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The Pt-c:at.alyxed oxidation of CO has t~crl investigated using polycqstatline foil over the 
temperature range 37.3 to 1OW’K and pressures between 10-e and IUP Pa. Emphasis is placed 
on temperatures between 450 and 35WK, where the steady-state rates are very sensitive to 
the ratio &O/pot. .4t pressures of CO whicsh lie well below the pressure of 02, the reaction 
rate is first order in CO pre>sure, hut. when the CO pressure lies ahove t.he 02 pre?surc, the 
rate is inhihitcd by CO to an ext.eut which depends on the temperature and oxygen pressure. 
(~ovcrages of oxygen and carbon monoxide have t)ecrr determined under working conditions 
using transient titration and flash desorption tccbhniques. These measurements indicnate that. 
the oxygen coverage drops smoothly a5 CO pressure is inerea*ed. The CO c~rn~eragc in not 
detec*tahle until the oxygen coverage becomes very small, hut OI~UJ CO hegins to accumulate, 
its cBoncent.ration rises sharply toward the isotherm valur. For temperatures around 473°K 
and Mow, the tranrforrnation from the first order (in CO) to the inhibition regime is relatively 
blow and leads to a series of relatively long-lived rtatcs which have not. been adequately c.har- 
ac:t.erized. The steady-state kinet.ic and c-overage data ale discussed in terms of a kinetic, model 
which ~,WII~CS dissociative oxygen &mi~orption and a nlnt)ilc carhon monoxide precursor 
stat.e. 

As a part of continuing effort t.o charac- 
terize in dctsil the kinetics of t.he oxidation 
of carbon monoxide on transition mct.als, 
we report here measurements of strady- 
state rates and coverages at, low total 
pressures (1O-6 to 10e3 Pa) with particular 
attention to a set. of striking transitions 
from high to low CO2 production rates, 
which arc observed for small variations in 
pCO/p02 in t.hc temperature region below 
540°K. By means of chemical titration and 
flash desorption techniques, covcrages of 
CO and 0 have been measured for several 
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pressure ratios near the transition region. 
‘I’hese data allow us to discuss the variation 
of the CO2 production rate with coverage 
and collision frequency. 

‘I& behavior of oxygen and carbon mon- 
oxide on Pt has received a tremendous 
amount of attention. Studies of adsorption, 
dthsorption, and reaction have used a wide 
variety of prtssure, temperature, and sub- 
strate conditions. Since the rctsults reported 
here involve relatively low t.otal pressures 
(IOF to 1O-3 Pa) and an unsupported sub- 
strate, we will refer mainly to low pressure 
studies on single crystal and polycrystalline 
substrates in the following int.roductory 
comments. 

Oxygen adsorption on polycrystallinct and 
single crystal 19 substrnt.es has been st.udied 



using flash dcsorption (I-II), 1,Fl<1> (I!)- 
18), AI43 (10, 17-2(j), XI’S (2, 281, ITI’s 
(2, 22, 21, ALW), work function (1. JO, .12), 
FEJI (31, 3.2), moleculnr lmms (JJ ;I/;! 

99), lIr and CO titration (&-4/l), :md thc,o- 
rrtical (42-45) t.whniqws. l<qqrdlt~ss of 
t hr cryst:~llogr:tphic: oricxntat ion, t h(lrcb is 
gcwwl :qqwrncnt that (1) adsorpt ion is 
disso&tiw, cxcrpt pcrh:ips at tcrripc~ni- 
turw bc~low 3OO”IC,” (L’) t hc rwct ivity nf 
ndsorhcd oxygc~n with (3) or HI is wry 
high cxccpt untlcr certain conditions whwc 
an oxide-t.ypc stale is pi-want (17, 2J, 88), 
and (3) the initial sticking proh:ihility is in 
thr range 0.2 to 0.4 cxwpt when the sur- 
f:ices have few defects and steps, in which 
c:w t hc oxygen sticking proh:ibility is 
sniallcr (.I, T--9, 14, 17, 21, 2.2, 42). 

‘I’hc chc~niisorpt ion of (.‘(I on l’t hss brrn 
studied clsttansivcly using T,I*I)l:I) (IO, 14, 
2.2, li.&lT), work function (14. ijR, 6.9). in- 
fr:wod (TI-T(i), cwrgy loss (TT), photo- 
clrnission (1, 78-83), :\f*X (IO, 22, 64, X4- 
SD), fl:lsh desorption (I, A, 14, 22, liX, 88- 
92), and thwrctical (4.3. 93) tctchniqucs. 
In gcncr:d, t hcrc is :lgrwmr~nt that (1) 
ndsorpt ion is nondisso&t ivc for 7’ It5s 
than WI”Ii, cswpt perhaps at. steps and 
kinks, (2) tcchniqws involving cllwbron 
hc:lms must be usrd cautiously hctcausc of 
the I fhndcncy to dissoci:ltc (10 and I~~lvc :I 
carbon dtaposit., (:S) t 11~ heat of adsorpt ion 
at low covcwgc is around 30 kcal mole- *, 
and (4) the init ial sticking corffi&nt is 
grwior t h:ln 0.5. 

