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Carbon monoxide oxidat,ion over the (1ll)iridium surface was found t,o obey a Langmuir- 
Hinshelwood reaction rat,e expression indicative of a surface react’ion bet’ween a chemisorbed 
carbon monoxide molecule and a chemisorbed oxygen atom. An extremely small value of the 
preexponential factor of the rat,e coefficient (approximately IO-” cm2/sec) was determined, 
while the act’ivation energy to the surface reaction wm found to be 10.5 kcal/mole. The small 
preexponential factor may well be due t,o the presence of large, independent islands of each 
adsorbed reactant on the surface. Since the reaction would be restricted to the region of the 
boundaries of the islands, t,his would result in an apparently small preexponential factor of the 
rate coefficient. The primary difference between (I 1l)iridium and various surfaces of platinum 
and palladium insofar as the reaction between adsorbed oxygen and adsorbed carbon monoxide 
is concerned is that only at, elevated temperatures does the iridium surface exhibit t,he reaction 
rates displayed by platinum and palladium at room temperature. Moreover, extensive oxida- 
t,ion of the (1ll)iridium surface (e.g., 2 X lo-’ Torr oxygen for 10 min at 700’K) was found 
to induce, under cert,ain conditions, marked changes in t’he oxidat,ive properties of the surface. 
These changes are related to the formation of a nonstoichiometric oxide in the near-surface 
region although the oxygen atoms in this oxide do not, participate in the carbon monoxide 
oxidation reaction. 

I. INTIIODUCTION 

The heterogeneously catalyzed CO oxida- 
tion reaction is of considerable interest since 
its rclativc simplicity indicnt,c>s the possibil- 
ity of a detailed analysis of the reaction 
mechanism. In response to the opportuni- 
tics for profitable rcwarch in t,his area, 
cxtcnsivc studies have been carried out, on 
the CO oxidation reaction over both Pt (1) 
and Pd (2) surfaces. In rcccnt years, the 
trend of investigation in this field has lead 
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to the application of ultrahigh vacuum 
((JHV) compatible surfacr probes such as 
low-energy elcct8ron diffraction (LEED), 
Auger clcct,ron spwt,roscopy, therms1 dc- 
sorption mass spwt,romct’ry, cont#act poten- 
tial diffcrchncc meusurcmcnts, and both 
uv- and x-ray photoclcct~ron spectroscopy 
(1, 2). However, much less attention has 
brcn dcvot,cxd to t,hc CO oxidation reaction 
over the other Group VIII transition motals 
in spite of their kno\vn similarity to Pt 
and Pd as hctrrogcncous cat,alysts (3). 
In part,icular, \vc know of only thren 
prwious studies of the CO oxidation 
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FIQ. 1. The thermal desorption spectra of CO 
following exposures of t,he clean Ir(ll1) surface at 
325OK to the indicated fluxes of CO. A Langmuir 
(L) represents an exposure of 10e6 Torr set, and 
the heating rate w&s 5”K/sec. 

reaction over Ir surfaces under UHV 
conditions (4-67. These investigations were 
carried out over a clean, well annealed 
polycrystalline Ir foil (4) [t.he surface of 
which evidently consisted largely of (110) 
oriented microcrystallites (7)], over an 
Ir(ll0) single crystal (5), and over an 
Ir(ll1) single crystal (6). 

This paper represents one part in a series 
of investigations which we are conducting 
concerning the oxidation of CO on various 
crystallographic orientations of monocrys- 
talline Ir (7-9). The aim of this work is to 
understand the effect both of the electronic 
and the geometric structure of the Ir 
surface on the reaction and to describe 

completely the microscopic details of t,hc 
reaction mechanism. 

II. EXPERIMENTAL METHODS 

All the experimental results reported 
herein were obtained making use of a 
stainless steel, UHV chamber pumped both 
by a sputter ion pump and a titanium 
sublimation pump, the effective pumping 
speed of which was 100-200 liters/see for 
most gases. This vacuum chamber was 
equipped with a Varian three-grid LEED- 
Auger system (grazing incidence Auger 
gun), a UHV ion gauge, and a monopole 
mass spectrometer. After bakeout, the 
base pressure of the instrument was 
,<2 X lo-lo Torr. The Ir(ll1) crystal (the 
diameter and thickness of which were 7 
and 0.6 mm, respectively) was oriented, 
cut, and polished by standard procedures 
as described in Ref. (8). The crystal was 
mounted between two 0.3 mm W wires 
which were spot welded to opposite edges 
of the crystal. These wires were heated 
resistively with currents of up to 20 A, 
and the crystal heating was a consequence 
of thermal conduction through the spot 
welds. The crystal temperature was mea- 
sured witch a Ta-W thermocouple spot 
welded on an edge of the crystal remote 
from the heat’ing wires. The thermocouple 
was calibrated from 295 to 827°K in an 
external furnace and above 1225°K in situ 
by an optical pyrometer. The measured 
emf developed across the thermocouple 
was very nearly a linear function of 
temperature (to within f 20°K) above 
500°K. 

