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By means of ultrahigh vacuum techniques, including thermal flash desorption 
and residual gas analysis, the surface interactions of single-component and multi- 
component adsystems were examined. The gases studied included CO, Hz, O,, and 
CH,OH in contact with a polycrystalline platinum ribbon. Three binding states 
were observed for CO, each of which exhibited high sticking probability, relative to 
that of oxygen or hydrogen. Carbon contamination of the Pt surface greatly re- 
duced the adsorption rate of oxygen. Competitive sorption studies revealed dis- 
placement of chemisorbed hydrogen by carbon monoxide. Preadsorbed oxygen inter- 
acted readily with gaseous carbon monoxide, but very slow reaction was noted in 
the case of preadsorbed CO interacting with gaseous oxygen. During the methanol 
decomposition the surface interactions exhibited similar characteristics to those 
observed for the hydrogen-carbon monoxide. The results are interpretable in terms 
of the formation of a bound three-atomic intermediate species, such as [HCOI, 
produced by hydrogen abstraction from the methyl group during methanol de- 
composit,ion, and subsequent reaction with hydrogen adatoms by way of rupture of 
the H-CO bond to yield Hz and CO. These surface studies on the molecular level 
elucidate some of the elementary steps involved in the catalytic reactions involving 
methanol. 

INTRODUCTION processes occurring during the decomposi- 

Of special interest to the study of cata- tion of methanol on a polycrystalline 

lytic processes is the influence of the sub- platinum surface. In addition we relate 

strate on the short-range and long-range the results so obtained to the properties of 

interactions between adsorbates. To inves- single-component and multicomponent ad- 

tigate reactions between neighboring sur- sorbate systems involving carbon mon- 

face species, it is useful to employ molecu- oxide, hydrogen, and oxygen, some of which 

lar flow sorption techniques involving are the products of methanol decomposition. 

ultrahigh vacuum flash desorption and 
constant-flow or constant-pressure adsorp- EXPERIMENTAL DETAILS 
tion. Under well-defined conditions of sur- 
face structure and surface cleanliness, the Apparatus and Materials 

results of such studies elucidate on a All the measurements were conducted in 
molecular level the kinetics and mecha- an ultrahigh vacuum system (1) (base 
nisms of different adsystems undergoing pressure <l X 1O-s Torr) equipped with a 
surface-catalyzed reactions. 

In th.is paper we examine in detail the 
quadrupole mass spectrometer (AEI) and 
Bayard-Alpert gages for determination of 
gas composition and gas pressure (Fig. 1). 

*International Fellow, on leave from Tohoku The platinum catalyst in the form of a 
University, Sendai, Japan. U-shaped foil (5.0 X 0.5 X 0,013 cm3), was 
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FIG. 1. Schematic diagram of apparatus (P-ion 

?s?w). 

welded to tungsten leadthroughs and was 
mounted in a cylindrical glass reactor 
(3.8 cm in diameter and 9.5 cm in length). 
Variable leak valves and an ion pump were 
used to establish the desired pressures both 
upstream and downstream of the flow re- 
actor. The flow rate through the reactor was 
adjusted by the setting of the leak valve 
and the inlet conductance at the entrance 
to the reactor, and a copper disk with a 
circular orifice (diameter of 0.63 cmj on 
the outlet of the reactor. Since the pumping 
speed of the ion pump was large relative 
to the sorption rates under st’udy, the mass 
spectrometer signal after suitable calibra- 
tion was a quantitative measure of the 
rates of sorption or reaction on the Pt 
surface. 

The polycrystalline platinum foil had a 
purity of 99.99 wts. The carbon monoxide 
(99.5%) was stripped of metal carbonyls 
by pa,ssage over glass beads cooled to liquid 
nitrogen temperature. Oxygen (99.999ojo) 
was used without further purification. Hy- 
drogen was purified by passage t,hrough a 
palladium-silver alloy thimble. Methanol, 
electronic grade, was degassed by repeated 
freezings and evacuations and distilled into 
the glass vessel used as a gas reservoir. 

Procedures 

Single-Component Sorption Studies 

In the adsorption studies the constant- 
flow method (2) was empl,oyed predomi- 
nantly. However, in a number of cxperi- 

ments involving carbon monoxide and 
hydrogen the constant.-pressure technique 
(3) was utilized and a comparison was 
made between the results obtained by the 
two experimental procedures. Essentially 
good agreement was noted. However, since 
the constant-pressure method is more diffi- 
cult to apply to multicomponent sorption 
studies exhibiting different rates of adsorp- 
tion for the individual components, most of 
the results to be presented were obtained 
by the constant-flow procedure. 