The I’t-c:it:dyzcd react ion of CO and Oz 
to form (‘Oz has hcrn studied using mo- 
Iccul:br bwni (5/j-58, 99), low pwssuw 
St ~:ldy+tat (1 (J, AI, 4P;JJ, (N. (3, 70, 94- 
98), low prcwuw tr:insitwt (3, 1.5, 4Y- 51, 
54, ix), and t hwwt iwl (100) twhniquw. 
‘I’hr rwul ts m:iy he summ:~rizctl as follows : 

(1 ) helow (iOO”I\, t hc rtwi ion bctwwn :ld- 
sorbed (I() :llId gilS ph:iw oxygen is wry 
slow, whrwas that bet wwn gas phase (‘0 
:lnd chc~misorbc~d osygcan is fast :md first 
ardor in CX) wllision frqwncy (23, ;j.9), 
(2) it is possible to form :i surf:w osygt~n 
spwiw which is not rwct ivc t owlrtls (‘0 
(3, 15, 1 T-21. 2.1, .]I, 71, 88, A’!)), (3, 1 hc 
rc:iction rat (x is xwo orcler in osygt~n cowr- 
:lgc, c~swpt at low covc~r:qc~s. which impliw 
that t ht. simple imp:lct I<I(ly-I<idc~nl model 
is inildcqu:ttP (;L9), and (4) :it t~~rripc~n~l ur( s 
hrlow ;iOO”K, t hr rntc of (‘O.L pro(lrwt ion is 
inhibited mhcln t tic c:lrbon nionosid~~ pws- 
suw c~sctwls t tie osygcw prwsuw (,$7 50). 
‘I’hcw o~)scrv:lt ions h:lvc usu:~lly horn in- 
twprrlrtl in tt~rms of :in I~~l~~y--l~idc~:il or a 
T,:lng~n~lir-llin~hrl~o~)(l w:lction mwh:l- 
nism. \\Vhilc hot h of t hew h:lw sonw 
utility, it is useful to look in mow tl(~t:~il 
at the clncountcrs which i:lke pl:lw twt wwn 
(‘0 and 0 to m:lktx CO.?. ‘l’rnnsirnt clspwi- 
mrnts 31 T,.iO”li on (III). st~ppfld (ill), 
and polycryst:illint~ surfaces h:ive prawn 
wry riwful in this t~ntrrpriw (15, 24. 25, 
5.9). .\t lower t(~mpc~r:ltuws, nwr -li.?"l\, 
t tic:iccumulat ion of (‘0 twconiw import:int, 
and dt~t:~iM low prrssuw kinrt ic s:( udics 
in this wgion have not bwn m:ldc. It is to 
this end that t hcl work wportc~tl twrc~ h:ls 
hccn c:trriod out. 

‘1%~ c~xpc~ritiirnl:~l :lppar:ltus and pro- 
wduws wr’c nr:trly I hex s:im(’ 3s dwcritwd 
c:brliw (:X9). so only a brief description will 
be prcwntrtl hrrc. .I standard ion-pumpc>d 
vacuum systchm opc‘rnting at t)asr prtssurrs 
:iround :% X 10 7 t’:i was used. ‘l‘hc major 
rcsitlruil ws (‘0, :intl ciiw was 1:lkc.n to 
kwp t he hytlrogcln h:lckground twlow 10 * 
1%. l’:lrt i:il prcwurcs wcw niwsuwd with 
;L qu:ldrupolc IIMSS spwtromt~tc~r, taking 
into :lccount t hr fr:lgrwntnt ion pzttcrns 
:ind srnsit ivitirs for wrious spwiw. Tot:11 
prcwuws \v(‘r(’ ctett~rnlinc4 using :1 tby:lr(1 - 
.\lpelrt ionization g:~rigc’ :ind lilcbr:tt 11w 
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values for relative sensitivities (102). Dur- 
ing both steady-state and transient kinetic 
measurements, the systen was continu- 
ously pumped, and reagents were intro- 
duced t.hrough two leak valves. The pump- 
ing speed for COZ was 2.7 f 0.2 liters 
see-I. Steady-stat,c rates were rccordcd 
only after the syst,em had st.abilized at 
constant values of pC0, pOZ, PC&, and T 
for at least, 15 min. In certain cases outlined 
below, this t,imc may be insufficient to 
allow surface concentrations to stabilize. 

A relatively large area of polycrystalline 
platinum foil (0.75 X 4 X 0.009 cm; 99.99% 
purity) was used in order to minimize the 
relative significance of background CO2 
production at the walls and hot fi1amcnt.s. 
For all the experiments reported here, 
background COZ production was measured 
and subtracted from total measured rates. 
The 1% foil was spot-welded to short 
lengths of 0.052cm-diam Pt wire, which 
in turn were spot-welded to 0.23-cm-diam 
tungsten rods which served as current 
leads for resistive heating. A calibrated 
Pt/I’t-13% Rh thermocouple was spot- 
welded to the center of the subst.rate. 
Temperatures were controlled to within 
f 1°K in the 300 to 500°K range using an 
electronic circuit. At lOOO”K, no tempcra- 
ture gradient across the 4-cm length of t,he 
substrate was dctccted with an optical 
pyrometer. 