The crystal was cleaned and annealed by 
standard treatments [described in Ref. 
(9)], which are known to produce a clean 
and well ordered Ir (111) surface. The 
clean crystal surface gave a sharp (1 X 1) 
LEED pattern, and the Auger spectrum of 
the clean surface was essentially identical 
to that published previously by Christmann 
and Ertl (5) for a clean Ir (110) surface. 
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III. RESULTS 

In Fig. 1, we illustrate the t’hermal 
desorption spectra of CO chcmisorbed on 
(lll)Ir. The information that these 
spectra yield concerning the tcmperat’urc 
dcpcndcnce of the CO coverage is an 
essential ingredient in a complcto under- 
standing of the CO oxidation reaction. 
These dcsorption spect’ra arc in complete 
agreement with t,hose published previously 
for a different Ir(ll1) crystal in a diffcrcnt 
UHV system (8). 

Since CO is known to be adsorbed 
associatively on (lll)Ir (8), t’he rate of 
dcsorption of CO is assumed to be described 
by the first-order rate expression 

Rd = v[CO] exp( -J&,/k!!‘), (1) 

where Rd is the rate of dworption, v is the 
prcrxponcntial factor of the dcsorption rate 
coefficient,, often rcfrrrcd to as the fre- 
qucnry fact,or, [CO] is th(b concentration 
of CO molcculw adsorbed on the Ir (i.e., 
the fractional surface cowrage multiplied 
by the surface concentration of adsitcs), 
and Ed is the activation energy for dcsorp- 
tion (10). For a cronstant heating rate (P), 
the activation energy for desorption (Ed) 
may bc calculated from the peak t#cmpcra- 
turo (T,) in t#hc thermal dcsorption sprct#ra 
by making USC of the following oxprcssion 
(i0) : 

Ed = kT,[ln (A!‘,/~) - 3.64-J. (2) 

This equation assumes t,he pumping speed 
in the vacuum chamber is sufficientsly high 
that t’hc pressure of CO is directly propor- 
tional to the instantaneous rate of desorp- 
tion. In our case, a pumping speed of 100 
liters/see in a 40 liter chamber with 
j3 = 5”K/sec is more t#han sufficient, to 
satisfy this assumption. 

The value of v is commonly assumed to be 
1 X lOI SC+ (11). However, we have 
found that a value of 2.4 X lo’* WC-’ is 
more accurate in the case of CO dcsorption 
from Ir(ll1) since this value rcconcilcs the 
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FIQ. 2. The COZ pressure change and production 
rate for the CO oxidation reaction on Ir(ll1) under 
various condit’ions. The arrows indicate the direction 
of temperature change with time. The heating rate 
was 4’K/ser, and the cooling rate was approx- 
imately the same near 500’K. In (a) and (b), the 
crystal WM heated in 8 X 10-STorr 02 and 6 X 10-S 
Torr of CO. Prior to (a), t,he crystal had been heated 
briefly at 1400°K to produce a clean surface. The 
shaded area under (a) is the result for heating a CO 
saturated surface in 8 X lo-* Torr 02. Prior to (b), 
the surface was heavily oxidized at 700°K (see text). 
Prior to (c), the surface was oxidized as in (b), 
cooled in 02 and CO to 325’K, and then heated in 
vacuum to observe the reaction between coadsorbed 
CO and oxygen. 

heat of adsorption of CO on Ir(ll1) with 
t’he activation energy of desorption as 
determined by thermal desorption (8). 