To remove contaminants from the plati- 
num surface it was found expedient to ex- 
pose the metal to an oxygen atmosphere at 
775 K (exposure at 5 X 19’ Torr 0, for 10 
to 40 min). The formation of carbon mon- 
oxide and dioxide indicates the presence of 
carbon as the major contaminant on the 
platinum surface as observed in a number 
of studies (4). Such a pretreatment pro- 
cedure was used at frequent intervals dur- 
ing the course of the cxperimcnts. 

In a typical adsorption measurement, the 
clean platinum foil xv-as heated for 1 min 
in the ga,s under study and subsequently 
cooled to the desired sorption temperature 
while the gas was flowing past it. During 
this process the gas pressure was recorded 
continuously. The initial flashing tempera- 
tures were between 775875 K for hydro- 
gen, near 1075 K for carbon monoxide, and 
about 1375 K for oxygen. The wall tem- 
pera’ture of the reactor \vas maintained 
near room temperature by forced air con- 
vection over the entire exterior surface. For 
desorption studies the temperature of the 
Pt, foil was programmed to increase from 
15 to 80 K/see in a temperature range from 
300 to 1590 K. 

The temperature of the Pt specimen 
above 475 K was dctcrmincd with the aid 
of a radiation thermometer focused on the 
central port’ion of the specimen, thus meas- 
uring its maximum temperature. At tem- 
peratures less than 475 K, rlectrical resist- 
ance measurements of the Pt-foil were 
employed. Tn analyzing t,he sorption data 
we assumed (a) uniform temperature dis- 
tribution across the entire metal foil 
thereby neglecting the temperature gradi- 
ents near the ends connected t,o thr tungsten 
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leadthroughs, and (b) a surface roughness 
of unity. 

Multicomponent Sorption Studies 

For study of the interaction of two re- 
actants with the Pt-surface, including dis- 
placement reactions, the experimental pro- 
cedure involved either the simult.aneous 
introduction of the multicomponent gas 
mixture or preadsorption of one of the 
gaseous components prior to the admission 
of the second component to the reactor. 
Thus the solid was exposed to the first gas 
for a given period of time at a specified 
temperature to attain the desired degree of 
surface coverage as evaluated from previ- 
ous determinations. Subsequently the re- 
actor was evacuated for 1 to 5 min before 
introduction of the second component. 
Continuous sampling of the reactor efflux 
indicated that in the absence of adsorption 
or reaction a time interval of nearly 30 set 
was required to at,tain a steady-state flow. 

In the constant-flow mode of operation, 
the rate of adsorption or desorption of a 
given component present at pressure P, was 
calculated from the observed change in 
flow rate, using the following expression: 

dN 
R = dt = F&Pz” - Pz) 

I 

- F23(P3° - P3) - v ds] /A (1) 

where 

N number density of adsorbed mole- 
cules 

R rate of adsorption (molecules/cm2 
see) 

-R rate of desorption (molecules/cm2 
set) 

F23 conductance between the reactor 
and the chamber where Pa is 
located. 

pz, PI pressures at the points shown in 
Fig. 1; Pzo and P$ refer to those 
at the same flow rate in the ab- 
sence of adsorption 

v the volume of the reactor 
A surface area of the platinum foil. 

The mass spectrometer was calibrated 
against the flow rate F,,(P, - P3) meas- 

ured by the ion gages. The last term in the 
brackets of Eq. (1) is small enough to be 
neglected without appreciable error in the 
analysis. 

RESULTS AND DISCUSSIONS 

Adsorption of Individual Gases 

The adsorption rates of carbon mon- 
oxide, hydrogen, and oxygen, measured in 
the pre.ssure range from 1 X 1W t’o 1 X 

1O-g Torr can be expressed in terms of 
sticking probability S (defined as the ratio 
of the rate of adsorption to the collision 
rate with the surface). It is a function of 
surface coverage and substrate tempera- 
ture but independent of pressure. Typical 
results are shown in Fig. 2. The stickling 
probabilities and the amount of adsorbate 
as a function of exposure are reproducible 
within +15%. For low surface coverages 
(N < 1.4 x lOI molecules/cm2), the varia- 
tion of sticking probability with tempera- 
ture is shown in Fig. 3. Note that the 
sticking probability of carbon monoxide is 
fairly constant up to 425 K, while that of 
oxygen gradually decreases as the tempera- 
ture is raised, the rate of change varying 

FIG. 2. Sticking probabilities of CO, H,, and O2 
on Pt. 
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FIG. 3. Variation in st,icking probabilit,y of oxygen 
and hydrogen with P&surface temperature [X = 
surface coverage in (molecules/cm2) X 1014]. 

with coverage. The value for the sticking 
probability of CO, S,, is considerably 
higher than reported in an earlier meas- 
urement (5). Undoubtedly this discrepancy 
is due to the presence of carbon contami- 
nation which was not removed by flash 
heating at 1475 K in the absence of oxy- 
gen, the procedure employed previously. 