The 1% sample was prct,rcatcd by heating 
at 1450°K in 1O-4 Pa of O2 for more than 
j hr. This t.rcatment establishes stable 
catalyst behavior, as indicat.cd by repro- 
ducible steady-state COP production rates 
and flash desorption spect.ra of CO and 02. 
The latter agree with spcctrn from surfaces 
which were clean according t,o Auger spcc- 
tra (10). Daily prctreatment.s at 1000°K 
(roughly 10-t Ya of 02 for 15 min) were 
used to reduce carbon contamination. Heat- 
ing Pt in 02 at 1000°K produces t.wo kinds 
of oxygen, which can bc distinguished by 
AES (18-90, dY), LEED (I?‘, 18), and 
reactivity towards CO (17, 23, 88, 89). For 

the particular foil used here, AES ($3) 
showed that nonreactive oxygen formed 
slowly around 1000°K and was dest.royed 
by heating to above 1200°K and that the 
presence of small amounts of t.his oxygen 
did not alter qualitatively the behavior of 
reactive oxygen. The cxpcrimcnts reported 
here must therefore bc regarded as involv- 
ing small and unknown amounts of non- 
reactive oxygen, produced during both 
prctrcatmcnt and reaction studies, and 
distributed in an unknown way in the sub- 
surface region. The extent to which this 
oxygen controls the rate is not known 
quantitatively; however, the catalyst ac- 
tivit.y and CO dcsorption spectra wcrc very 
reproducible, even with wide variations in 
the oxygen pressure and t,ime used in t.he 
daily prctrestments. These observations, 
combined with t,hc AES data, suggest that 
t,hc nonreactive oxygen concentration in 
the surface region was small and had, at, 
most, a minor effect on the rate measurc- 
mcnts reported here. 

Carbon monoxide covcragcs were detrr- 
mined both in t.he presence and absence of 
O2 by establishing a steady-state condition 
and then flash heating the substrate at 
-30°K se+ while monitoring the CO 
pressure as a function of time. Reactive 
oxygen coveragcs were dct.crmined using 
the transient CO pressure-jump and the 
oxygen pressure-jump methods (69). These 
USC the integral of the transient COZ pro- 
duction, which arises from the reaction of 
CO with chcmisorbed oxygen at.oms, as a 
measure of the oxygen coverage. 

St.cady-state results were independent of 
the ionization gauge filamrnt, condit.ion, 
but some of the transient experiments in- 
volving observation times of several min- 
utes were not. Therefore, the ionization 
gauge was turned off during transients t.o 
minimize this cffcct, which apparently 
arises bccausc the ionization gauge filament. 
is a source for the supply of oxygen atoms 
to t,he surface. With the ion gauge off, the 



with :L rate maximum :it intermediatt~ tclm- 
pc7xt ur(‘s. In the intermedi:lte region, t hc 
rate is rclativcly constant 0vc.r a range of 
tthmpcraturcs, the hrcadth of which depends 
strongly upon the ratio of Oz to CO. In 
gcncrd, the brcdth increases with in- 
crcl:Ang 1102 pC0, and t.hc vari:ktions are 
the rcdt of changes in the lower tempera- 
fur{> onsclt. ‘I’0 within about 10°K this 
lcmpcrsturc is wrll defined :ind increnscs 
from 405 to 530°K as the pCO;p02 ratio 
incresscs from 0.1 to 5. Figure 2 shows how 
111~ jK‘0, I)()? ratio is related 1.0 the tom- 
pcr:itunk rquircd 1.0 reach the m:tsimutn 
r:ttc. \Vhen /A‘(); /AJ2 is greater than 2, this 
tcmpc~rnturc~ t~comes constant at about 
XH~“K. ‘I’hc tPmpernt.urct required to rc:ich 
t hc m:lximum rate is not vclry scnsitivc to 
t hr total prcssurc : raising t tic total prctssure 
from 1.2 X 10 4 to 2.0 X 10 -4 I’a while 
kcc,pirig /A’() ]I()~ cqri:~l to 10 products 
vcxry littlc change in its v:tlut~. Over ihtf 
prc5surc’ r’;lngc’ xxx~ssihlc in our aperi- 
IIWII~S, 1.1; X IO ” to 1.1; X IO ‘I I’:\, this 
r(3rdl is gc~nc~ral : 1 tit, prt5surca r:ilio r:it,her 
t ti:ln Ili~ tot:tl pr(‘ssur(b tlctc~rmincs t.licl tckm- 
pcr:ki lIr(’ rwjtiircvl 10 r(x(bh I hcb m:tsimum 
1’il.l 0. 1,‘ III’ /A )y /I( ‘() l~q11:11 to lJl’~rl~:IIl~I~ 111:lll 
IO, ~0111~’ scsllsitivit>, t.0 tot al ~)r(+sur(~ 111:~~ 
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FIG. 3. Stendy state CO? production rntes ns a 
function of CO pressure for a fixed O2 pressure of 
10-5 Pa. The temperatures arc (0) 45:<“K, (A) 
4G3”K, (C) 473”K, and (0) 485°K. Kinetic orders 
in CO pressure are shown for enrh rurvc. 

occur. We have not, howcwr, systemat i- 
tally investigated this point. The high 
tempcraturc at which the rate begins to 
drop on the other hand, is, relat.ively in- 
sensitive to the pOs/&O ratio and occurs 
near ii;i"K. Iktwtcn ST,0 and 105O”K, the 
temperature dcpcndencc of the rate is char- 
act.trizcd by an apparent activation cncrgy 
of -105 f L’ kJ molt:-‘, indcpttndcnt. of 
the gas phase concentration. 