In the thermal dcsorption spectra of Fig. 
1, t’hcre is a dcsorption peak at 540°K at 
wry low covcragr. The desorption tempera- 
ture of t#his peak appears to decrease very 
slightly with increasing coverage and 
appears at 525°K when this state reaches 
saturation. At an exposure which produces 
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saturation covcragr of this binding state, 
a maximum is observed in the int,cnsity of 
the (34 X 3*)-R30” LEED pattern (8). Using 
the value Y = 2.4 X 1014 see-l and the 
peak tcmpcrature of 52(i’K, the activation 
energy for desorption is calculabed to bc 
Ed = 35.9 kcal/molc. This is in complete 
agrcemcnt with a determination of the 
activation energy made 011 a different 
Ir(ll1) crystal in a different, UHV system 
(8). If we choose Y = 1 X 1013 se&, the 
activation cncrgy is calculated to be 32.6 
kcal/molc. 

The LEED pattern for exposures greater 
than that corresponding to Fig. ld indicates 
that, the (3t X 3+)R30” diffract,ion beams 
(produced by CO exposures of slightly less 
than approximately 2.5 L where 1 L = 1 
Langmuir = 1 X 1OP Torr see) begin to 
split until, ultimately, a [2(3)+ X a(3)*]- 
R30” LEED pattern is obscrvcd. This 
behavior has been interpreted to indicate a 
continuous compression of the CO ovcrlayer 
after the coverage exceeds 5.2 X 1Ol4 mol- 
ccules/cm2 (8). In such a situation, a 
continuously decreasing value of Ed might 
be expected so that the skew of Fig. If-h 
at low temperatures is likely to be a 
manifestat,ion of the loss of registry between 
the CO and the Ir substrate as well as 
repulsive interactions among the adsorbed 
CO molecules. 

In Fig. 1, all exposures of the clean 
crystal to CO were made with a crystal 
temperature of approximately 325’K. For 
the lower exposures t.o CO (cc o < 5 L), a 
careful dtrtcrmination was made of the 
amount of CO to which the crystal was 
exposed during the cooling to 325°K. 
The part of t,his cxposurc which occurred 
between 500 and 325°K (generally less 
than 2 X lo-’ Torr set) was included in 
the quoted exposures to ensure accuracy. 

In a previous paper (9), we have reported 
result,s for a study of the chemisorption of 
oxygen on Ir (111). WC shall now rccapit- 
ulat,e, briefly, the aspects of that investiga- 
tion which arc of importance in an intcrprc- 

tation of t.he CO oxidation reaction. Thwc 
is a ctovt~ragc’-dcpc’nd(I~~t activat,ion energy 
for dcsorption of oxygen, the value of which 
is Ed = (65-100) kcal/molc. Essentially 
no O3 dcsorbs below SOO”K. At 300”K, the 
probability of adsorption of O2 into a 
dissociatively chcmisorbod state is approx- 
imately 0.09, and this value is maintained 
until saturation coverage is wry nearly 
reached. The activation energy for diffusion 
of the chcmisorbcd oxygen adatoms lies 
between 16 and 19 kcal/mole. It was also 
found that when the crystal is exposed to 
approximately 2 X lo-’ Torr of OS for 
several minutes at tcmpcratlurcs above 
700”K, an oxide state is formed in the 
near-surface region. This oxide is quite 
unreactive with respect to CO in the 
temperature range in which the oxygen 
actually adsorbed on the surface is highly 
reactive (2’ 2 400°K). This oxide state 
drsorbs as molecular O2 in a single peak at 
1270°K. 

In the present paper, we consider the 
influence of this oxide state on the catalytic 
properties of t.hc Ir(ll1) surface in the CO 
oxidation reaction. A similar near-surface 
oxide apparently forms on t,he Ir (110) 
surface, and this will be thr subject of 
another publication (7). In Fig. 2, we 
prcscnt results concerning the rate of 
production of CO, as a function of the 
tcmpcrat~urc of the Tr(ll1) surface under a 
variety of conditions. In Fig. 2a, the 
cryst,al was cleaned and alloncd t,o cool to 
325°K in vacuum. A prcssurc of 6 X lo-* 
Torr CO was then admitted to the chamber, 
and after the surface had become saturated 
with CO, 8 X 10ds Torr of 02 was admitted 
to tho chamber. The Ir crystal was hcatcd, 
at a constant rat,e of 4”K/sec, with the 
indicated CO and 02 pressure maintained 
by cont,inuous admission through UHV 
leak valves. At 77rj”K, the crystal heating 
was terminated, and the crystal was 
allo\vcd to cool in t,hc CO and 02 ambient. 
The arrows in Fig. 2 indicate the direction 
of change of temperature with time. Follow- 