In addition several measurements were 
made of CO, sorption on platinum. At 
room temperature the mass sorbed was less 
than 2 X 1Ol3 molecules/cm2. 

Adsorbed States 

A distinction between different binding 
states for the gases under study can be 
made from the desorption spectra. In addi- 
tion two methods are available for analysis 
of the energetics of adsorption. One deals 
with an interpretation of the sticking prob- 
ability, in terms of the Kisliuk isotherm 
(6) which yields the difference in the ac- 
tivat’ion energy of desorption and adsorp- 
tion. The other approach is based on (a) 
an analysis of the shape of the desorption 
spectrum in terms of the theoretical de- 
sorption rate expression: 

--Ii = -rZN/dt = Xx. V. exp(-ED//CT), 

where 1~ is the reaction order for desorp- 
tion, and Y the frequency factor (S’), and 
(b) the temperature T, at which the maxi- 
mum in desorption rate occurs (2). Of the 
latter two analyses the evaluation of ED 
by the T, technique is more satisfactory 
due to the nonuniform temperature dis- 
tribution of the Pt ribbon. 

Carbon monoxide. As shown in Fig. 4 
the desorption data for CO depict three 
binding states (A, B, and C) with energies 
ranging from 34 kcal/mole at low coverage 
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FIG. 4. Flash desorption kinet,ics of carbon monoxide chemisorbed on Pt [initial surface coverages (mol- 
ecules/cm2): 1-8.0X 1014; 2-5.2 X 1014; 3-2.9 X 1014; 4-1.2 X 1014; Z-0.4 X 10”; 6-0.2 X 1014]. 
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TABLE 1 
ADSORRED STATES ON PI,.~TINUM 

Surface Desorp- Kinetic 
coverage Sticking t,ion order of ED (kcal/mole) 

Binding (molec/cm2) probability temp desorp- 
Gas state x 10-14 (300 K) (K) tion Expt Literature 

CO A 0 - 0.8 30.5 790 1 28 & 3a 32c 
34 5 26 

B 0.8 - 6 0.5 - 0.3 630 1 19 * 3a 28-32d 
28 f 2b 

C 6-9 <0.3 470 1 9 * 4a - 

22 * 26 

K o-3 0.12 370 2 10 * 3a 16e 
17 + 3* 

02 A o- 1.5 0.25 990 2 44 f 26 69-36, 

B 1.5 -3 0.01 800 2 38 k ga 58~ 
36 + 3b 

a From Eq. (2). 
* From max desorption rate temperat)ure P. A. Redhead, Vacuum 12, 203 (1962). 
c W. J. M. Rootsaert, L. L. Van Reijen, and W. M. H. Sachtler, J. Catal. 1, 416 (1962) (8). 
d R. Lewis and R. Gomer, A’uovo Cinzento Suppl. 5, 506 (1967) (7). 
e R. Lewis and R. Gomer, Surface Sci. 17, 333 (1969) (12). 
1 D. Brennan, D. 0. Hayward, and B. M. W. Trapnell, PYOC. Roy. Sot., Ser. A 256, 81 (1961). 
0 B. Weler, J. Fusy, and A. Assut’, J. Chem. Phys. 66, 708 (1969). 

to 22 kcal/mole at high coverage. The bind- 
ing energies for the A- and B-states are 
nearly the same as obtained from field- 
emission studies (8) (Table 1). To estimate 
the contribution of each state to the surface 
population, we have resolved the flash de- 
sorption spectra by arithmetic addition of 
the component peaks. Such an analysis 
yields the data depicted in Fig. 5. It dem- 
onstrates that the A-state, the most strongly 

p FIG. 5. Distribution of binding sit.es occupied by 
co on Pt. 

bound state, represents only 6% of the ad- 
sorbat’e, the B-state 61%, and the C-state 
33%. The total surface coverage of 9 X 
1Ol4 CO molecules/cm2 indicates a ratio of 
carbon monoxide to platinum of a/4, assum- 
ing an average surface atom density of 
1.2 X 1Ol5 Pt-atoms/cm* (based on a sur- 
face area of 8.1 ii*/Pt-atom averaged for 
various crystal orientations). 

These results are similar to those re- 
ported for the interaction of CO with 
Pt (100) , as measured by LEED (9). Three 
adsorption states were found for Pt(l0) 
with desorption temperatures in the same 
range as observed in our measurements 
(10). Also the LEED data indicated on an 
atomic scale the ratio CO/Pt = s/4. The 
observed surface structures were found to 
be (1 x 1) -CO for the strongly bound 
states (A) and (B), and (4 X 2)-CO for 
the less strongly bound C-state (9). These 
results may reflect a bridged CO molecule 
for the A- and B-states and a linear species 
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for the C-state. In view of the predominant 
surface coverage with the B- and C-carbon 
monoxide! a CO/Pt, < 1 would bc cxpecttd 
to prevail. 