The tempernturc dcpondcncc at low tcm- 
pcraturcs, unlike that at intermedi:ltr and 
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-6 -5 -4 -6 -5 -4 -3 

IJIG. 4. Stcndy-stnta CO2 Iwnductiorl rates ns a 
function of CO pressure for a liwd O1 pre+tlro of 
2.0 x lo-5 Pa. The t(w~lwrnturcI; :tre (0) W;“Ii, 
(A) l(i:;“K, (0) 473‘li, :cl~tl (0) l~.i”K. Kilwti~~ 
orders in CO pressure :*rc slwwn for e:tch (‘tuve. 

high tempcruturcs, is a scnsitivc function 
of the* gas phase composit.ion. For /AI0 ‘n02 
equal to 5, the appnrent~ activation erwrgy 
is 140 f 3 k.J molt -I over the range 4-10 
to 30°K. The apparent activation cncrgy 
dccrcascs sharply as /CO ‘1)02 dccrcasw 
:~nl is about 30 k.J molt I when II(X) 110~ 
is equal to 0.2. 

A further important. fcaturc of the data 
in Fig. 1 is the very sharp incrcasc in t hr 
rute which occurs at about 1OO”Ii for 
pCO;‘pOr equal to 0.1 and at 425°K for 
p(X),‘p02 equal to 0.2. ‘l’hcw is :I hint of 
such a break at about 4(iO”Ii for p(X) 110. 
equal to 1: tnit for p(X);‘?)O~ equal to 5, no 
sharp incrcaw is found. 

To drtermine I hc? dcpcnd~~~w of t hc mtc 
on par1 i:iI prcssurc, sleady-state c>xpPri- 
mcnts wre don? in which ]A)2 and tcm- 
peraturc were held constant while p(Y) MS 
varied from low to high v:~Iuc~s. IlIxnmples 
arc shown in Pigs. 3, 1, and 5, whew t h(l 
logarithm of the rate is shown as :t function 
of t hr logarithm of the CO prrssuw. In 
each of t hcse figures, t.hc ordrr with rcspwt 
to the gas ph:w carbon monoxidc~ pwssurc 
is indicntcd for coach linear wgmcnt, and 
tht ordinates haw all hwn corrwtcd for 
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FIG. 8. Combined plot of (0) CO* production 
rate, (0) oxygen coverage (m), cnrbon monoxide 
coverage under working conditions, and (0) carbon 
monoxide isotherm. The oxygen nnd carbon mon- 
oxide coverages arc plotted in different and arbitrary 
coverage units. 

in the low pressure region, just as it does 
when $0 is varied (Fig. 5). Unlike carbon 
monoxide, oxygen ncvcr inhibits the rate. 

Coverages of Oxygen an.d Carbon Monoxide 

In order t.o interpret. the observed rates 
of CO2 production, it is necessary to obtain 
coverage data under the working conditions 
of t,he catalyst. Figure 8 displays both rate 
and coverage data as a function of CO 
pressure at 540°K. The CO isotherm and 
the adsorbed CO data were dctermincd by 
flash desorption of a steady-st,atc system 
at 540°K and known pressure of CO. The 
isotherm was determined in the absence of 
gas phase oxygen, and the CO(n) was 
determined in the presence of 2.7 X lo-” 
Pa of OZ. In both cases, the area under t.hc 
transient CO peak was measured and taken 
to be proportional to t.he coverage. Oxygen 
coverages were determined by the CO, 
decay method (69). Areas under t.he CO, 
decay curves, corrected for the time con- 
stant of the system, are plol ted in Fig. S. 

As expected, the rate is first, order with 
respect to the pressure of CO for 1LO less 
than juOt. For &O ‘110~ cyual t.o l.S, how- 
cvcr, t,he first-order rutcb changes smoothly 

to negative 0.18 order. The coverage of 
carbon monoxide for pC0 less than ~0, is 
less than 10% of the equilibrium CC) iso- 
therm coverage. In t.his region, the oxygen 
coverage is relatively high but declines 
monotonically as the CO pressure incrclascs. 
As the &O/pOQ ratio of 1.3 is approached 
from below, the CO coverage under work- 
ing conditions begins to rise sharply. For 
example, when the CO pressure is increased 
from 3.2 to 5.0 X lo-” Pa, t,he CO coverage 
increases by more than an order of magni- 
tude. At, even higher CO pressures, the CO 
coverage approaches the limiting isot hcrm 
coverage. 

Qualitatively, the same gcncral behavior 
is observed at 4% and 453”K, as shown in 
Fig. 9. Only coverage data arc shown, the 
open symbols are for 453”K, and the closed 
for 485°K. Coverages arc. normalized t.o 
room temperature saturation v:Aucs dctcr- 
mined by flash desorption (CO) and t.itra- 
tion (0). 
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E’rc. 9. Combined plot of (circles) oxygen cover- 
ages, (sqltsres) carbon mon~~xidt: covcragcs under 
working conditions, and (I rinng1e.s) carbon 111on- 
oxide isot berm covcrages. The open and solid sym- 
bols refer to 453 and 485”K, respect ivcly. The open 
hexagons arc oxygen cover;cges determined by the 
(IO pre~surt: jllinl) 111elht~c1, :clltl Llw c,irc.lta< \\FI’~s 
tletcrlnincti by Llic (X)2 dcc::iy met hod. 