ing cooling to 323”K, still in a flo\v of CO 
and 02, tho cry&l could b(l h(lat)cad onw 

again, and an almosf idc~ntiral COZ produc- 

tion rat,<: as a funct,ion of t,cmpcmturcl 
could bc rc~produwtl. Whm, follmving such 
a prowdur(~, th(b 02 arid CO ML valvc~s 
\vrrc clowd \vith thcl Ir at 325°K and thcb 
cry&l hwtcld iu a T’HV ambic~nt,, thus 
thwmal dtwqtion spcctrurn sl~omx thtw 
irnport,ant, fmturw. First,, t,hcl CO dworp- 
tion (mass 2s) spctruin is ~~ss~~ntially 
identical to that, sho\vu in Fig. lg, kc&., t.hcl 
surfaw is nearly sat’uratcd with CO. 
Smmd, this dcsorptiou qmkrunl indicatc,s 
a small arnount~ of OX dmnpt~ion (mass 32) 
at 127O”K, dmlonstrating t,hat, duriug t,hcl 
CO oxidation rc>act,ion 011 t,hc initially 
unoxidized surfaw, some of the> near-swfacc 
oxide stak is forrnc>d. Third, no dtsorpt,iou 
(or production) of CO2 (mass 44) was 
obwrvcd, indickng t,hc> abwnw of ad- 
sorbed rcwtivc: uxygm on tlio surfacc: 
follomGg thcb cooling cycle shon-11 in Fig. ?a. 
The shadt>d awa uudcr t,hc curve of Fig. 3a 
rcprcwnts the CO2 production rat0 ob- 
t:Gwd whm, following hoatiug and cooling 
in O2 and CO, the CO lcak valve was 
closed afttkr tht. cryst,al reached 325”K, 
and thcl Ir was thou hmt,cld in :L flow of 
02 only. 

Tho effect on t,hcl CO2 product,ion rate 
of hwvy oxidation of the Ir (111) surface 
is illustrakd in Fig. 2b. Tho oxidat,ion of 
t,hcl surfacc was cbffwtcd by four cyclw of 
hcbnting t,hc crystal t,o 700°K followd by 
cooling to 325°K in 2 X 1O-7 Torr of 02. 
Bawd on our prwious rwults (9), MYI I~JW 

that this producm a largo concmtrat,ion of 
the urmactivc, mar-surfaw oxide stat#cl. 
Aftw this heavy’ oxidation trcatnwnt and 
subscqucnt, cooling to 325’K, 6 X 1OP 
Torr of CO \vas -adrnit,tcid, and the 02 
prcmurc was adjuskd to S X IO+ Torr. 
At this point,, the Ir is covcwd by oxygen 
atoms and CO rnolrculw t,hnt arch adsorbed 
on a surfaw nhich cont,ains the war-surfarc: 
oxide. The first tinw t,his surface is hc~atcd 
in the flo\v of CO and OL, a wry largcl CO, 

lwalc is produced, similar in size and shape 
to that shown in Fig. 3a. This is dw to the 
rmctmion bct\vwn t,hc CO molcculrs and the 
oxygcu atoms adsorbed on t#ho Ir surface:. 
Notcl thaw is au ordrr of magnitude 
difftwuw in scnl(~ bc+\vwu Fig. 2 and 3. 
Ilihc~n t,hcl crystal is thaw c’ooled t,o 325,“K 
nlaintaining th(l flow of CO and 02, and 
hwtc~d for a swond time, the rwult SIOUX 
in Fig. 2b is obt,aiwd. Ikring subwqucwt, 
hcbat,ing and cooling cycles in th(> fluw of CO 
and 02, thcl rwult, of Fig. L?b is rq)roduwd 
\\-ith wry litt,lc cliungc~. By comparing 
Fig. ?a and b, it, is clmr from the change, in 
rclatiw nmguitudc of the pc~& that the 
heavy oxidat,iun of thcl Ir surface has a 
marlwd cffrct on t,hc cat#alytic propcrtiw 
of th(l surface insofar as thtl trsnsimt 
kiwtics of thcl CO oxidation rcmtion arc: 
concwiwd. 