Hydrogen. For thip system only one bind- 
ing state was obs;crved during sorption 
mea~urcments at roonl temperature (Fig. 
6). Earlier studies on craporatctl Pt film3 
(111 and on Pt field emitters (1s) iudicated 
the cxistencc of two tyl)cs of adsorbatcs. 
The one predominating at low surface cov- 
erage was int’erpreted to represent atomic 
hydrogen, IT-hile at high surface coverage a 
molecular hydrogen component held by 
charge transfer forces was proposed (7). 
It is al)l)nrent ihat under our experimental 
conditions of low surface coverage and 
300K the adsorbed st,ate of hydrogen was 
in the atomic form, as evidenced hy the 
desorption measurements which followed 
second-order kinetics (Fig. 6). 

Assuming a nonactivated adsorption 
process. one Ivould expect the energetics of 
desorption to exhibit n value of En com- 
parable to the heat of adsorption (7, 12) 
(16 kcal/molc) in fair agreement with the 
experimental results (Table 1). 

The maximum surface coverage at 298 Ii 
corresponds to less than a complete mono- 
layer IH/Pt ‘v 0.5)) indicat,ive of the 
b-state postulated by Tsuchiya, Ameno- 
miya autl C’vctanovic (13). Recent LEED 
experiment’s (9) on hydrogen adsorption on 
Pt (100) have been interpreted in terms of 
a (2 X 2) surface structure. Similar mcas- 
uremcnts on “stepped” surfaces (14) of 
I%(11 1) have indicated a structure with a 
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FIG. 6. Flash desorption kinet,ics of hydrogen 
chemisorbed on Pt (numbers refer to different ini- 
tial surface coverages). 

(2 X 2) unit cell. Such an atomic arrange- 
ment of the adsorbate would result in sur- 
face coverages with H,/Pt < I, as observed 
for t,lic Pt spccimcn cinployed in our 
measurcmcn t s. 

Also the relatively low sticking probn- 
bility of hydrogen on l’t (Table 1) is re- 
flcctctl in the weak int,eractions cxhihited 
by the low-index planca of Pt. surfaces (.9, 
14). They appear to require crystal im- 
perfections, such as stcl’s and t,erraccs, to 
effect chemisorption. 

Oxygen. The initial sticking probability 
of oxygen on Pt at 300K is of the magni- 
tudc estimated in an earlier publication 
(15)) and exhibits a much higher value 
than obscrvcd in the case of hydrogen 
(Fig. 2). It is of interest that for Pt(lOO) 
the absence of any oxygen chemisorption 
has been noted (9)) while for Pt (II 1) a 
sticking probability of X0 < 10m3 has been 
report’ed (16). Since the presence of a cnr- 
bon contaminant on the surfncc of the Pt 
has been proposed as the source of a high 
sticking probability, we hnvc exnmincd in 
some dctnil the role of such n surfncc con- 
taminant, on oxygen adsorption. By cx- 
posing plntinlun at clcvatcd t8empcraturcs 
(13OOK) to oxygen !exposure 1OV to 10m4 
Torr min) and monitoring t,he mass of CO 
and CO, evolved during fMiing, n-e mere 
able to dcmonstratc by subsequent adsorp- 
tion-rntc sturlirs that, the removal of a 
carbon rcsiduc lcnds to higher sticking 
ln+obabilitics. Thus the vnluc of 8, = 0.2.5 
showu iu Fig. 1 refers to a Pt surface 
clranecl l)y repented exposures to oxygen at] 
clcvated temperatures, a process which has 
been shown to remove carbon from the PtJ 
surface (f7J. It is likely that the high 
sticking probabilities observed in our st.utl- 
ies with a polycrystullinc surfncc? are 
more closc~ly akin to the oxygen sorption 
measurements on stepped surfaces (18) of 
Pt is) (Illi which dcmonstratetl more rapid 
chemisorption of oxygen and hydrogen 
as compared to t’hc nontcrraced Pt’illl) or 
Pti1001. 

$ dftt~r prolonged use the S-ray diffraction pat- 
tern rerralrd predominance of the (111) orienta- 
tion of the polycrystalline rihhon. 
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FIG. 7. Flash desorption kinetics of oxygen chem- 
isorbed on (Pt numbers refer to different initial sur- 
face coverages). 