The open hexagons of Fig. 9 are oxygen 
covcragcs determ&~ by the C’O pwssurcb 
jump mct.hod (IO@, and t.hc optn circles 
:ire those detcrmincd by I hc CO, decay 
method. The two methods agrcr at. 1.S 
X 1O-G Pa and join together smoot,hly. 
‘I’lie oxygen coveragcs at dS.‘,“I< (intlkltcd 
by solid circles in k’ig. 9) :iw supclrirnpos- 
able on the 453°K data whc~n t hc (‘0 prw- 
sure is well bolow thr O? pwssurc~. ;\round 
5.0 X 10 G Pa, howcwr. 1 hct two sets of 
data become clisting~~ishnl~lc, t lit> rwult s al. 
4;‘,3”1< clropping sharply to war-wro cowr- 
age at lower CO prcssurc f lian a1 -kST,“I\. 

The CO cowrages incrc:w sharply from 
war zero to just bt>low the adsorption iso- 
t,lierm, at ~KW :ipprosimatcly cqunl to po,. 
;\t -m”Ii> the (‘0 :lccurrlul:LtCS at Lowe 
CO pressure than :~t 4SZ”li, and, since th(b 

I 
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bg fp,,/W 
isotherm lies at higher covrrage, the amount 
of adsorbed (‘0 is gcncrully higher at 
453°K. According to t hc data of Fig. 9, at 
4.3”li, the CO covcragc bccomcs equal to 
the osygcn cowrage when I)(‘(> is slightly 
less than pO?, whcrcas, at -L%“Ii, t hc two 
arc: equal when pC0 is slightly larger than 
po2. 

Figurrs 9 ant1 3 may be ovc~rlnitl to pro- at lonst 15 min bc,forc dcwying to a stnbl(b 
vide a comparison like that shown in Fig. S. steady state. -1s suggcstcd by Fig. 10, and 
.\ detailed comparison reveals one apparent as will bc furt her discussed, slowly varying 
discrepancy-for $Y) equal to ?I()~, Pig. S wrbon monoxide covcragcs arc :wociated 
indicaks a much higher CO coverage at with thcsc metastnblo st:itcs. ‘fhc upper 
453°K than at. 4S;i”li, which suggests that panel of E’ig. 10 shows tht: wrbon monoside 
the rate at, 453°K is much smaller than and oxygen covcragcs. and the lower panel 
that at 4S.5”1<. Figure 3, howcvctr, indicates shows the CO? production rates. The solid 
that the rates arc about equal. This ap- symbols tlcnott: stablo stcudy statps, and 
parent discrepancy, which also arises whcln the open symbols denote mctastablc states. 
Figs. 1 and 3 are compared in tlctail, is Open squaws in t hc uppc’r p:~rwl go with 
related to t.hc long-term stability of the open squaws in the lower panel, and so on. 
carbon monosidc coverngcs (set below). As indicated, the mctastnblc states all ap- 

pear when pC0 oqunls I)(.)- and can bc 

Long-lired Jldnstnble stcltes prcparod in at, lrast t.wo ways. In the first., 
the CO pwssurc is slowly increased from 

Helow 485”K, and for pC0 npproxi- pC0 much lws t.hnn ?I()~. As pC0 np- 
makly equal to ~02, the steady-state COG pronches ~1)0~, high CO, produkon rates 
production rates were diliicull to establish and low CO coverngos result (optln circks). 
because t.he system frequently achieved a In the ercond method, a stable stcwly 
mctnstnblc condition which persisted for state is prepared in the wgion whew g)CO 
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FIG. 11. CO2 production rate as a function of CO 
pressure for a fixed 02 pressure of 1.3 X lWG Pa. 
The ordinates have been arbitrarily shifted for 
clarity. Arrows give the sense of CO pressure and 
CO2 rate variations. 

is approximately equal to 2 X 1O-G Pa. 
The CO pressure is then raised (smoothly, 
quickly, and momentarily) into the high- 
pressure (1O-5 Pa) region and reduced 
(quickly) to a value slightly less than the 
oxygen pressure. The resulting metast,able 
rates and covcrages typically lie in the gap 
region of Fig. 10, and t.hree examples are 
shown (open squares and open triangles). 
These results indicate that carbon monoxide 
coverage is the important factor in dcter- 
mining the metastable rate. When CO 
coverage is very low, the rate is very high 
(open circles), and when it is intermediate 
the rate is intermediate (open squares). 
Furthermore, the accumulation of CO on 
the surface, in a form which inhibits the 
rate, does not immediately follow changes 
in the CO collision frequency. The open 
triangles of Fig. 10 denot.c a metsstable 
st.ate (prepared by the second method) for 
which oxygen coverage and rate were mea- 
sured. The measured rate is near but below 

t,lic m;~ximum, and the oxygen coverage is 
about 207, of the maximum. 

