Ni have a distinct electron density from 
those of Co and Ni single metal. On the 
adsorption sites with the distinct electron 
density, the adsorption of CO should be 
weakened, and thus the amount of surface 
hydrogen is enlarged by alloying compared 
with those on Co and Ni. Increased surface 
coverage of hydrogen, therefore, seems to 
result from these new adsorption sites cre- 
ated by alloying Co with Ni. 

Effect of Alloying on the Dissociative 
Adsorption of Hydrogen 

Hydrogen-isotope exchange reaction is a 
useful model reaction for estimating the re- 
activity of hydrogen on catalysts (34). The 
rates of Hz-Dz exchange on SiO2-supported 
Co-Ni  alloy catalyst before and after CO 
adsorption are summarized in Table 2. Since 
the exchange rate was very low and the acti- 
vation energy was high on Co/SiO2, the re- 
activity of adsorbed hydrogen on Co/SiOz 
seems to be low. On the contrary, Ni/SiO 2 
catalyst exhibited an extremely high ex- 
change rate and a low activation energy. 
This suggests that Ni/SiO2 catalyst is active 
for the hydrogen activation. Both the rate 
for H z - D  2 exchange and the activation en- 
ergy on Co-Ni  alloy catalyst are intermedi- 
ate between Co and Ni. No relationship, 

however, has been found between the CO 
hydrogenation activity and the H2-D 2 ex- 
change rate without carbon monoxide. This 
suggests that the catalytic activity of alloy 
for hydrogenation altered radically with the 
presence of CO because of the low hydrogen 
concentration on the metal surface as sug- 
gested by the Langmuir adsorption model. 

Preadsorbed carbon monoxide greatly re- 
duced the overall rate of Hz-D2 exchange. 
Since the exchange rate was restored to the 
value before CO adsorption by an evacua- 
tion at 673 K, the dissociative adsorption of 
hydrogen was strongly impeded by the CO 
adsorption. The overall rate of CO hydroge- 
nation is plotted versus the rate of Hz-D2 
exchange reaction after CO adsorption, 
which reflects the activity of catalyst for the 
dissociative adsorption of hydrogen in the 
presence of CO. The rate of H2-D2 ex- 
change reaction is obtained by the extra- 
polation of Arrhenius plots for Hz-D2 
exchange reaction to 523 K over CO-pread- 
sorbed Co-Ni  alloy (Fig. 8). The CO hydro- 
genation rate evidently correlated with the 
Hz-Dz exchange rate in the presence of CO. 
As a result, the activation of H 2 under the 
presence of CO is of primary importance in 
determining the CO hydrogenation rate in 
these Co-Ni  alloy catalysts. The chemi- 
sorption of CO is so strong on Co and Ni 
that very few adsorption sites are available 
for hydrogen adsorption. The low CO hy- 
drogenation activity on Co/SiO z and Ni/ 
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FIG. 8. Relation between the CO hydrogenation rate 
and the rate of H2-D 2 exchange reaction on the CO 
preadsorbed Co-Ni  alloy catalyst. 

SiOz, therefore, results from the low activ- 
ity for the dissociative adsorption of hydro- 
gen in the presence of CO. However, the 
alloying Co with Ni gives rise to adsorption 
sites with a new electron density as a result 
of the electronic interaction between Co and 
Ni in the outer shell orbital. Since the ad- 
sorption of CO seems to be weakened on 
these adsorption sites created by alloying 
Co with Ni, a higher hydrogen coverage in 
the presence of CO can be attained on the 
Co-Ni  alloy catalyst. Alloying Co with Ni, 
therefore, leads to a high activity for hydro- 
gen dissociative adsorption resulting in the 
high catalytic activity for CO hydrogena- 
tion. The chain growth probability was also 
elevated by alloying Co with Ni. This is be- 
cause both hydrogen and carbon monoxide 
are easily chemisorbed to form the interme- 
diate of partially hydrogenated species on 
the catalyst surfaces. As a result, alloying 
Co with Ni is effective for enhancing the 
gasoline yield. 

CONCLUSIONS 

Alloying Co with Ni exhibited a marked 
effect on the catalytic activity in CO hydro- 
genation. In particular, 50Co50Ni exhibited 
extremely high CO conversion, six times 
higher than that of Co and Ni. XPS spectra 
for the 3p3/2 orbital of Co and Ni and infrared 
spectra of adsorbed NO confirmed that 
there is some electron donation from Co to 

Ni in Co-Ni  alloy. Model calculation for 
surface coverage by hydrogen and carbon 
monoxide shows that alloying Co with Ni 
leads to a high H-adatom surface concentra- 
tion. Moreover, the exchange reaction of 
H2-D 2 on CO-preadsorbed catalysts sug- 
gests that the dissociative adsorption of hy- 
drogen is of primary importance in de- 
termining the catalytic activity of this alloy 
system, since the surface CO species 
strongly hinder hydrogen adsorption. Alloy- 
ing Co with Ni, therefore, weakens the CO 
adsorption and allows hydrogen to chemi- 
sorb more easily on the metal surface. The 
alloy effect in the present study seems to 
result from the control of surface concentra- 
tions of active hydrogen by the electronic 
interaction in the outer shell orbital of Co 
and Ni. 
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