Our desorption spectra (Fig. 7) follow 
second-order kinetics, indicative of an ad- 
sorbate in the atomic state (2). Also the 
results are interpretable in terms of two 
binding states of oxygen on Pt. At surface 
coverages exceeding 3 x 1Ol4 atoms/cm2 or 
25% of the available surface sites (N,,,,, = 
1.2 X 101”Jcm2), one calculates a desorp- 
tion energy of 36-38 kcal/mole (Table 1). 
At lower surface coverage another binding 
state prevails. However its temperature of 
desorption (990 K) is near that of metal 
oxide formation so that the binding energy 
calculated may be inaccurate. It should be 
noted that for this adsystem the maximum 
oxygen surface coverage corresponds to a 
O/Pt = 1/z, in agreement with the upper 
limit of sorbed oxygen reported by other 
investigators (15, 19, 20). 

Interactions Between Carbon Monoxide 
and Hydrogen 

The competitive adsorption of hydrogen 
and carbon monoxide from a two-com- 
ponent gas mixture (40 ~01% Hz/60 ~01% 
CO) is demonstrated by the data presented 
in Fig. 8. The high sticking probability of 
CO relative to H, and their respective tem- 
perature coefficients offer a suitable ex- 
planation of the behavior observed during 
the initial stages of adsorption of these two 
gases. Thus hydrogen exhibits an “induc- 
tion period” for the sorption process asso- 
ciated with cooling of the flashed Pt sur- 

FIG. 8. Adsorption kinetics on Pt from a gas 
mixture containing 40 vol’j%, Hz and 60 volyO CO. 

face to temperatures below 475 K, while 
CO is capable of bonding to the surface at 
much higher temperature. However it is to 
be noted that the calculated sticking prob- 
abilities of H, and CO from the gas mix- 
ture are somewhat lower t,han those ob- 
served at comparable surface coverage for 
the individual gases (Table 2). 

Of special interest is the displacement of 
the hydrogen adsorbate by CO during the 
later stages of the experiment.$ To exam- 
ine in more detail this aspect of the sorption 
process, a number of experiments were car- 
ried out in which hydrogen was pread- 
sorbed on Pt, and CO admitted subse- 

TABLE 2 
MIXED STICKING PROBABILITIJB” OF CO AND 

H, ON PLATINUM AT 300 K 

Surface 
coverage Sticking probability 

(molecules/ 
cmz) Individual Gas 

x 10-14 gas mixture 

co 0.8 0.5 0.3 
HZ 0.3 0.1 0.02 

a Composition of gas mixture: 40 v01~/~ Hs, 60 
vol% co. 

$ During the relatively long time interval 
(-6 min) of this experiment, back diffusion of 
hydrogen from the Vat-Ion pump contributed to 
an anomalously large value of the total concen- 
tration of hydrogen detected by the mass 
spectrometer. 
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quently. The experimental results shown in 
Fig. 9 (sets A and B) differ only in the ex- 
posure time to CO. In each case the init,ial 
mass of preadsorbed hydrogen was nearly 
the same. In set A the CO was allowed to 
pass through the reactor during the entire 
course of the experiment, while in set B 
the CO supply was cut off after 60 set of 
exposure in order to examine the response 
of the hydrogen desorption rate to the 
removal of CO from the gaseous environ- 
ment. In both runs the evolution of hydro- 
gen is delayed as the surface becomes pop- 

ulated with CO. Also as shown by the data 
(set B), hydrogen continues to desorb for 
some time aft,er cessation of CO adsorp- 
tion, indicative of changes in the binding 
sites occupied by CO. This observation is 
further substantiated by measurements of 
the hydrogen displacement reaction for 
varying initial surface coverages with hy- 
drogen (Fig. 10). At low initial hydrogen 
coverage t,he desorption of hydrogen is 
appreciably delayed compared to the de- 
sorption rate at higher initial surface 
coverage. 

The mole ratio of molecular hydrogen 
desorbcd to CO adsorbed approaches the 
value of 0.5, indicative of a process which 
leads to the removal of one adatom of hy- 
drogen for each molecule of CO adsorbed 
(Fig. 11). Also the mass of hydrogen ini- 
tially adsorbed is recovered quantitatively 
during the displacement process, so that on 
a Pt surface no new stable compounds are 
formed by interaction of H and CO. 

,L 

c 

- / 

1 2 3 4 5 t; 

FIG. 10. Comparison of interaction between gase- 
ous carbon monoxide and (a) adsorbed hydrogen 
(1 and 2); and (b) adsorbed oxygen (3 and 4) [ini- 
tial sruface coverage: l-5.2 X 1Ol4 H/cmZ; 2-1.7 
X 1Ol4 H/cm2; 3-4.8 X lOI O/cm%; 4-1.0 X 10’4 
O/cm2]. 