WC have invcstignted the st:tbilit,y char- 
acteristics as a function of tompcrnt~ure~ 
and Fig. 11 shows the results (the ordinates 
at various tcmpcratures have been nrbi- 
trarily shifted for clarity). The states indi- 
cated were all stable for at least 15 min, 
and those in the inhibition region were 
stable for 1 hr, the longest measurement 
t.ime. The four temperatures shown, 435 
453, 485, and 553X, were all studied by 
cycling the CO pressure from low to high 
and then high to low values. At X3”K, the 
rate follows the same curve whether the 
CO pressure is increased or decreased. At 
455, 453, and 438”K, however, a hysteresis 
loop appears. As the CO pressure is in- 
creased from low values, t.he rate increases 
smoothly to the point, which depends only 
slightly on the temperature, where it drops 
sharply into t.he inhibition region. When 
the CO pressurc is slowly lowered, the rate 
follows the inhibition curve well into the 
region pC0 less than 710~ to another pres- 
sure point., where it increases sharply to 
high values on t.hc first order curve. The 
lower limit, point of the inhibition region 
drops sharply as the temperature is lowered. 
At 438, 4.133, and 4SS”K, the lower limits 
arc at pCO,!pOz equal to 0.2, 0.5, and 0.9, 
respectively. These may be compared to 
the values at which the rate maximizes 
(Fig. 2), pCO,!pO2 of 0.25, 0.4, and 1.0. 

DISCUSSIOS 

The steady-state rates shown in Figs. 1 
t.hrough 8 as a function of pressure and 
temperature represent a complex interplay 
of oxygen and carbon monoxide adsorption, 
desorption, and reaction. Since CO2 is only 
very weakly held on 1% (do’), its adsorption- 
dcsorpt.ion properties will not influence the 
rate in these experiments. Work in our 
laboratory has shown that t.he initial stick- 
ing probability of oxygen on this poly- 
crystalline foil is 0.36 (25, 101). Between 
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300 and 55O”K, t hc saturation amount of 
oxygen is nearly constant, but, abovc about 
GOO”K it drops off significantly. ‘I’his is 
underscored by the results plottctl in Fig. 
12, which shows a flash deaorpt.ion spcc- 
trum for 02 nftcr saturation of the I’t suh- 
strate with oxygen at 400°K and aftclr 
evacuation. The production of COI is scnsi- 
tivc to the rate at which adsorb4 oxygcln 
atoms are formed at, the surface. In fact, if 
the only path for oxygen loss from the 
surface is reaction to form CO:‘, then t.hc 
rate of CO2 production will cq1i:11 the rat0 of 
oxygen atom formation at, thcb surface. I”OI 
tomper:~t,urcs abovc: MIO”li, Fig::. 1’ sliows 
that desorption as 0, also occurs and will 
compctc with CO:! production for atlsorbcd 
osygcn. According to Fig. 1, t.hc compcli- 
tion bccomcs significant around iSO”K, ir- 
respective of the ratio of gas phase osygrn 
to carbon monoxide. Xt high tcmpcraturcs, 
the rate may also dcclinc brcausc CO diffu- 
sion lengths arc shorter. Since the activn- 
tion cnrrgy for surface diffusion of C’O is 
lws than the activnt.ion cncrgy for tlworp- 
tion, the number of sitrs samplctl by a 
surface CO molcculc will dccrcasc as the 
tcmpcraturc increases and can contribute 
to :L declining rntc. :\nothcr factor which 
may contribuk is a declining CO sticking 
probability. For t.cmprraturcs below 75O”K, 
desorption of oxygen as 0, is not :L compcti- 
tive process, and t.hc rat.c can bc intcrprctcd 
in t.crms of a single path for oxygen removal 
-CO? production. 

Over t.he range where t.hcrc is no tcm- 
peraturc dcpcndcncc, 1’ bctwccn 540 and 
i.iO”K, the rates at G20”J< (Figs. 5 and 7) 
arc typical. Sct.ting ~A3.3 cqunl to 21’02 as 
a rcfcrcnce, increasing pCO by a factor of 

10 gives no significant; increase in rate 
(Fig. 5). Sclting pOz equal to 2$0 as a 
reference, increasing ~0~ by a factor of 5 
or 10 also gives no incrcasa in rate (Fig. ‘7). 

Wth the assumption made above, that 
the steady-&k rate is equal lo the rak of 
formation of oxygen atoms at the surfaw, 
and furt.hcr assuming that CO reacts wit.1~ 
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0 (a) while in a short-lived mobile precursor 
state and t.hat, the very small CC) covcrage 
has :t negligible cffcct. on the rate of oxygen 
atlsorption, a simple explanation of the 
data over I hc intcrnicdiatc tcnipcraturc 
region can be given (23, 09, 101). l’his 
model assumw that all chemisorbed oxygen 
atoms arc equally wnctivc and that CO in 
the mobile precursor state will collide and 
react. with an adsorbed oxygen atom with 
high probabi1it.y. ‘I’hc possibility that the 
osygcn rcnctivity dcpcnds on its covcrage 
will bc discussed in :L l:ttclr paper (101). 
I\%cn pC0 is incroascd 1 litbrc is, war pC0 

