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Kinetic measurements of the formation of carbidic carbon on a Ni( 110) surface were taken by 
exposing the sample at different temperatures (200°C < T < 3SO’C) and different pressures (lo-” 
Torr < Pco < 3 x 10-j Tort). Carbidic carbon coverages on the surface were monitored by in situ 
Auger spectroscopy. Several different models for CO decomposition were considered and the 
relative rate equations compared with the experimental data. From this comparison we conclude 
that, in the pressure range of our work, CO on Ni(l10) simply dissociates by the rupture of the CO 
bond. The activation energy of the process has been evaluated (23 kcahmole) and found in excellent 
agreement with recent generalized valence bond calculations. Our finding, of course, does not 
imply that this is the dominant mechanism of carbon formation in Fischer-Tropsch synthesis 
(which is run at much higher CO pressures). 

INTRODUCTION 

A great amount of work has been done 
towards elucidating the mechanism of the 
methanation reaction and Fischer-Tropsch 
synthesis (FTS) (1) since the discovery that 
methane (2) and other hydrocarbons (3) can 
be synthesized from carbon monoxide and 
hydrogen. Scientific and commercial (4) in- 
terest in these reactions has recently been 
further stimulated by steep increases in 
prices and anticipated shortages in these 
fuels. Lately, besides the conventional ex- 
perimental techniques of catalysis re- 
search, a new approach based on UHV 
techniques of surface science has been at- 
tempted (5, 6). 

This approach has provided striking ex- 
perimental evidence (5-8) that a surface 
form of “carbidic” carbon must be consid- 
ered an important intermediate in the meth- 
anation reaction and FTS in general. This 
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carbon species, which can also be produced 
by heating a transition metal catalyst in 
presence of CO (5), has a characteristic Au- 
ger lineshape, strongly reminiscent of car- 
bon Auger spectra of transition metal car- 
bides (from which fact it has been termed 
“carbidic” carbon (5)). 

Carbon monoxide dissociation seems 
therefore a key step in the methanation re- 
action. Within this framework we have un- 
dertaken the present experimental work to 
address the following questions: 

(i) Is it possible to monitor the kinetic 
of selected steps of the methanation 
reaction in the sub micro-Torr (1 
Torr = 133.3 Nm-*) pressure re- 
gime? 

(ii) By which mechanism does the CO 
dissociate? 

(iii) What are the rate constants and acti- 
vation energies critical for the disso- 
ciation process? 

In the following we report definite answers 
to the above questions, in the very low CO 
surface coverage regime. Further work (at 
much higher pressures) is needed, how- 
ever, to elucidate the process of carbon for- 
mation in the FTS regime. 
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EXPERIMENTAL 

A Ni single crystal sample (4 x 7 x 1 
mm3) cut to expose the (110) face (within 1”) 
was polished with diamond paste to a mir- 
ror finish and chemically etched (60% ace- 
tic, 30% nitric, and 10% hydrocloric acid) 
to remove the damaged surface layer. The 
sample was mounted in a Varian UHV sys- 
tem routinely operated below 3 x lo-r0 
Torr and cleaned in situ with cycles of ar- 
gon ion sputtering and annealing. The initial 
impurities (C, 0, S) were easily removed by 
our cleaning procedure but sulfur kept 
slowly segregating from the bulk. The sur- 
face was judged “clean” when the level of 
sulfur was co.003 ML. 

After the cleaning procedure the sample 
was heated to the operating temperature 
200°C d T 5 350°C and high purity CO was 
admitted to the chamber from a reservoir 
through a leak valve up to the operating 
pressure, typically 10m7 zz pco 5 10e5 TOIT. 
The ion pumps were throttled during these 
exposure periods while keeping a continu- 
ous leak from the reservoir to keep the CO 
partial pressure constant and the gas clean. 

FIG. 1. Auger spectrum of a Ni( 110) surface after 40 
min exposure to CO at 6 x 1O-6 Torr and T = 550 K. 
Only the Ni and C peaks are present. The insert shows 
that the carbon signal has the characteristic lineshape 
of “carbidic” carbon (5). 

