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We have investigated the detailed methanation kinetics for a clean and a titania-covered Pt foil. 
Pressure dependences for H2 and CO were measured between 0.01 and 100 Torr, and Auger 
electron spectra (AES) were taken of the surfaces following reaction. For the foil not covered by 
titania, AES indicated that there is no carbon on the surface following reaction, even for Hz/CO 
pressure ratios as low as 0.03. Kinetic measurements indicated that the reaction order for CO 
changed from first order at low pressures to zero order at higher pressures, while the reaction was 
always first order for Hz except for low CO pressures. The methanation kinetics could be modeled 
by a Langmuir-Hinshelwood rate expression in which CO and hydrogen are competitively ad- 
sot-bed. The adsorption equilibrium constants in the rate expression for both CO and Hz were 
identical to those obtained from adsorption and desorption measurements in ultrahigh vacuum 
experiments, indicating that the dominant adsorbed spccics during reaction are likely the same as 
those species measured in adsorption. The results for the titania-covered foil showed that methana- 
tion on this surface is very different. AES indicated that significant quantities of a reactive carbon 
were present on the surface at low HZ/CO pressure ratios. The reaction was again zero order in CO 
at high CO pressures; however, the reaction became half order rather than first order at low CO 
pressures. The reasons for the enhanced methanation activity of titania-supported catalysts are 
discussed in terms of these results. b 1987 Academic Press, Inc. 

INTRODUCTION 

It has long been known that unusual ad- 
sorption and reaction properties can be ob- 
served for titania-supported, Group VIII 
metals when they are reduced in H2 at tem- 
peratures above 750 K (1-3). Adsorption of 
CO and H2 is suppressed on these catalysts 
but they remain active methanation cata- 
lysts. For example, methanation rates 
based on metal surface areas on Pt/TiOz are 
reported to be 10 times higher than those on 
Pt/Al,O, and 100 times higher than those on 
Pt/SiOz, even though little adsorption of 
CO or HZ is observed on the Pt/TiO, cata- 
lyst (4, 5). While a number of mechanisms 
have been proposed for the cause of these 
titania-support effects (I, 2, 6-13), sev- 

eral recent studies have demonstrated that 
suppressed adsorption and enhanced reac- 
tion properties can be duplicated by depos- 
iting titania onto the catalytic metal (14- 
22). It has been shown that titania can 
migrate onto the metal catalyst and form an 
even overlayer which can completely pre- 
vent the adsorption of CO and Hz (14-16). 
In addition, a Pt foil with a titania overlayer 
has been shown to exhibit identical metha- 
nation rates to those observed on actual Pti 
Ti02 catalysts (l7). These results suggest 
that the metal with a titania overlayer pro- 
vides a good model for what is happening 
on normal supported catalysts. 

While the results with titania overlayers 
on bulk metals may explain what is physi- 
cally happening on the catalyst, they do not 

* This work has been supported by the DOE, Basic 
explain why the presence of titania should 

Energy Sciences, Grant No. DE-FG02.ER 13350. Fa- 
prevent adsorption but enhance activity. 

cilities were provided by the National Science Foun- One reason that has been suggested is that 
dation, MRL Program, under Grant No. DMR- the role of titania involves an interaction 
8519059. between CO and a Ti’+ cation (23-25); 
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however, no direct evidence for any inter- 
actions between the titania and the reacting 
CO has been observed. 

An inherent difficulty in studying how ti- 
tania affects the reaction is that adsorption 
is not observed, at least not in significant 
quantities, under conditions where one can 
easily examine the surface spectroscopi- 
cally. There is also the question of whether 
spectroscopically observed species are rel- 
evant to the reaction, even on the clean sur- 
face where adsorption is observed. There- 
fore, in order to probe the surface under the 
temperature and pressure conditions rele- 
vant to reaction, we have measured the de- 
tailed methanation kinetics for both a clean 
Pt foil and a Pt foil with a titania overlayer. 
As discussed, the foil with the titania over- 
layer appears to provide an adequate model 
for the actual, titania-supported catalysts. 
The advantage to studying this type of sam- 
ple was that we were able to measure kinet- 
ics over a much wider temperature and 
pressure range than would have been possi- 
ble on more conventional catalysts. Also, 
we were able to measure surface coverages 
easily following reaction using Auger elec- 
tron spectroscopy. 

In this paper, we will show that the kinet- 
ics for methanation change dramatically in 
the presence of titania overlayers and that 
titania apparently assists in the dissociation 
of CO. We will also show for the clean sur- 
face that H2 and CO adsorb competitively 
and that the parameters determined from 
adsorption experiments can be used to pre- 
dict transitions in reaction orders. 