c>qual to I)()~, :I point \\:h(~w the coverago 
of osygtn rcncliw a very low value (see 
l:ig. !I). In this situation, the 0 adsorption 
rate is highest and is balanced by the rate 
at which CO cntcrs the mobile precursor 
state and rc:tcts. Keeping the oxygen prcs- 
sure constant and incrcnsing the CO prcs- 
sure by a factor of 5 gives no increase in 
the rate (See l:ig. 1): bccausc the ndsorp- 
tion of oxygen is rate dctcrmining and dots 
not change as the C’O prcssurc is increased. 
On the other hand, keeping the carbon 
monoxide prcssurc co&ant ant1 increasing 
the osygcn pressure by a factor of 5 or 10 
gives no increase in the rate, bccausc the 
rate of CO entry into the mobile precursor 
state is now rate dctcrmining and tloc3 not 
change as the O2 pressure is incrcnscd. In- 
creasing tho 0, prcssurc will certainly give 
:m incrcasc in the oxygen coverage, but the 
prcssurc is alrcsdy nbovc a critical due 
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which makes the rate of entry of CO into 
the precursor state rate determining. AC- 
cording to the model, the oxygen coverage 
should rise until one-half the oxygen colli- 
sion frequency times the coveragc-depcn- 
dent oxygen sticking coefficient equals t.he 
carbon monoxide collision frequency times 
the probability of cnt.ering t.hc mobile pre- 
cursor slate. 

Hclow 34O”K, Fig. 1 indicates that the 
rate is depcndcnt on the ratio of gas phase 
oxygen to carbon monoxide. When pCO/ 
p02 cqunls 5, the relat.iveIy high CO pressure 
(and therefore collision frequency) and rela- 
tively low temperature makes possible the 
accumulnt.ion of chemisorbcd carbon mon- 
oxide. This accumulation lowers both the 
steady-state oxygen coverage and the rate 
of oxygen adsorption. In this case, there 
are more than enough CO collisions to use 
all the oxygen that is chcmisorbed, so 
oxygen adsorption is rate determining. 

The mechanism of COa production which 
is operative at steady stat.c under these low 
temperatures and relatively high pC0 con- 
ditions cannot be unambiguously est.ab- 
lished using our techniques. The presence 
of adsorbed CO, however, requires t,hat. the 
classical Langmuir-Hinshelwood mccha- 
nism be considered. On the other hand, the 
steady-state rate can be explained using an 
Elcy-ltideal mechanism with CO reacting 
while in a mobile presursor state (69, 99). 
Both paths probably contribute, to varying 
degrees, in the region pC0 greater than 
p02. A detailed discussion of this point is 
postponed (101). 

The simplest interpretat,ion of the sharp 
gaps in Figs. 3 and 4 involves the accumula- 
tion of CO which occurs once the rate of 
entry of CO into the mobile precursor state 
exceeds the maximum rat,e of product.ion 
of oxygen atoms at the I’t surface. When 
the two rates arc equal, no carbon mon- 
oxide will accumulabe, but when the rate 
of entry into t.he mobile precursor st,ate is 
larger, even slightly, CO will accumulate, 
and its concentration will be limited by 

the isotherm. This simple model agrees 
qualitnt.ively with the data of Figs. 3, 4, 6, 
S, and 0. .Although the CO coverage under 
working conditions is not a step fur&ion of 
the CO prcssuro, it is a very st.ccply rising 
function. The curvature in the coverage of 
CO around pOz equal to p)CO may arise 
from several sources, including nonuniform 
surface propcrt.ics and participation of the 
LH path in the product,ion of CO,. The ac- 
cumulation of CO at the surface results in :I 
dramatic decline in the rate of O(a) forma- 
tion because each CO(a) blocks one or more 
oxygen adsorption sites. Since it is limited 
by t.hc oxygen adsorption rate, the CO, pro- 
duction rate drops sharply from its maxi- 
mum value. The decrease in the magnitude 
of the gap wit.h increasing temperature 
arises principally because the CO adsorp- 
tion isotherm moves to lower coverages as 
the temperature is increased. .4t 620 and 
540°K (Figs. 5 and S), t.here is no gap, and 
the rate stays near its maximum when the 
rate at which CO enters the mobile pre- 
cursor state exceeds the rate of O(a) 
formation. 

The data of Figs. 1, 2, and 11 are related 
as indicated in the Results section. That is, 
the gap position occurs at a well-defined 
pCO,‘pO2 and 2’. Only a small ext.ension of 
the simple collision frequency model is rc- 
quircd to order t.o account for these results. 
If t.he temperature is low enough for sig- 
nificant amounts of CO to accumulate in 
the absence of reaction, then, for some 
critical ratio of the CO and 02 collision 
frequencies, t.he oxygen coverage drops to 
a value which makes it possible for CO in 
the precursor state to chemisorb rather 
than react. .issuming that chcmisorbcd 
carbon monoxide is slightly less rcact.ive 
than precursor carbon monoxide for either 
activation energy or steric reasons, it will 
accumulate (and the oxygen adsorption 
rate will drop) unt,il the coverage either 
reaches a value near the equilibrium iso- 
therm or is limited by removal through the 
LH pathway. ,4s the temperature is lowered, 



CO chemisorption becomes competitive 
wit.h reaction ai. lower lXOjp&,, and, :ls a 
result, the oxygen adsorption and Co2 
production rates plummet for lower r&i- 
tive CO prcssuws (Fig. 11). Contrariwist~, 
:ls pC(lj’p(l~ is lowcrcd the t.empcrnturc~ at 
which the gap occurs drops (Fig. I ). .\s 
riotc>d in the Results sect ion, the corrc.l;ltion 
lwtwccn the (tt~mpcrnture, ~v,C’O;‘~A)~) p:iii 
determind by \vOrking at fiscd (J(:(.), /Jo2 

:lii(1 varying 7’ (I’igs. 1 :md 2) :intl the p:iir 
dc~tc~rrriirictl by v:irying /J(,Y)~‘~JO~ :~t con- 
st:lnl, T (Ia’ig. 11) is c~swllcnt. 