During t,hc: hmtiug cyck of Fig. 2b, 
thcro arc t\vo pronlincnt peaks in t,ho CO2 
production rstc which occur at 400 and at 
525°K. It is intcrwting to nottb that, both 
of thwt punks may b(l attributed t,o oxygen 

and CO \vhich nro adsorbed on t,hc surface 
prior to the: licbating cycle (i.c:., subwqucnt, 
to t,hc cooling cycle of Fig. 2b). This is 
dcmonst,ratcld by th(t rmults sho\vn in Fig. 
%. Tl~w~~ results \v(w obt~aiwd by closing 
bot,h the CO and OS lcnlc valvw aft(lr 
cooling the: Ir to 325°K (as, for cxampl(~, 
in Fig. 2b). In Fig. 2c, the! cryst,al \vas 
hcatcd in a UHV ambimt. That thr 525°K 
lJctal< of Fig. 2h corr&tc~s \\ith t,hc 510°K 
pali of Fig. ‘Lc is supported by the fact 
t,hat at surfaw tm~pwaturw :Lbow 5OO”K, 
CO is dmorbing rapidly from tlw Ir. 
This cffoct \\ould b(t cxxpcctc>d t,o dwrwsct 
the intcwit,y on thck high tcwqJwatBurc~ side 
of t,hc 525°K pc~ak of Fig. 2b and should 
bo manifcstcad as a shift, of this peal< to u 
lowr tcmp(mt,urc: as obwrwd in Fig. 2~. 
Thcw rwults will 1~~1 considm~d furthw in 
th(> nclxt section. 

In Fig. 3, we present result#s for the 
oxidation of CO b!, oxygcm prwdsorbcd at 
saturation cowrag(‘, i.cl., \vith no O2 prcwnt, 
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FIG. 3. The CO2 pressure change and the produc- 
tion rate for the CO oxidation reaction are presented 
in (a) and (b) for the tit,ration by CO of an Ir(ll1) 
surface saturated with oxygen at 325OK. In (c), the 
surface was exposed first to 20 X 10e6 Torr set of 02, 
then to 20 X lo-@ Torr set of CO and heated in 
vacuum to observe the reaction between co-adsorbed 
oxygen and CO. 

in thn gas phase. These results were 
obtained on a surface which contained the 
near-surface oxide (which can only bc 
removed by high tcmperaturc treatment, 
e.g., 1270’K). However, it was found that 
whcthcr t,he near-surface oxide is present 
or not dots not significantly alter the 
characteristics of thn oxidation of CO by 
oxygen prc-adsorbed at saturation cover- 
age. The importance of the mar-surface 
oxide is clearly seen under the conditions of 
Fig. 2, which always results in a low con- 
centration of adsorbed oxygen and gives 
loner rates of COz production than under 
the conditions of Fig. 3. The results of 
Fig. 3a arc indicative of a surface which 
was saturated (20 X lo+ Torr SW) with 

oxygen at, 325°K. A prcssurc of 5 X 10e7 
Torr CO \vas admitted to t,htt chamber, and 
t’hc crystal \vas hcatcd (in tho flow of CO) 
at a rat,c of 4”K/sec. 

It was found that the shape of such 
curves, which may bc thought of as CO 
titration experiments was affected by the 
heating rate and the CO pressure. In 
Fig. 3b, n-e present the result for titrating 
the oxygen saturated surface with 2.5 
X lo-’ Torr CO and a 10”K/sec heating 
rate. Figure 3b exhibits a pronounced 
shoulder and a sharp cutoff in CO2 produc- 
tion as the rcact8ivc oxygen is dcplcted. 
Thcsc effects are due to a rclativcly low CO 
prcssurc and a rolativcly high heating rate. 
For example, a lO”K/scc heating rate and a 
CO pressure of X X 10u7 Torr resulted in a 
CO2 pressure curve without t’hc shoulder 
of Fig. 3b and with the sharp cutoff 
tempcrat’urc decreased by about 8°K. 

The purpose of Fig. 3c is to illustrate 
that part of the COz production rate in 
Fig. 3a and b rcsuhs from CO already 
adsorbed on the Ir prior to the initiation of 
the heating. The curve shown in Fig. 3c was 
produced by exposing the surface at 325°K 
to 20 X 1OP Torr see of 02 and 20 X lo+ 
Torr WC of CO in that order. Larger 
exposure’s of cit,hcr gas had very littlc 
effect on t,hc curve of Fig. 3c. The crystal 
was then hoatcd in a UHV ambient to 
produce the result of Fig. 3c. In this case, 
the COz produced necessarily came from 
prc-adsorbed oxygen and CO. This pro- 
cedurc was sufficient to rcmovc about half 
of the adsorbed react,ivc oxygen. Thcst: 
results arc discussed in the next section. 