EXPERIMENTAL 

The experimental apparatus has been de- 
scribed previously (27). Reactions were 
performed over a polycrystalline, Pt foil 
with an area of approximately 1.4 cm* in a 
high-pressure chamber which was attached 
to an ultrahigh vacuum system. The high- 
pressure chamber consisted of a magneti- 
cally manipulated, linear-motion feed- 
through which allowed the sample to be 
transferred to the vacuum system for Auger 

analysis. The vacuum system was also used 
to clean the foil by Ar ion bombardment 
and to deposit titania. The sample was 
heated resistively and its temperature was 
measured using a chromel-alumel thermo- 
couple. Particular care was taken in the de- 
sign to ensure that only the sample itself 
was heated and that temperature gradients 
along the sample were minimized (17). 

The CO and H2 reactant gases were of 
99.99 and 99.999% purity, respectively, and 
were further purified by passing them 
through an activated carbon trap and a liq- 
uid N2 trap before introducing them to the 
system. In addition, the reaction chamber 
was carefully baked to prevent contamina- 
tion from the walls. These purification pro- 
cedures allowed the sample to be exposed 
to the reactant gases at near atmospheric 
pressures at 295 K without causing any car- 
bon or other contamination on the surface. 
This was an important consideration in our 
experiments since we wished to look for the 
presence of carbon or other impurities on 
the surface following reaction. 

The partial pressures of each reactant gas 
were determined by measuring the increase 
in the pressure of the chamber with a ca- 
pacitance manometer. Reactions were run 
in the batch mode at conversions which 
were generally much less than 1% and the 
reaction rates were monitored by measur- 
ing the concentration of methane using a 
gas chromatograph. Gas samples were re- 
moved from the chamber by expansion into 
an evacuated gas-sampling valve, and con- 
centrations were calibrated with known 
standards. Under all reaction conditions, 
methane was the predominant hydrocarbon 
product formed and we never observed a 
conversion to ethylene and ethane of more 
than 3% of the methane conversion. 

Initial treatment of the sample consisted 
of cycles of Ar ion sputtering and annealing 
to remove Si and Ca impurities which seg- 
regated to the surface. No stable surface 
oxides could be formed after these impu- 
rities had been eliminated (51). Small 
amounts of carbon were cleaned by heating 
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the sample to 800 K in lo-’ Torr 02. After 
all impurities had been removed, the foil 
was heated to 973 K in 400 Torr H2 and 100 
Torr CO for at least one hour. Although this 
treatment in the reaction environment re- 
sulted in no visible changes in the Auger 
spectrum of the surface, it led to higher 
methanation rates which were very repro- 
ducible, as discussed previously (17). 
These increased methanation rates were 
not due to changes in surface area since no 
substantial increases were observed in the 
amounts of CO or Hz which could adsorb 
on the foil. 

Titania overlayers were deposited onto 
the sample by heating a Ti-Ta alloy wire 
near the surface in lo-’ Torr OZ. After 
several layers of TiOz had been deposited, 
the sample was flashed to above 1300 K to 
remove the excess titania and give a repro- 
ducibly even overlayer on the Pt foil. Pre- 
vious characterization of these overlayers 
has shown that the coverage is approxi- 
mately lOI oxygen atoms/cm2 with a stoi- 
chiometry close to that of TiO (14, 26). The 
titanium in this overlayer is Ti3+, indicat- 
ing that it is probably bound to the metal 
surface (26). No adsorption of CO or Hz 
was observed on these surfaces in tempera- 
ture-programmed desorption experiments 
(TPD), even for adsorption at 80 K (14). 

RESULTS 

Clean Pt 

Surface anulysis. One of the principal ob- 
jectives of this work was to determine 
whether carbonaceous deposits are present 
on the surface during reaction. Figure I 
gives the Auger spectra for a Pt foil follow- 
ing reaction for 3 hr at 770 K in 3 Torr H2 
and 100 Torr CO. Under these conditions, 
the quantity of methane produced was 
4.7 x 1Ol6 molecules/cm*. In the upper spec- 
trum, the sample was cooled to 295 K in the 
reaction environment, followed by evacua- 
tion and Auger analysis. The spectrum is 
identical to that of a surface saturated with 
CO (27). The O(508 eV) peak is not ob- 
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FIG. 1. Auger electron spectra of the clean Pt foil 
following reaction at 770 K for 3 hr in 3 Torr H2 and 
100 Torr CO. The upper spectrum was taken after the 
sample had been cooled in the reaction environment 
and is identical to that of Pt with a monolayer of CO. 
The bottom spectrum is that of the same sample after 
heating in vacua to 770 K and is indicative to uncon- 
taminated Pt. 

served due to electron beam desorption and 
the C(272 eV) peak is the height expected 
for a monolayer of CO. Further evidence 
that the only carbonaceous species on the 
surface after reaction is molecular CO was 
obtained by flashing the sample to 770 K. 
Only CO and H2 were observed desorbing 
from the sample and the spectrum returned 
to that of the clean Pt surface shown in the 
lower spectrum. We found no evidence for 
the presence of hydrocarbons in the desorb- 
ing gases. 