After an exposure period of several min- 
utes the leak valve was closed and the CO 
pumped away. After a few minutes the 
chamber was back in the low lo-to Tot-r 
range and an Auger spectrum of the surface 
was taken. During these operations the 
temperature of the sample was kept con- 
stant and always well above the desorption 
temperature of CO (-450 K). From the 
isosteres measurements in the literature (9) 
we estimate the coverage of CO during ex- 
posures as 0.003 ML I bco 5 0.04 ML 
(depending on the operating pressure pco 
and sample temperature) while during the 
Auger measurement 6co < 10m6 ML. 

The procedure was then repeated for a 
new period of exposure at the same operat- 
ing CO pressure and sample temperature, 
and the accumulation of carbon on the sur- 
face was measured again with Auger spec- 
troscopy. 

Figure 1 shows the Auger spectrum of 
the Ni( 110) surface after a total exposure of 
40 min at 6 x 10d6 Torr and T = 550 K. It is 
easily seen that the spectrum exhibits only 
the Ni and carbon peaks and that ~to other 
impurity3 (at measurable level) is present. 
Note in particular that no oxygen is 
present. The inset in Fig. 1 shows an en- 
largement of the carbon Auger spectrum 
which has the well-known “carbidic” 
lineshape. Figure 2 shows the kinetics of 
carbidic carbon formation4 on the Ni(ll0) 
surface at T = 550 K and pco = 6 x 10e6 
Torr. Several different runs were com- 
pleted with CO partial pressure ranging 
from 10m6 to 3 x 10e5 Torr and different 
sample temperatures (200°C 5 T 5 35O’C). 

3 Of particular significance is the complete absence 
of Fe impurities (which in principle could accumulate 
on the sample via dissociation of Fe carbonyls). Even 
small traces of Fe could considerably alter the CO 
dissociation rates. 

’ The carbon coverages were derived from the peak- 
to-peak height ratios of C and NiW Auger lines, 
weighted by the relative sensitivity factors. The differ- 
ent escape depths of the Ni and C Auger electrons 
were taken into account, assuming the carbon to be 
uniformly located on the surface layer. 
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FIG. 2. Kinetics of “carbidic” carbon formation on 
a Ni(ll0) surface, T = 550 K and pco = 6 x 10m6 Torr. 
The circles represent the experimental points. The 
dashed line is intended as a guide for the eye. 

KINETIC MODELS 

In absence of hydrogen, one can consider 
three possible models for CO reaction with 
a transition metal which lead to the accu- 
mulation of carbon on the surface. 

Figure 3 shows schematically the mecha- 
nisms involved in each model. Kinetics and 
rate equations for each model are discussed 
in the Appendix. The first step is, in any 
case, the adsorption of the CO molecule on 
the surface. In Model 1, this step is fol- 
lowed by direct dissociation into adsorbed 
carbon and oxygen. The third step involves 
the reduction of surface oxygen with CO and 

Model 1 

production of COZ, which desorbs. In the 
second model two adsorbed CO molecules 
react forming CO* and leaving a carbon 
atom on the surface. Finally, in the third 
model an adsorbed CO molecule reacts 
with CO in the gas phase again producing 
CO2 and surface carbon. In principle all 
three models can work, although dispropor- 
tionation of CO (2C0 + Cads) + C02(gasj) is 
thermodynamically favored (10). It seems 
very important to be able to distinguish by 
which model the reaction takes place to 
guide future theoretical calculations. 

Accordingly we have set up computer 
programs for comparing our kinetic data to 
the results of the mathematical rate equa- 
tions predicted by each model. It was found 
that only Model 1 leads to good fits of dif- 
ferent sets of experimental data taken at 
different pressures. 

The results of such a fit are shown in Fig. 
4. It should be noted that the coefficients K, 

FIG. 3. Schematic description of possible CO disso- 
ciation models. 
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FIG. 4. Kinetics of carbidic carbon formation at T = 
550 K and different CO pressures. The dashed line 
through the experimental points represents the best fit 
obtained through Model 1 (see Appendix) and Kz = 4 
X lo-* (monolayer x set))‘. 
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and K-i were obtained from the literature 
(for the definition of the K coefficients see 
the Appendix). For Kj only a lower limit 
can be obtained from the fit (because in no 
case was oxygen detected on the surface). 
It follows that the only adjustable parame- 
ter for fitting the entire set of data (at a 
given temperature) is K2. 

