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A key intermediate of the methanation reaction on nickel catalyst is a carbidic carbon. 
Accumulated carbidic intermediates on Ni(100) gives a p(2 x 2) p4g structure, whereas that 
on N i ( l l l )  is too complex to be solved. A single domain carbide layer accidentally on 
N i ( l l l )  allowed us to solve the structure explicitly. Comparison of the carbide layer on 
Ni(100) and that on Ni(111) showed that the carbon atoms are arranged by forming the 
same ordered structure. The carbide layers prepared on Ni(100), Ni(111) and Ni(110) have 
almost equal decomposition temperatures. Consequently, we can conclude that the same 
overlayer compound is formed on the three surfaces. Furthermore, the hydrogenation of the 
p4g carbide on Ni(100) occurs at almost equal rate to the turnover frequency of the catalytic 
methanation reaction. The structure insensitive methanation reaction on Ni(100), Ni(111) 
and Ni( l l0)  is responsible for the same intermediate compound on these surfaces. 

The same strategy was applied to the reaction of NO with H 2 on Pd(100), Rh(100) and 
Pt-Rh(100) surfaces, and a c(2• 2)-N overlayer was isolated on each of these. The hydro- 
genation of the isolated c(2•  produced predominantly NH species, which indicates 
slow NH species hydrogenation. 
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1. I n t r o d u c t i o n  

A catalytic reaction is in general composed of several elementary steps as 
described by R ~ X 1 ~ X 2 ~ X i ~ P, where the reaction intermediates (Xi) are 
formed steadily on surface during catalysis. A final goal of the mechanismistic 
study of the catalysis is to elucidate the structure and reactivity of the key 
intermediates. For this purpose, single crystal surface is suitable for the struc- 
tural identification of intermediates because the accumulated intermediates will 
make an ordered arrangement. When one step is markedly slow compared to 
the others, accumulation of the key intermediates will be attained on the 
surface. As a result we can clarify the structure and reactivity of the isolated 
intermediates. 
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A good example is the methanation reaction, CO + 3 H  2 --~ C H  4 + H 2 0  , on 
Ni catalyst, where the key intermediate is carbidic carbon. When the hydrogena- 
tion of carbidic carbon is rather slow compared to the deposition of carbidic 
intermediate, the surface will be covered with a carbide layer. The same strategy 
was applied to the reaction of NO with H2, NO + H 2 ~ N + HzO, on Pd(100), 
Rh(100) and Pt-Rh(100) surfaces. It is well known that Pd, Pt and Rh are not 
only inert for the dissociative adsorption of N 2 b u t  also make no bulk nitrides. 
However, these metals are active for the reacti'on of NO with H 2 which may 
proceed through N intermediates. Accordingly, when the removing processes of 
N intermediates are slow compared to the deposition of N, the N intermediates 
will be accumulated on the surface, and the structure and reactivity of the 
intermediate can be clarified. 