We believe that it is unlikely that hydro- 
carbon intermediates would be removed 
from the sample by cooling in the reaction 
environment or during evacuation at 295 K; 
therefore, this result shows that the domi- 
nant species on the surface during methana- 
tion on a Pt foil, even for very low HZ/CO 
ratios, are the reactants CO and Hz. Any 
dissociated CO or CH, species present dur- 
ing reaction must have a very short lifetime 
on this surface. This is consistent with sur- 
face science studies of CO adsorption on Pt 
(27,28) and with in situ infrared studies car- 
ried out on supported Pt catalysts, where 
the primary adsorbate observed was also 
CO (4, 29). 
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This lack of carbonaceous materials on 
Pt is very different from results reported on 
more active catalytic metals. Goodman and 
co-workers used AES to show that a car- 
bide species is formed on Ni and Ru crys- 
tals under reaction conditions and they 
demonstrated that reaction rates can be 
correlated to the carbide levels (30, 31). In 
addition, CH, species have been detected 
following reaction on the surface of an 
Fe( 1 IO) crystal with high-resolution elec- 
tron energy loss spectroscopy (HREELS) 
(32) and on Ni(ll1) with secondary ion 
mass spectroscopy (SIMS) (33). These sur- 
face species were not observed in our ex- 
periments on Pt. 

In order to determine whether this ab- 
sence of carbon could be due to rapid re- 
moval of a carbide by HZ, we also per- 
formed a study of CO dissociation on the 
clean Pt foil by heating the foil in 10 Torr 
CO. After 120 set at 570 K, we examined 
the sample by AES for any sign of carbon 
which could be due to dissociated CO. 
However, the Auger results were the same 
as shown above, indicating that only CO 
was present on the surface following this 
high-temperature treatment. Since this ex- 
posure of CO in the presence of 400 Torr HZ 
would have produced 1014 molecules of 
CH4/cm2, these experiments show that the 
dissociation rate for CO in the absence of 
H2 is not rapid compared to the rate of 
methanation. A coverage of 1014 C atoms/ 
cm2 corresponds to approximately 20% of a 
monolayer of CO (28) and should have 
been easily detected by Auger spectroscopy. 

Methanation kinetics. To get a better un- 
derstanding of the methanation reaction on 
the clean Pt foil, we have measured rates 
over a wide range of reactant pressures and 
temperatures. Figure 2 shows the methana- 
tion rates as a function of CO pressure at 
400 Torr H2 for three different tempera- 
tures. At high CO pressures near the stoi- 
chiometric ratio for methanation, the CO 
pressure dependence is approximately zero 
order, in agreement with observations on 
supported Pt catalysts (34). At low CO 

_ 0 500-z 

0001 I I I I I 
0.01 01 I IO 100 

PC0 (Tom) 

FIG. 2. Methanation rates (molecules CH,/site set) 
over a clean Pt foil as a function of CO pressure at 
three temperatures in 400 Torr HZ. Reaction rates 
were first order in CO at low pressures and zero order 
at higher pressures. 

pressures, however, we observe a transi- 
tion to a first-order regime. This transition 
between a first-order and a zero-order 
regime is consistent with a simple, 
Langmuir-Hinshelwood rate expression 
and is the expected result for a surface re- 
action with molecular CO. This pressure 
dependence has not been observed previ- 
ously due to the fact that most studies have 
concentrated on a much more limited pres- 
sure range. 

The results for the pressure dependence 
of H2 on the methanation rates over our Pt 
foil are plotted in Fig. 3. Pressure depen- 
dence studies were carried out at 770 K 
with CO pressures of 100 and 0.1 Torr. 
These CO pressures were chosen since 
they represent the zero- and first-order reg- 
imes for the methanation reaction. At 100 
Torr CO, the reaction rate was first order in 
H2 pressure, consistent with observations on 
supported Pt (34). At the lower CO pres- 
sure, the reaction rate was also first order at 
low H2 pressures but the order decreased 
for HZ pressures above 100 Tort-. Because 
H2 adsorbs dissociatively on Pt, the first- 
order dependence implies that two ad- 
sorbed hydrogen atoms are involved in the 
reaction in the steps leading up to and in- 
cluding the rate-determining step (35). The 
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FIG. 3. Methanation rates over a clean Pt foil at 770 
K as a function of HI pressure for CO pressures of 100 
and 0.1 Torr. 

fact that the Hz pressure dependence de- 
creases for low CO pressures which give a 
first-order CO dependence, and not for the 
higher CO pressures, implies that there is 
competition for adsorption sites between 
the adsorbed CO and hydrogen. 