The experimental results indicate that, 
irrespective of the initial hydrogen cover- 
age, the displacement ceases when the 
mass of CO adsorbed reaches a value of 
6 X 1Ol4 molecules/cm” corresponding to 
complete filling of the A- and B-states. The 
fact that the displacement is complete be- 
fore type C adsorption of carbon monoxide 
begins suggests that t’he energetics arc un- 
favorable for filling the C-state occupied 
by hydrogen. Indeed the binding energies 
of CO in the C-state and of hydrogen are 
nearly the same (Table l), making the dis- 
placement of H by CO less probable. 

Several studies of this adsystem (21-24) 

100 

Time-seconds 

Fro. 9. Displacement of chemisorbed hydrogen by carbon monoxide on Pt [initial surface coverage (H- 
atoms/&): A-,5.2 X 1014; B-5.4 X loll]. 
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FIG. 11. Number ratio of hydrogen molecules de- 
sorbed to carbon monoxide molecules adsorbed dur- 
ing surface interaction on Pt at 300 K. 

have dealt with the interaction between the 
chemisorbed species on the surface of Pt 
and the displacement of chemisorbed hydro- 
gen by carbon monoxide. Our experimental 
observations of the time lag between hy- 
drogen desorption and CO adsorption are 
interpretable in terms of the formation of 
a third species associated with a specific 
binding state during the displacement proc- 
ess. The following mechanism is proposed: 

H(a) + CO(g) --) CO(a) + H*(a), (3) 

H’(a) + H(a) --f Hz(a) + Hz(g), (4) 

H*(a) + 0 -+ H(a). (5) 

In this schema, H”(a) denotes a binding 
state of hydrogen different from H(a) ob- 
served in the absence of CO. The symbol 
q indicates a vacant surface site. As a 
matt.er of fact, flash desorption studies sug- 
gest the presence of a weak shoulder cen- 
tered near 32OK, possibly due to H”(a). 

Such a change in binding energy may be 
the result of: (a) variation in the electron 
density of the substrate brought about by 
the adsorption of CO, (b) decrease in the 
polarization of the hydrogen adlayer due 
to CO sorption, and (c) lateral van der 
Waals interaction between surface-sorbed 
hydrogen atoms and CO molecules leading 
to the formation of a [H-CO] complex. 
This intermediate could react subsequently 
by interaction with another H-adatom as 
follows 

H(a) + W-CO](a) -+ Hz(g) + CO(a) + C. (6) 

The formation of such an intermediate was 
suggested by Baldwin and Hudson (24) in 
their study of CO and H, coadsorption on 
and formaldehyde desorption from Pt (111). 

Interactions Between Carbon Monoxide 
and Oxygen 

In an extension of earlier work from this 
laboratory (15) two types of experimental 
measurements were performed, one dealing 
with preadsorbed oxygen, the other with 
preadsorbed carbon monoxide. In the case 
of preadsorbed oxygen the formation of 
CO, was detected immediately upon the ad- 
mission of CO to the reactor containing the 
Pt surface at room temperature. (Fig. 10) 
As shown by the results presented in 
Table 3 the rate of CO, production is a 
function of the degree of oxygen surface 
coverage No2 and the carbon monoxide col- 
lision frequency 2 with the Pt surface. 
Since the maximum surface coverage with 
O-atoms is 6 X 1Ol4 atoms/cm’ (or O/Pt 

TABLE 3 
INTERACTION BETWEEN GASEOUS CORDON MONOXIDE AND 

CHEMISORHED OXYGEN ON PLATINUM AT 300 K 

Surface colli- CO2 formation 
sion frequency rate 

Initial surface coverage Oxygen (molecules/ (molecules/ Reactive 
(molecules/cm2) X lo-” fract’. CO pressure cm* set) cm2 set) collision 

coverage (Torr X 1O8) x IO-‘* x 10-u factor 
02 co 00 PC0 zco -hoI Y 

2.0 0.7 0.67 4.2 17.8 17.5 0.15 
1.9 0.3 0.62 2.7 11.4 8.7 0.12 
1.75 0.6 0.58 4.0 16.9 12.7 0.13 
1.55 1.0 0.52 5.4 22.8 14.4 0.12 
1.1 2.8 0.37 4.2 17.8 10.0 0.15 
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TABLE 4 
INTERACTIOK BETWEEN GASKOUS CO WITH CHEMISORRED OSPGKN ON PLATINUM .4~ 300 K 

Initial surface coverage 
(molecules/cm*) X lo-l4 CO pressure 

-~~~ .- .- (Tot-r x 108) 
O? CO PC0 

2.0 0.7 4.2 
1.1 2.8 42 
1.0 1.4 5.8 

0,:s 0.1 1.7 
0.2 6.5 2.2 

(molecules/cm2 see) X 1OP’ 