2. Results and discussion 

1. STRUCTURE AND REACTIVITY OF CARBIDIC INTERMEDIATES ON Ni(100), Ni(lll) 
AND Ni(ll0) SURFACES 

Methanation reaction on nickel catalyst, CO + 3H 2 --4 CH 4 + H 2 0  , occurs via 
carbidic intermediates [1,2], where the amount of carbidic intermediates on the 
surface is controlled by a dynamical balance of the deposition and the hydro- 
genation of carbidic intermediate [3,4]. Consequently, the amount  of carbidic 
carbon on the catalyst will increase as the hydrogen pressure is decreasing, and 
the disproportionation reaction of CO, CO + CO ~ C + CO2, may correspond 
to a limit of the zero pressure of H 2. Fig. l(a) and (b) show the LEED patterns 
of the carbidic carbon overlayer formed on Ni(100) and Ni(111), respectively. 
The LEED pattern (a) on Ni(100) is a typical p(2 • 2) p4g structure with 
characteristic missing spots [5]. Compared to this, pat tern (b) on Ni(111) is very 
complex. The methanation reaction, however, takes place in almost equal rate 
on either Ni(100) and Ni(111). If the carbidic overlayer on these two surfaces 
would correspond to the intermediates accumulated on the catalysts, a question 
may arise why is the methanation reaction structure insensitive although the 
LEED patterns are so different for the two surfaces. To solve this question, it is 
indispensable to elucidate the structure and the reactivity of carbidic carbon 
overlayer on Ni(100) and Ni(111). For this purpose, we prepared one monolayer 
carbide on Ni(100) and Ni ( l l l )  surfaces by annealing the single crystal Ni disks 
in UHV chamber. It was confirmed that the carbide layer prepared by the 
segregation has the same structure as that obtained by the disproportionation 
reaction. Furthermore,  the carbide overlayer on Ni(100) undergoes the hydro- 
genation reaction in almost equal rate to the turn-over frequency of the 
methanation reaction. This fact may prove that the carbide overlayer corre- 
sponds to the carbidic intermediates accumulated on the surface. 
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Fig. 1. LEED patterns of carbide overlayer. (a) p4g carbide layer on Ni(100); (b) full domain 
carbide layer on Ni(l l l ) ;  (c) a single domain carbide layer on Ni(l l l ) .  
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Fig. 2. (a) C atoms of carbide layer on Ni(l l  1); (b) p(2 X 2) p4g carbide on Ni(100). 

The LEED pattern of the carbide on Ni(111) is too complex to be solved, but 
we accidentally found the formation of a single domain carbide layer on Ni ( l l l )  
during the segregation of. carbon at 520 K in UHV. Fig. l(c) shows a typical 
LEED pattern. As a result, the structure of the carbide layer on Ni ( l l l )  was 
explicitly solved [6], which was found to be equal to the ( /39 x /39)R16.1  
structure given by McCarroll [7] by the computer simulation. By computer 
simulation, however, it is difficult to give a suitable C / N i  ratio for this model. 
Therefore, we carefully compared the C /Ni  ratio for one monolayer carbide 
prepared on Ni(100) and Ni ( l l l )  surfaces and found that the CKvv/NiLM M has 
almost equal value for Ni(100) and Ni(111) surfaces. Based on these results, a 
new model shown in fig. 2(a) was derived, where the ratio of C/Ni = 20/40 = 
0.444. In this figure, the Ni atoms are tentatively described at the original 
position. If this new model on Ni ( l l l )  is piled upon the p(2 x 2) p4g carbide on 
Ni(100) shown in (b), the two structures are almost completely overlapped each 
other. Furthermore, the LEED pattern of the single domain carbide 6n Ni(111) 
has similar missing spots as the p(2 • 2) p4g carbide on Ni(100) shows. 

Consequently, we conclude that the carbide overlayer on Ni ( l l l )  is the same 
compound as the p(2 x 2) p4g carbide on Ni(100). This conclusion was proved 
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Fig. 3. Thermal decomposition of carbide layer on Ni(100), Ni(111) and Ni(ll0). 

by measuring the decomposition temperature  of the carbide layers prepared on 
Ni(100) and Ni(111). As shown in fig. 3, not only the carbide layer on Ni(100) 
and N i ( l l l )  but also that on Ni( l l0)  undergoes the decomposition at the same 
temperature  of 685 K, where the carbon atoms formed by the decomposition are 
rapidly diffused into the bulk of Ni and a clean surface is recovered. From these 
results, we conclude that the methanat ion reaction on Ni catalyst occurs via the 
same intermediate compound,  which is the reason why Ni(100), N i ( l l l )  and 
Ni(l l0)  give an equal activity for the methanat ion reaction. 