While there are a number of different 
mechanisms which can lead to rate expres- 
sions consistent with the measurements we 
have made, the saturation effects which we 
observe in the reaction order are due to ad- 
sorption equilibria for H2 and CO and are 
common to each of those mechanisms. 
Therefore, it is informative to examine one 
possible mechanism in order to discuss the 
relationship between adsorption measure- 
ments and reaction kinetics. For illustra- 
tion, we have chosen a mechanism in which 
the rate-limiting step is the hydrogen-as- 
sisted dissociation of CO. We assume that a 
CH20 complex is formed in small quantities 
on the surface and that the rate-limiting 
step is the dissociation of this complex. The 
mechanistic steps can then be written as 
follows: 

KC0 
co + s 6 CO,d 

HZ + 2s - KHZ 2H,d 

CO,d + 2H,,, - K, CHzOad + 2s 
k, 

CHzOad - Products 

The rate expression for this mechanism is 

This expression predicts the proper pres- 
sure dependence for CO with a fixed HZ 
pressure and also predicts that the Hz pres- 
sure necessary to saturate the reaction rate 
will be dependent on the CO pressure. 

Since KC- and KHz are adsorption equilib- 
rium constants, these can be calculated in- 
dependently from adsorption experiments 
assuming that there are no energetic inter- 
actions between the H2 and CO. While the 
adsorption of CO on Pt is strongly crystal 
plane dependent (36)) the temperature-pro- 
grammed desorption curves for CO from a 
Pt foil (14) are essentially identical to those 
reported by Fair and Madix for CO from a 
Pt(ll0) crystal (37). On both surfaces, two 
desorption states are observed at 400 and 
520 K. Fair and Madix calculated that the 
first-order desorption preexponential for 
CO was 6 x 1014/sec, making the activation 
energies for these two peaks be 27.4 and 
35.9 kcalimol, respectively, assuming that 
the two peaks correspond to two adsorp- 
tion states. Fair and Madix also determined 
that the sticking coefficient for CO on 
Pt(ll0) was 0.7 and was approximately 
temperature independent, at least up to 625 
K. We have used this data to calculate the 
equilibrium constants for the high-tempera- 
ture state and have listed these in Table 1 
for the three temperatures of interest. 

TABLE 1 

400°C SOOT 600°C 

Kco” (Torr -I) 220 6.9 0.48 
KHzh (Torr -‘) I.0 0.12 0.022 

a Calculated assuming adsorption and desorption 
rate constants obtained from Fair and Madix (37) with 
an adsorption energy of 35.9 kcalimol. 

* Calculated assuming an adsorption energy of 22.4 
kcalimol and using adsorption and desorption rate pa- 
rameters obtained from the literature (38, 40). 
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For H2 desorption from a Pt foil, there 
are three peaks in the TPD curve at 220, 
300, and 370 K (24). Using a second-order, 
desorption preexponential of 0.01 cm2/sec 
(38), we calculate that these peaks corre- 
spond to adsorption energies of 13.1, 18.1, 
and 22.4 kcal/mol, again assuming that 
each peak corresponds to a different ad- 
sorption state. The sticking coefficient for 
Hz on Pt is reported to be strongly crystal 
plane dependent and increases significantly 
with surface roughness (39, 40). Using a 
value of 0.35 determined for a Pt(997) (39), 
we were able to calculate the equilibrium 
constants listed in Table 1. 

It is very interesting to compare these 
numbers to the pressures at which we ob- 
serve a change in the order of the reaction, 
For the H2 data in Fig. 3, the low CO pres- 
sure, 0.1 Tort-, corresponds to low cover- 
ages of CO at 770 K since the reaction is 
first order in CO at these pressures. The 
break in the reaction order for HZ, where 
WHPHJ l/2 should be of order one, occurs 
at a pressure of approximately 100 Tort-. 
Using the equilibrium constants from Table 
1, we find that the most strongly adsorbed 
state with an activation energy of 22.4 kcall 
mol has a value for (KH2PH2)‘12 of approxi- 
mately 3 at this pressure and the second 
state has a value of approximately one. The 
fact that the size of the equilibrium constant 
from reaction kinetics is in the same range 
as that from adsorption measurements im- 
plies that the species observed in adsorp- 
tion are probably the important species sat- 
urating the surface during reaction. At the 
higher CO pressure, the break in reaction 
order should not occur until (KH2PH2)1’2 is 
greater than KcOPco and we were unable to 
raise our pressure enough to observe the 
transition. 

One can examine the CO dependences in 
Fig. 2 in a similar way. At 870 K and 400 
Tot-r HZ, (KH2PH2)“2 is of order 3 for even 
the most strongly adsorbed state and the 
break in the reaction order for CO from first 
order to zero order occurs at a pressure 
when Kc0 PC0 is also approximately 3. At 

670 K, the value for (KHgH2)1’2 for the most 
strongly adsorbed state is 20, while the 
value for KCOPCO for the strongly adsorbed 
state is approximately 200 at a CO pressure 
of 1 Tot-r, the approximate break point in 
the reaction order. While this agreement is 
not perfect, this difference is only one order 
of magnitude and could be easily due to the 
extrapolation of the adsorption and desorp- 
tion parameters used to calculate the equi- 
librium constants or to molecular inter- 
actions between the adsorbed CO and 
hydrogen (41). Considering the difference 
in the temperatures and pressures used in 
the adsorption experiments and the reac- 
tion experiments, we believe this is excel- 
lent agreement for these adsorption param- 
eters. 