In Fig. 4, the solid line is a rcprcscntation 
of the logarithm of tho ratio of the measured 
COz prcssurc at various tcmpcraturcs, 
Yco,(T), to the measured CO, pressure at 
350°K plotted against reciprocal tcmptrra- 
turo for tho data of Fig. 3a. For the 
tcmpcraturc range 350-450’11, ohis plot is 
nearly linear, and the slope may bc used to 
calculate an apparent activation energy of 
8.4 kcal/molc. However, this is evidently 
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an ovcrsimplificd approach to determining 
the actual activation energy of the reaction. 
Figure 3c may bc taken t,o imply that in t#his 
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whcrc [CO] and CO] arc the concentrations I03/T, “K 

of adsorbed CO and adsorbed oxygq 
rcspectivcly, 1~0 is the prccxponcntial factor E‘IG. 4. The left ordinate (A-) corresponds t,o a 

of the reaction rate cocfficicnt,, E, is tho 
plot of the logarithm of the relat.ive pressure in 

activation cncrgy to t,hc chemical reaction, 
Fig. 3a. If interpreted as an Arrhenius plot hetween 
3.50 and 450°K, this gives an activation energy of 

R is the rcact,ion rate cxprcssod in units of X.4 kcal/mole. The right ordinate [(A) at 330 and 

molcculcs of CO2 formed per square 375”K, and ( l - - -)] corresponds to a plot of the 

ccntimot,cr of surface par wcond, f’co, is Langmuir-Hinshelwood react,ion rate expression 

the mcasurcd CO2 partial pressure, and LY 
(i.e., taking into account t,he varying surface 

is a propw%ionality fa&or dctcrminc~d by 
concentrat.ions of t.he rea&ng species ; see t,ext). 

the pumping speed of the vacuum chamber 
This demonstrates t,hat, the correct ac:tivat.ion energy 
is 10.5 kcal/mole. 

for COZ. When applying this rat.c expres- 
sion, it is nccossary to correct for t,ha tion is a straightforward cnttrprisc. In 
variation in surface covcragc both of CO Fig. 3a, all of the rc:act,ivc oxygcw has bcc~t~ 

and oxygen as a funct,ion of t,c:mpwsturc:. romovcd by 550°K. This is wficcttd by 
Prior to an explicit discussion of how this thn fact that subscyucnt cooling to 325°K 
is done, U-C rcwritc Eq. (3) in the following followc~d by heatSing in 5 X 1O-7 Torr CO 
way produces no dctect~ablt: COa. Thwcforo, t,hc 

arca under t,h(t peak in Fig. 3a gives a 
direct m(~asurc of the rclativcb oxygcln 
covoragc’. 

The determination of t#hc relative CO 
(4) surface concentration is somewhat more 

difficult. Howcvcr, w can c&rnat,o t,hat 
whew the superscript zero associated with it must bc bct8wcen 25 and 50% of the 
PcoZ and the subscript zeros associated wit,h saturat.ion covcragc value for CO over the 
the concentrations of CO and oxygen refer cntirc data range shown in Fig. 3a. WC 
to the values at To = 350°K. Hrrc, it has know from previous work that at 3!%“K, 
been assumed t,hat k* is a sufficicnt,ly weak the sat,uration covcragc of CO is ‘3.1 X 1014 
fur&ion of tempclraturc: that, the logarit,hm molwuI~~s/cm*, while for ox~.gcw it is 
of the ratio of k” at any tcmporaturc 7.1) X lOI atoms/cm* (8, 9). The data in 
bctwccn 350 and 500°K to t.hc value of k* Fig. 3c indicate that just, prior to the 
at 350°K is approximately zero. initiation of the hcat,ing in Fig. 3a, t,hc CO 

Making the appropriate corrc~ction for covcragc must bc at lcast 4 X lOI mol- 
the variation in surface oxygm conccmtmra- cCUl(23/c1112. Prom the data it1 Pig. 1 :~nd 
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FIG. 5. The CO1 pressure change and production 
rate as a function of time is presented in (a) for t’he 
titration of an oxygen covered Ir(lll) surface by 
CO at a constant temperature of 463’K. The 
calculated concentrat,ions of adsorbed CO and 
atomic oxygen are presented in (b) as a function of 
time for the titration in (a). The oxygen concentra- 
tion is calculated simply by graphical integration of 
(a). See the text for the method of calculating the 
CO concentration. 