2. STRUCTURE AND REACTIVITY OF N-INTERMEDIATES ON Pd(100), Rh(100) AND 

Pd-Rh(100) 

The same strategy was applied to the reaction of NO with H 2 which may 
proceed via N intermediates, NO + H 2 ~ N + H 2 0 .  In fact, the accumulation 
of N intermediates was attained on Pd(100), Rh(100) and Pt-Rh(100) [8,9,10], 
but not on Pt(100) [11]. An interesting fact was that the N atoms on Pt-Rh(100) 
surface give a c(2 • 2) structure although no accumulation of  N atoms occurs on 
Pt(100), that is, the Pt and Rh atoms have similar affinity to N atoms [12]. When 
the c(2 X 2)-N overlayer is heated in Ha, uie hydrogenation .eaction takes 
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place.  P rov ided  that  the  h y d r o g e n a t i o n  o f  N u n d e r g o e s  consecut ively,  N ~ N H  

N H  2 ~ N H  3, e i t he r  N H  or  N H  2 species  would  be  p r e d o m i n a n t l y  f o r m e d  
depend ing  on  the  slow s tep  o f  the  h y d r o g e n a t i o n  reac t ion .  W h e n  the  c(2 • 2)-N 
surface  is exposed  to H 2 at 400 K, an in tense  ene rgy  loss p eak  a p p e a r e d  at 

3190-3200  cm -1. T h e  f o r m a t i o n  o f  N H  x species  was p roved  to be  revers ible  at 
a r ound  400 K [9,13], and  the  va lue  of  x was d e d u c e d  to be  uni ty  f r o m  the  
p ressure  d e p e n d e n c e  o f  the  peak  intensity,  tha t  is, the  fol lowing preequ i l ib ra -  
t ion is es tabl ished dur ing  the  h y d r o g e n a t i o n  r eac t ion  [13]. 

fast slow 
N + H  2 -- N H  N H  2 ~ N H  3. 

References 

[1] D.W. Goodman, R.D. Kelley, T.E. Madey and J.M. White, J. Catal., 64 (1980) 479. 
[2] P.R. Wentreck, B. Wood and H. Wise, J. Catal. 43 (1976) 363; 

M. Araki and V. Ponec, J. Catal. 44 (1976) 439; 
P. Biloen, J.H. Helle and W.H.M. Sachtler, J. Catal. 58 (1979) 406. 

[3] D.W. Goodman, R.D. Kelley, T.E. Madey and J.T. Yates, Jr., J. Catal. 63 (1980) 226. 
[4] D.W. Goodman, J. Vac. Sci. Tech. 20 (1982) 522. 
[5] Dalmai-Imelik and J.C. Bertolini, Compt. Rend. (Paris) C270 (1970) 1079; 

J.H. Onuferko, D.P. Woodruff and B.W. Holland, Surf. Sci. 87 (1979) 357. 
[6] J. Nakamura, H. Hirano, M. Xie, I. Matsuo, T. Yamada and K. Tanaka, Surf. Sci. 222 (1989) 

L809. 
[7] J.J. McCarroll, T. Edmonds and R.C. Pitkethly, Nature 223 (1969) 20. 
[8] I. Matsuo, J. Nakamura, H. Hirano, T. Yamada, K. Tanaka and K. Tamaru, J. Phys. Chem. 

93 (1989) 7747; 
I. Yamada, I. Matsuo, J. Nakamura, M. Xie, H. Hirano, Y. Matsumoto and K. Tanaka, Surf. 
Sci. 231 (1990) 304. 

[9] T. Yamada and K. Tanaka, J. Am. Chem. Soc. 111 (1989) 6880. 
[10] H. Hirano, T. Yamada, K. Tanaka, K. Siera and B.E. Nieuwenhuys, Surf. Sci. 222 (1989) 179. 
[11] K. Tanaka, H. Hirano and M. Taniguchi, 61st Annual Meeting of Chem. Soc. Japan, 1E2-33 

(1991). 
[12] H. Hirano, T. Yamada, K. Tanaka, K. Siera and B.E. Nieuwenhuys, Vacuum 41 (1990) 134; 

Surf. Sci. 222 (1989) L804. 
[13] T. Yamada and K. Tanaka, J. Am. Chem. Soc. 113 (1991) 1173. 