Finally, it is interesting to notice that the 
pressure dependence for CO in Fig. 2, like 
those results for HZ in Fig. 3, are inconsis- 
tent with noncompetitive adsorption. For 
noncompetitive adsorption and a constant 
H2 pressure, the CO pressure dependence 
would be given by an expression like 

@co 
‘= 1 + KPco’ 

For this pressure dependence, the data in 
Fig. 2 allows K to be evaluated at three 
temperatures and gives an exponential tem- 
perature dependence for K with AHads equal 
to 9.7 kcalimol. No adsorption states are 
observed on a clean Pt foil with an energy 
close to 9.7 kcal/mol (14). In addition, an 
adsorption state with this low an energy 
should not be populated at the pressures 
and temperatures of our experiments. In or- 
der for a state with this low an energy to be 
populated, it would be necessary to have an 
unusually low desorption preexponential, 
even with a sticking coefficient of one. 
Therefore, our rate measurements indicate 
that H2 and CO compete for sites on Pt dur- 
ing the methanation reaction. 

Titania-Covered Pt 
Surface analysis. As with the clean sur- 

face, we performed AES measurements on 



METHANATION KINETICS 379 

dN(E) 
dE 

I I I I 
200 300 400 500 

E leV) 

FIG. 4. Auger electron spectra for the titania-cov- 
ered Pt surface following reaction at 670 K in 10 Torr 
CO for Hz/CO pressure ratios of (a) 10, (b) 2, and (c) 
0.4. The samples were cooled in the reaction environ- 
ment and flashed in vacua to 670 K before the spectra 
were taken. Unlike the results for the clean Pt surface, 
significant quantities of carbon were present on the 
titania-covered surface following reaction. 

the titania-covered surface following rate 
measurements to determine whether any 
carbonaceous materials are present during 
reaction. The results were very different 
from those on the clean surface in that we 
did observe significant quantities of carbon 
and those quantities were strongly depen- 
dent on the Hz/CO pressure ratio. In Fig. 4, 
AES results are given for several reaction 
environments after methanation at 670 K, 
followed by flashing to 670 K in vacua. For 
a high Hz/CO ratio of 10, essentially no 
C(272 eV) peak is observed; however, for 
pressure ratios of 2.0 and 0.4, we observed 
quantities of carbon remaining on the sur- 
face which were significantly greater than 
the value of C(272 eV)/Pt(238 eV) of 0.25 
observed for a monolayer of CO on clean 
Pt. For still lower Hz/CO ratios, the surface 
became completely covered with carbon 
and the methanation reaction stopped after 
a short time. 

While the carbon deposits formed by 
very low Hz/CO ratios were apparently gra- 
phitic, the deposits formed at moderate 

pressure ratios on surfaces which remained 
active did not appear to be graphitic. All of 
the carbon on the active surfaces, such as 
those shown in Fig. 3, could be removed by 
heating the sample very briefly to 1300 K. 
For graphitic carbon on Pt, this tempera- 
ture treatment is not sufficient to remove 
the carbon from the surface. There was also 
an indication that this active carbon was 
interacting with the titania. Following high- 
temperature treatment, some of the titania 
was removed from the surface along with 
the carbon. Titania was not removed by 
high-temperature treatment when no car- 
bon was present. 

We also examined the titania-covered 
surface after heating in 1 .O Torr of pure CO 
at 670 K for 1000 sec. In 400 Torr Hz, these 
conditions would have produced lOI mole- 
cules of CH4/cm2. As we found with the 
clean Pt surface, we observed no carbon 
following this treatment, indicating that the 
rate of CO dissociation was again slow 
compared to the methanation rate. While 
dissociation of CO appears to be important 
when titania is present, the dissociation 
process must involve H2. 

Methanation kinetics. The effect of CO 
pressure on the reaction rate at 400 Torr H2 
is shown in Fig. 5 for three different tem- 
peratures. At high CO pressures, the reac- 
tion rate is approximately independent of 
CO pressure, consistent with observations 
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FIG. 5. Methanation rates over a titania-covered Pt 
foil as a function of CO pressure for three different 
temperatures at 400 Torr H2. Reaction rates were half 
order in CO at low CO pressures. 
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on supported catalysts (5). At lower CO 
pressures, however, the rate approaches 
one-half order. This is different from the 
zero-order to first-order transition observed 
for the clean Pt surface. The CO pressure at 
which the transition in reaction order oc- 
curs is also much more strongly tempera- 
ture dependent on the titania-covered sur- 
face than we observed for the clean Pt foil. 
Only at 670 K were we able to observe the 
entire transition from half order to zero or- 
der in the accessible pressure range. 