CO ads. rate 
- Rro - tCro,jllco 

32 17.5 0.55 
32 10 0 31 
53 27 0.51 
86 4.2 0.49 

7.0 4.5 0.64 

= l/z), we may calculate the react’ive col- 
lision factor y (0 < -y < 1) for CO, for- 
mation. According to t,his model the rate of 
CO, desorption is given by 

-R cot = Y Go 00, (7) 

where B,. represents the fractional oxygen 
surface coverage. Evaluation of 7 indicates 
an average value of 7 = 0.13 + 0.01. Thus 
1 in nearly 10 CO collisions results in t.he 
formation of a CO, moIeculc. In addition 
the relative rates of CO, formation to CO 
adsorption (Fig. 10) demonstrated that, for 
every CO, molecule formed, two molecules 
of CO disappeared from the gas phase. The 
same conclusion may be drawn from the 
data presented in Table 4. Therefore the 
occupied oxygen site vacated by the forma- 
tdon of a CO, molecule is taken over by a 
CO molecule, as follows 

CO(g) + O(a) + co?(g) + cl, 
CO(g) + 0 + CO(a). 

(8) 
(9) 

The CO adsorbate thus formed appears to 
be strongly bound at low surface coverage 
(Table I), and unable to interact with 
chemisorbed oxygen at 300K. Thus the 
presence of small quantities of CO initially 
present on the Pt surface has no demon- 
strable effect (Table 3) on the reaction 
rate relative to reaction (8) leading tSo CO,. 
The experiments clearly demonstrate a 
rapid interaction between gas phase CO 
and adsorbed oxygen by way of a pre- 
dominant Rideal-type mechanism. 

In the presence of high fract.ional CO 
surface coverage (Ai,, > 5 X 1Ol4 mole- 
culesJcm2), a relatively slow reaction oc- 
curs with gaseous oxygen, as long as some 
sites are available for oxygen coadsorption. 

TABLE 5 
INTERACTION BETWEEN CHEMISORRIW Canr+ox MONOXIDE .AND 

c:ASEOUS OXlGb:N "N PLATINUM AT 300 Ii 
~- 

Initial alwface (molecules/rm* se(*) 
coverage 

(molecr~les/cm2) 0, Surface 0, CO? 
x to-‘1 pressllre eoll. freq. ads. rat,e des. rate 

-CO (Torr x 10”) zo, x 10-12 IZO, x lo-” -Kro2 x 10-I’ - Kco,lRop 

5.1 3 11.9 2.5 
5.6 10 39.6 4.5 
52 2x 107 8 0 
G.0 5.0 19 8 2.9 2 7 0.93 
6.i 4.0 1n.4 3.1 3 .3 1.1 

7 0 4.8 19.0 3 2 3 5 1.1 

7.4 6.3 25.0 1 0 I .:i 1.3 
9.0 7.0 27.s 0 0 0 
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Time after admittance of mefhanol (seconds) 

FIG. 12. Met.hanol decomposition kinetics on Pt surface at 298 K (l-inactive Pt-surface; 2,3-clean Pt- 
surface). 

For a given degree of CO surface coverage, 
the rate of CO, formation appears to be 
proportional to the square root of the oxy- 
gen pressure (Table 5). Thus two empty 
surface sites are required for the disso- 
ciative chemisorption of oxygen, a pre- 
requisite and controlling process for CO, 
formation. In addition the data in Table 5 
indicate that in the reaction one molecule 
of oxygen is consumed for each molecule 
of CO, formed, an indication that one of 
the oxygen atoms occupies the site emptied 
by the CO molecule reacted. These results 
are in general agreement with those pre- 
sented by Bonzel and Ku (25) for CO oxi- 
dation on Pt(llO), although our data show 
no evidence for an interaction between 
sorbed molecular oxygen 0, (a) and CO (a). 

Similar differences between the reac- 
tivity of an adlayer of oxygen and of carbon 
monoxide have been reported recently in a 
study of CO oxidation on a Pd (110) sur- 
face (26, 27). LEED measurements in- 
dicated the rapid disappearance of the 
oxygen surface structure on admission of 
carbon monoxide t,o the Pd surface. On the 
other hand, during the chemisorption of 
oxygen on the Pt (110) surface partially 
covered by CO, the coexistence of the indi- 
vidual surface structures characteristic of 
carbon monoxide and oxygen was noted. 