Gaps in t hc C’02 production rate h:~vc 
becbn obwrvcd in high prcssurc COj OS, 1’L 
sysl.cnis (94, .95). I’or c~s:imple, at prcssuros 
in the l’orr region and at ‘I’ equal to 4O”K, 
(:ochr:m ef ~1. [s:{] obwrved a drop of 
:lpproxim:ltctly :1 factor of 4 in the C102 
production rat c around &X);‘IK)~ cqu:d to 
0. I, which is :L much lomcr nltio than that. 
reported hew. ‘I’hir; m:~y bc due to l’t sur- 
f:wc st ructurc: diffcrcnccs which cffcct t hn 
oxygen adsorption rate. .\nother possibil- 
ity, which will be briefly considered here, 
is that thcro is :I wwk depcndcncc on t.he 
CO collision frcywncy. 

‘l’hc sharp drop in (Y), production is as- 
sociatctd with a sharp incrcasc in the carbon 
monosidc coverage. In the :l bow discus- 
sion, only rclntive (.‘O and O2 collision fw- 
qucncics have bwn considered. .1t high 
absolute CO collision froqucncic~s (high 
prwsurcs), howcvcr, surf:lcc structures may 
:lppc’:ir, even in the prcscncc of oxygen, 
which oil her do not, form when )JCO,‘]JO~ 

is much less than 1 and pcW is low or 
appear with stntistic;illy itisigiiific:mt prob- 
ability. If t hcsct st rucl.urcs significantly 
lower the oxygen adsorption r:lttl, then the 
&l&l COllld \VCll IllOVC t0 lOWC!r /Jc’o;‘]J&, ;IS 

observed. Csndidnto st ructurcs would in- 
cludc islands of weakly held carbon mon- 
osidc within which CO is wry unreactive. 

One final point remains to bc discussed. 
.\round the gap region, the most. stable 
stntc is cstablishrd when the tcmpcmturc 
is below 4S5”li and the gap wgion is np- 

proached very slowly by increasing the 
pC0. It is :lttractivt: 1.o suppose that certain 
CO structures must form before nccumula- 
tion and inhibition can occur. At. low ~JCO, 

thcst: eit hrr do not form or, in the prescncc 
of wlativcly high ]JO~, we controlled bj 
adsorbed oxygen in a way which prevents 
(:O :iccuniulnt.ion. The latter is that more 
prob:lbl~~, considering the rcl:~t.ive lack of 
sensitivity to ~JCO. .1s p(IO is incrcascd to 
t hc point whew adsortwd (X) wn ac‘cumu- 
hk, thct fWllliltiO11 (Jf 1 h(' IYY~Uird St I’IlC- 

t.urcs is slow comparctd to oxygen ;Ldsorp- 
tion and reaction to form C02. One possible 
structure might bc an org:lnizctl group of 
several CO molcculcs which would scrvc: 
as the nucleus for the growl h of an isl:lntl 
of CO. 

‘l’hesc results suggest that, over a wide 
range of tcmpcr:it.ures and low pressures, 
the CO oxidation rcnction on polycrystal- 
line platinum can be described in terms of 
:1 model which involves weakly held prc- 
cursor CO molecules reacting with chomi- 
sorbed oxygen ntoms to form C&. At 
temperatures above 75O"K, dcsorption of 
Oz and CO diffusion lengths becomes an 
iniport:rrit. factor, and the rate drops. In 
the range below 54O”K, and dcpcnding 
strongly on ~CO,‘~JCL, t hcrc is 3, tcmpcra- 
turc below which t hc rate: falls sh:q)ly. 
Coverage mcz~suremcnts intlic:ltc the low 
r;ltcs arc :lssoci:tted with high CO :md low 0 
covcragcs. In this rc’gion, some CC):! may bc 
formed by reaction between adsorbed CO 
and adsorbed osygrn. ‘I’hc same conclusions 
:wcL rwched on the basis of steady-stnt,c rntcl 
mwsurcments at. fixed T and p02 :~nd 
variable pC0. At. tcmper:~turw below 
540”1<, and over a. wry narrow mngct of 
pressures, sharp drops, associated with I hct 
:~ccumul:~tion of CO, :Ippct:ir in the (‘0, 
production rate. Under some conditions, 
states :w formed which have unusunl~~ 
high (‘Op production rates hit which arc 
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mctastable and decay slowly to states in 
t.he inhibition region. The relatively long 
time required for the decay may be nssoci- 
ated with the formation of organized st.ruc- 
tures of adsorbed CO on the surface. 
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