The Hz pressure dependence is shown in 
Fig. 6 for two different CO pressures. The 
two CO pressures were again chosen to be 
from the zero-order and half-order regimes 
of Fig. 5. For the experiments carried out at 
100 Torr CO, it was necessary to limit ex- 
periments to those with Hz pressures 
greater than 10 Torr to prevent the surface 
from being completely covered with graph- 
ite. Therefore, the fact that methanation 
rates for H2 pressures below approximately 
30 Tot-r were higher for the lower CO pres- 
sures may be indicative of surface coking 
and not to negative reaction orders in CO. 
As with the clean surface, we again observe 
a first-order to zero-order transition in the 
H2 reaction order for the lower CO pres- 
sures. At the higher CO pressures, the reac- 
tion was first order in H2 over the entire 
pressure range. 

The kinetics are considerably harder to 
interpret on the titania-covered surface 
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FIG. 6. Methanation rates over a titania-covered Pt 
foil as a function of Hz pressure at 670 K for CO pres- 
sures of 100 and 0.1 Torr. 

than they are on the clean surface for sev- 
eral reasons. First, it is clear that one must 
take into account coverages of carbona- 
ceous materials on the titania-covered sur- 
face which were not present in significant 
quantities on the clean surface. Second, at 
low temperatures, the titania-covered sur- 
face does not exhibit adsorption of CO or 
HZ. While the kinetics appear to fit a 
Langmuir-Hinshelwood rate expression, 
the equilibrium constants in this rate ex- 
pression are probably not adsorption con- 
stants as with the clean surface but equilib- 
rium constants for an intermediate surface 
reaction. For intermediate surface reac- 
tions, it is difficult to determine reasonable 
parameters to estimate what is present on 
the surface. 

However, these measurements do allow 
us to make some statements about the reac- 
tion on the titania-covered surface. As with 
the clean surface, the reaction is first order 
in H2 except for very high HZ/CO ratios. 
Since metals which do not dissociate Hz, 
like Cu and Ag, are not active hydrogena- 
tion catalysts, we believe that HZ must be 
adsorbed dissociatively. This implies that, 
as with the clean surface, two hydrogen at- 
oms must be involved in the steps leading 
up to and including the rate-limiting step. 
The half-order kinetics for CO at low tem- 
peratures appear to point toward a disso- 
ciatively adsorbed state for CO on the sur- 
face in equilibrium with the gas phase. This 
dissociation is probably hydrogen assisted 
since the Auger spectra taken after high- 
temperature exposure to pure CO indicated 
that dissociation in the absence of Hz is not 
as rapid as reaction. The Auger results for 
the surface after reaction also indicate that 
a reactive form of carbon can form on this 
surface. 

These measurements also allow us to rule 
out some proposed mechanisms. For exam- 
ple, some of the first interpretations of the 
unusual kinetics associated with titania- 
supported metals were that a weakly ad- 
sorbed species, which could not be ob- 
served in adsorption, was active in the 
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reaction. We feel that our results rule out 
the importance of a weakly adsorbed spe- 
cies since this would require that the zero- 
order regime for CO be due to this species 
being saturated on the surface. For satura- 
tion of a low-energy state to occur at the 
temperatures and pressures used in our ex- 
periments, it would be necessary for this 
state to have a high sticking coefficient and 
a low desorption preexponential. This 
should have been observed during adsorp- 
tion at low temperatures but was not (14). 
In addition, we should have observed a 
first-order regime rather than a half-order 
regime at low CO pressures. Finally, if one 
assumes noncompetitive adsorption be- 
tween CO and HZ, the rate should be of the 
form 

A best fit of the data in Fig. 5 for the activa- 
tion energy for Kco in this expression is 
approximately 30 kcal/mol, a value much 
too large for a weakly interacting state. As- 
suming competitive adsorption between 
hydrogen and CO will only make this equi- 
librium constant even more strongly tem- 
perature dependent. 

DISCUSSION 

There are several interesting conclusions 
which can be made from our kinetic mea- 
surements for both the clean Pt foil and for 
the effect of titania on the foil. We will dis- 
cuss these two different catalysts sepa- 
rately . 

Methanation on Clean Pt 

First, the Auger results show clearly that 
the concentration of carbide species on the 
Pt foil under reaction conditions is very 
low, even at very low HZ/CO ratios. This 
indicates that the surface is not modified by 
these species during the reaction and the 
gas-phase reactants “see” a surface that is 
clean except for adsorbed molecular CO 
and dissociated HZ. This is probably not 
true for all group VIII metals. For metals 

like Ni, which is much more active for 
methanation, there does appear to be a sub- 
stantial quantity of a carbide present on the 
surface following reaction (30, 31). While 
this difference between Pt and Ni could in- 
dicate a difference in mechanism or in the 
rate-limiting step, it does not necessarily 
imply that a carbide intermediate is not im- 
portant on Pt. It simply implies that any 
carbon on the Pt surface has a very short 
lifetime before reacting. 