The fit we obtain is very good. The other 
two models never provided comparably 
good fits for the entire set of data. Usually, 
even though we could find K2 values that 
would fit the curve at lowest pressure, the 
fit obtained for the higher pressures by us- 
ing the equations of Model 2 and Model 3 
was very poor. This finding is shown in Fig. 
5. This figure reports “experimental” ap- 
proximate rates obtained by assuming a 
Langmuir behavior for the carbon deposi- 
tion. We have forced our models in such a 
way that they would give a good fit for pco 
= 3 x 10m6 Torr and determined a K2 value 
for each model. We see that the behavior 
predicted by Model 1 is very close to the 
experimental findings while the rates pre- 
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FIG. 5. Rate of carbidic carbon formation vs CO 
pressure at T = 550 K. The coefficient K2 was chosen 
in such a way that each model would fit the lowest 
pressure experimental point. 

FIG. 6. Plot of log K2 vs 103/T. From the slope of this 
plot the activation energy for CO dissociation E, (K2 = 
G exp (-E,/IU)) is obtained: E, = 23 Kcal/mole. 

dieted by Models 2 and 3 diverge at the 
higher pressures. 

Our results eliminate Models 2 and 3 as 
mechanisms for carbide formation, and are 
reasonably explained by Model 1. 

We have taken complete kinetic data 
also at several other temperatures and in 
each case we have evaluated the rate con- 
stant that is proportional to K2. Figure 6 is a 
plot of log K2 vs the inverse absolute tem- 
perature; the activation energy for CO dis- 
sociation obtained from the slope of this 
plot is 23 kcal/mole. To our knowledge this 
is the first experimental determination of 
the activation energy for CO dissociation. 
Theoretical evaluation by Miyazaki (II) 
and Upton (22) give 23.4 and 23 kcal/mole, 
respectively, in exceedingly good agree- 
ment with our results. 

In conclusion, in the present work we 
have shown that the kinetics of dissociation 
of CO on a Ni(l10) single crystal can be 
followed directly via Auger spectroscopy 
by monitoring the carbidic carbon accumu- 
lation in the pco pressure range 10-6-10-5 
Tort-. We have also shown that the experi- 
mental data provide strong evidence that 
the CO disproportionation in this pressure 
range proceeds via the rupture of the CO 
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bond and subsequent reduction of the sur- APPENDIX 

face oxygen. Finally, our data provide the 
first experimental determination of the acti- Referring to Fig. 3, it is possible to con- 
vation energy for the dissociation of CO sider, for the three models, the following 
molecules adsorbed on a transition metal. reactions and the corresponding equations: 

Model 1 

CO(gas) + * s CGds) K-1 

co;d,) + * + c;ds, + o,*,ds, 
K2 

o$ids) + co(,as) 2 * + COZ(gas) x = Kz&o~u - KJPCO~O 

Model 2 

co(,as, + * * co;ds) ( 
d&o 
- = KIPCO& - K-&o 

d& -- 
dt dt 

coT,ds, + CO&ds) 5 * + c&d,, + COZ(gas) 
( 

d& 
x = K2%02 

Model 3 

co&,,) + * * coir,ds, 

( 

d&o -= 
dt KIPCO& - K-&o - % 

co&is) + CO(gas) 2 C&ids) + COZ(& 
d& 
dt = K@coz9co 

where 6~0, bc, and 60 are the coverages (in 
monolayer) of carbon monoxide, carbidic 
carbon, and oxygen; 6, is the fraction of the 
surface Ni atoms left free from adsorbed 
species. K, and K-,, related to the adsorp- 
tion and desorption of CO on Ni, have been 
taken from the literature (9). K2 is propor- 
tional to the rate of formation of carbidic 
carbon and has been found by fitting the 
experimental data with the numerical solu- 
tion of the above equations; the coefficient 
K, takes account of the removal of oxygen 
from the surface in Model 1. Note that 
Models 2 and 3 can be seen as a single one, 
since the corresponding equations are iden- 
tical, as can be seen considering that in our 
pressure range 6co is proportional to pm 
(cf. also Fig. 5). 
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