Decomposition of Methanol 

The same experimental technique was 
applied to the study of methanol decom- 
position including cleaning of the Pt sur- 
face by exposure to oxygen at elevated 

temperature and flash desorption at 10OOK 
at a background pressure of <5 X lo-@ 
Torr. Methanol (pressure lo-” to 10m8 Torr) 
was introduced after the Pt foil had cooled 
down to room temperature. A representa- 
tion of the changes in gas phase composi- 
tion due to surface reaction as monitored 
by the quadrupole mass spectrometer is 
found in Fig. 12.” Curve 1 exhibits the re- 
sponse characteristics of the system in the 
absence of catalytic reaction. For this pur- 
pose the Pt surface had been poisoned by 
prolonged exposure to methanol vapor 
(vide infra). Note that a relatively long 
time is required to reach steady-state flow 
(~200 set), undoubtedly due to adsorp- 
tion of methanol on various portions of the 
reactor and inlet system. Curve 2 repre- 
sents the transients in composition which 
prevail in the presence of a Pt surface 
cleaned by flash heating under vacuum and 
cooling to 300 K preceding the admission 
of met’hanol. Thus the difference between 
curves 1 and 2 is a measure of the methanol 
interacting with the Pt surface. Also shown 
in Fig. 12 is the curve for hydrogen pro- 
duction during catalytic methanol decom- 
position; CO is conspicuously absent from 
the gas phase during this period. However 
flash desorption at various stages of the 
methanol adsorption and decomposition 
process indicates the evolution of CO as the 
main desorbing species. A measure of the 

*For methanol the predominant species in the 
cracking pattern of the mass spectrometer corre- 
sponds to the nominal mass m/e = 31. 
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TABLE 6 
I)XOMPOSITION OF METH.WOL 

Temp 

(K) 

Steady-stnt,e 
surface coverage 

Fractional CO (molecules/ 
decornpositiollo cm2) X 10-l? 

xs 0.34 7.1 
SOS 0.51 6.2 
4‘23 0.7); 5.1 
773 1.00 0 

--- 
(c Fract,ional decomposit,ion relat,ive to that’ ob- 

served at 773 K. 

mass of CO retained on the Pt surface 
during steady-state decomposition of meth- 
anol was obtained by raising the tempera- 
ture of the Pt surface in a constant. flow of 
methanol. After steady-st,ate decomposition 
had been obtained, as manifested by the 
constant gas composition leaving the re- 
actor, the flow of methanol was interrupted 
and the temperature of the Pt surface 
raised to lOOOK. The amount of CO de- 
sorbed during t,he flash heating was deter- 
mined by integration of the CO signal out- 
put from the mass spectrometer. The 
results are tabulated in TabIe 6. Extrapo- 
lation of these data indicated that at room 
temperature under steady-state condition 
the CO surface coverage would be com- 
plete (+9 X 1Ol4 molecules/cm*) and cause 
severe inhibition of methanol decom- 
position. 

Assuming that the adsorbed methanol 
molecule decomposes to hydrogen and CO 
and that the latter species stays on the 

10 

surface at room temperature, we expect 
the measured rates of decomposition to be 
a function of the coverage of CO as shown 
in Fig. 13. At room tempera,ture, the rate 
of adsorpt’ion of methanol is assumed to be 
equal to the rate of decomposition so that 
the ordinate of Fig. 13 may be interpreted 
to represent the sticking probability of 
methanol on Pt. 

It is well known that the catalytic de- 
composition of methanol over transition 
metals produces mainly hydrogen and car- 
bon monoxide (28) and that. the latter 
species inhibit,s the CH,OH decomposition 
(28-30). The rate equat,ion is usually writ- 
ten in the form 

Rate = cPM~oH/(~ + WFO), 

where both b and c are t#empernture de- 
pendent (28, 299). 

From the present study, it can be con- 
cluded that on clean platinum the proba- 
bility of adsorption and decomposition of 
methanol is near unity even at 300K. 
Not,able inhibition by CO is observed only 
at higher coverages; possibly type C ad- 
sorption of carbon monoxide is responsible 
for inhibiting the adsorption and decom- 
position of CH,OH. The tempera,ture de- 
pendence of the kinetic parameters is asso- 
ciated with t,he equilibrium concentration 
of adsorbed carbon monoxide, which at 
high surface densit,ies interferes with the 
adsorpt’ion of methanol on the surface. 
One may conclude t’hat methanol decom- 
position on Pt occurs by hydrogen ab- 
straction from t.he methyl group and the 

FIG. 13. lieact,ion probability of met,hanol on Pt at 300 K as a function of surface coverage with carbon 
monoxide. 
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formation of a [HCO] intermediate simi- 
lar to that observed during the interaction 
of CO with chemisorbed hydrogen. The 
interaction of this intermediate with an- 
other H-atom leads to the desorption of a 
hydrogen molecule and, at room tempera- 
ture the retention of the CO molecule on 
the surface. 

These surface studies on the molecular 
level demonstrate (a) the close relationship 
between catalytic mechanisms at high and 
low reactant pressures, and (b) the feasi- 
bility of elucidating such reactions by the 
analysis of elementary reaction steps. 
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