Even though a carbide may be present on 
the surface during reaction, it is apparent 
that the dissociation of CO is either not the 
rate-limiting step or is assisted by adsorbed 
hydrogen. The dependence of H2 pressure 
on the reaction is clear proof of this. Our 
Auger measurements following high-tem- 
perature exposure of CO to the surface also 
show that the dissociation of CO is not 
rapid on a clean Pt foil in the absence of 
hydrogen, implying that the rate-limiting 
step contains an oxygenated species, either 
CO or some CH,O entity. On Ni, the disso- 
ciation of CO occurs much more readily 
(42), although the importance of a high dis- 
sociation activity is questionable since 
there is some indication that certain crystal 
planes of Ni may actually be inactive to- 
ward methanation due to coke formation 
(43). 

A second important conclusion of this 
work is that the reaction rate expression 
could be modeled very well by the competi- 
tive adsorption of CO and H2 using adsorp- 
tion parameters obtained in ultrahigh vac- 
uum experiments. In that reaction model, 
we assumed that there were no interactions 
between the coadsorbed CO and hydrogen 
and we considered only the most strongly 
adsorbed states. While interactions have 
been observed in studies of coadsorbed CO 
and hydrogen on various metal surfaces, 
these effects do not seem to be as important 
on Pt as they are on Ni (41). However, we 
did observe some differences between the 
adsorption parameters predicted from rate 
measurements and those measured in ad- 
sorption and desorption rate experiments. 
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These differences may have been due to 
molecular interactions. 

The relationship between reaction and 
adsorption equilibrium constants has inter- 
esting implications. The adsorption of CO 
and Hz is strongly crystal plane dependent, 
with the heat of adsorption of CO and H2 
changing by more than 9 kcallmol in going 
from the Pt(l11) to the Pt(100) surfaces (44, 
45). It has also been shown that heats of 
adsorption are a function of both particle 
size (46) and support (47). Since the rate 
expression when the reaction is zero order 
in CO and first order in H2 is proportional to 
KHz, this could account for the variations in 
the rates measured on different Pt cata- 
lysts. If heats of adsorption are affected by 
support, it should not be surprising that sil- 
ica-supported Pt exhibits an activity ap- 
proximately one-tenth that of alumina-sup- 
ported Pt (5). Differences in the heats of 
adsorption may also explain why the acti- 
vation energy that we measured for metha- 
nation on a Pt foil in 400 Tot-r HZ and 100 
Tot-r CO was significantly higher than is 
usually measured on supported catalysts. 
While our rates were between those of the 
silica- and alumina-supported catalysts at 
the temperatures used for the kinetic mea- 
surements on the supported catalysts, we 
observed an activation energy of 30 kcal/ 
mol on the foil compared to 19 kcal/mol 
usually reported for Pt (17, 28). 

The Effect of Titania 

There has been considerable speculation 
on the reasons behind the unusual proper- 
ties observed on titania-supported cata- 
lysts. Since the titania-covered Pt foil dis- 
plays identical reaction and adsorption 
properties to those observed on actual tita- 
nia-supported Pt (5, 17), we believe that the 
results reported in this paper apply to these 
more conventional catalysts as well. 

The first important question concerns the 
role of the titania in enhancing methana- 
tion. Long-range electronic effects appear 
to be ruled out by the fact that the catalytic 
properties for Pt/TiO* can be duplicated by 

these model catalysts (14, 17, 18). A thin 
layer of oxide should not be able to donate 
or accept a significant number of electrons 
to a bulk metal. This implies that the role of 
the titania must be localized; however, we 
cannot distinguish between mechanisms for 
this enhancement based on the experiments 
in this paper. 

The second important question regards 
the structure and coverage of the oxide 
layer. In previous papers, it has been 
shown that titania tends to “wet” the metal 
surface, forming a bond between the oxide 
and the metal (14-16). Spectroscopic char- 
acterization of the oxide indicates that the 
layer has a stoichiometry approximately 
that of TiO, with the titanium in the Ti3+ 
oxidation state (26). The coverage of the 
titania corresponds to 1 x 1015 oxygen at- 
oms/cm2, a coverage high enough to pre- 
vent adsorption by sterically blocking the 
surface (24). Further support for the picture 
that complete adsorption suppression oc- 
curs only when the metal is completely cov- 
ered is obtained from ion scattering results 
(22) and from the fact that other reactions 
like ethane hydrogenolysis are completely 
suppressed when titania is used as a sup- 
port (48). 

One explanation proposed for the in- 
creased methanation rates on these cata- 
lysts is that titania forms three-dimensional 
clusters on the metal surface and that reac- 
tion occurs at the oxide-metal interface by 
an interaction between an adsorbed CO 
molecule and a Ti3+ ion (23-2.5, 49, 50). 
While the role of the titania in this mecha- 
nism may be correct, the idea that reaction 
occurs at the edges of clusters appears to be 
ruled out based on the following: (1) Ad- 
sorption experiments indicate that the ox- 
ide forms a two-dimensional layer and com- 
plete adsorption suppression occurs only 
for a completely covered surface (14). (2) 
There is no maximum in the methanation 
activity with oxide coverage; the maximum 
rate occurs on a completely covered sur- 
face despite the fact that this should not 
give the maximum inter-facial area (17, 18). 



(3) The reaction rates on the model cata- 
lysts agree with those of actual supported 
catalysts, even though the gross geometric 
differences between these samples should 
give different inter-facial areas. 

observations are inconsistent with a weakly 
adsorbed species existing at saturation cov- 
erages at reaction conditions and being the 
important intermediate in the reaction. 

We should point out that the coverage 
calibrations by Ko and Gorte (14-16) have 
recently been disputed by Levin et al. (52), 
who claim that the actual coverage of tita- 
nia used in our studies corresponds to only 
one-third monolayer. According to their 
model, each region of titanium oxide effects 
the metal sites adjacent to it. These metal 
sites apparently bind CO more weakly than 
unaffected metal sites and are responsible 
for the increased reaction rates. However, 
we disagree with the coverage calibrations 
obtained by Levin and co-workers; and the 
mode1 of weakly adsorbing, active sites is 
inconsistent with our reaction results. 
First, it should be noticed that the cover- 
ages reported by Levin and co-workers dis- 
agree not only with the AES calibrations of 
Ko and Gorte but also with the Low-En- 
ergy Ion Scattering results of Dwyer et al. 
(22). Dwyer and co-workers showed that 
the amount of CO and H2 which could ad- 
sorb on a Pt foil decreased linearly with the 
amount of exposed Pt on the surface. Com- 
plete adsorption suppression only occurred 
when the surface was geometrically 
blocked by titania. Second, methanation 
through a more weakly adsorbed species 
cannot explain the reaction results. At 
3OO”C, we calculate that a transition in the 
CO pressure dependence from zero order 
to first order will occur between 0.1 and 1 .O 
Torr. On the titania-covered surface at this 
temperature, we were unable to observe 
any substantial deviation from zero order in 
the reaction rate for pressures down to 0.01 
Torr, even though the transition to a differ- 
ent pressure dependence should occur at 
higher pressures for a weakly adsorbed spe- 
cies. Our observations are in agreement 
with in situ infrared spectroscopy studies 
which were unable to observe substantial 
quantities of adsorbed CO, even when the 
reaction rates were zero order (4). These 

While it is likely that the important sites 
for reaction are, indeed, adjacent to both 
oxide and metal entities, we believe that 
these sites are constantly evolving under 
reaction conditions. Although titania forms 
a two-dimensional overlayer on the surface 
that prevents adsorption at low tempera- 
tures, it has been demonstrated that this 
overlayer is extremely mobile, even at 
moderate temperatures (24-16, 53-55). 
Since the oxide is two-dimensional, only a 
small mobility is necessary to allow the re- 
actant gases access to the metal atoms of 
the catalyst. We picture the surface as be- 
ing predominantly covered by the oxide, 
with an equilibrium fraction of “holes” in 
the oxide layer. The CO molecules ad- 
sorbed on the metal at these sites could do- 
nate their oxygen to neighboring, partially 
reduced titania, resulting in a surface spe- 
cies containing titanium, oxygen, and car- 
bon. Such a species is suggested by our 
finding that high-temperature annealing of 
the titania-covered surface following reac- 
tion when carbon was present resulted in 
the removal of both titania and carbon. Pre- 
sumably, some of the carbon desorbed as 
CO, reducing the titania to titanium which 
would be expected to migrate into the bulk 
of the Pt (14, 17). The role of HZ, which 
appears to be necessary for the dissociation 
of CO, may be to create oxygen vacancies 
in the titania layer. These vacancies could 
then accommodate the oxygen from a CO 
molecule. This is obviously very specula- 
tive and more work is required to verify or 
refute this possibility. 

CONCLUSIONS 

These results show clearly that the kinet- 
ics for methanation are significantly differ- 
ent on the clean and the titania-covered Pt 
surfaces. For the clean surface, the agree- 
ment between the adsorption equilibrium 

1_ constants obtained from the Langmuir- 
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Hinshelwood rate expression and from ad- 
sorption and desorption rates measured in 
ultrahigh vacuum indicate that the predomi- 
nant species present under reaction condi- 
tions are the same as those measured in 
adsorption. In the presence of titania, 
however, it appears that the dissociation of 
CO is enhanced and the methanation reac- 
tion becomes half order at low CO pres- 
sures, indicating that the main species on 
the surface during reaction may be a disso- 
ciated species. 
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