the conclusions drawn thcrcfrom, we can 
cstimat,c that at 500°K in Fig. 3a the 
covcragc’ of CO will bc greater than 2 X 1Ol4 
molcculos/cm2 if the sticking probability 
is no Icss t,han 0.5 at t,his covcragt:. Bot,h 
the data in Fig. 1 and prwiously published 
rcsult,s indicate that this is true (8). An 
upprr limit on the surface covcragc of CO 
at 500°K in Fig. 3a may br calculated by 
assuming a sticking probabilit#y of unity 
and using the data of Fig. 1. This upper 
limit is found to bc 4 X lOi CO molecules/ 
cm2. 

During t,hc courw of tha reaction, the 
rate of CO molccul(~s incident upon the 
crystal is always at least, an order of 
magnitude grcahcr than the CO:! production 
rate. Thus, wc feel confident that the CO 

cowragc’ rc~mnins bc+wwn 25 and 50Pjj of 
its saturat,ion value at 325°K (0.1 X 10L4 
~nc~lt~cult~s/cm~). This range of CO covcragc 
has kwi included in constructing t,hc 
broken lirw of Fig. 4 (as wror bars on the 
points). The solid circles in Fig. 4 rcprcsent 
t,hc data which have been corrcctcd for the 
variation in the surface oxygen conccntra- 
tion. The broken line drawn through the 
corrected point’s (tha 360 and 375°K points 
did not rcquirc correction for varying [0]) 
givrs a much bcttcr c&mate of the actual 
activation energy for the surface reaction. 
As indicated in Fig. 4, the slope of this 
broken line yields an activatjion energy of 
10.5 kcal/moIc. 

Using our cstimatcs of the surface 
covcragc~s of CO and oxygen, the mcasurcd 
rate of production of CO%, and the activa- 
tion cncrgy, wc make USC of Eq. (3) in 
order to dctcrminct I%“, t,hc prwxponential 
factor of thn reaction rate coefficient. This 
yields a value for /co of 1 X lo-l1 cm2/scc 
which is reliable to within approximately 
an order of magnit,udc. Sources of error in 
this detcrminat,ion arc sovcral. For cxamplc, 
the arca under tho curve in Fig. 3a implies 
an initial oxygen covcragc of only 3.4 X 1014 
atoms/cm2. This is probably indicative of 
an error of as much as 50y0 in cit,hcr the ion 
gauge or in the mcasurcd value of the CO2 
pumping speed. Either of thcsc, or some 
combination of both, is plausible in cxpcri- 
mental work of this t,ypc. An even more 
important source of uncertainty in the 
prccxponcntial factor results from un- 
ccrtaintics in t,hc activation cncrgy. An 
error of 2 or 3 kcal in t,hc dctcrmination of 
tht: latter implies an uncertainty of on the 
order of an order of magnitude in k”. 

In Fig. 5a, WC present the dat,a for a CO 
titration cxpcriment wry similar to that 
shown in Fig. 3a. The differcncc is t’hat in 
Fig. 5a the crystal tempcrat,ure was held 
at a const,ant value of 463°K. The experi- 
mctntal results of Fig. 5a wcrc obtained in 
the following way. The surface was cxposcd 
to 20 X lo+ Torr WC of 02 at 325°K and 



t,hrn h&cxd t,o 463°K. A prcssuw of 
5 x 1OP Torr Cc) IUS admit,tcd to the 
chamber, and thr COs prclssurc’ WIS mon- 
itorcd as a function of t,imcl. The: z(w) of 
time in Fig. 5 corrwponds to th(> point, at 
which CO is admitt, to the vacuum 
chambw. l’h(l CO and COs prwsurw 
stabilized in lws than 3 sw undw tjlw 
quot,c~d conditions. 

In Uig. :ih, w prwnt thcb calculntSc~d CO 
and 0xygc:n surfaw cowragc3 ns a function 
of time corrcyonding to t,hc c~xporimcntal 
conditions of Fig. 5a. l’h(r oxygcw cowragcr 
is dct,ormiwd by a graphical inttyqation of 
Fig. 5a togc$hcr with th(l kno\vn valw for 
saturation cowmgc of oxygscT1 on tho 
surfaw. lb CO surfaw covwagc~ is solw- 
jvhat difficult, to dt~twmim~. Ho\vww, a 
rt~asonablo clstimatcl may be obtained in the 
following \vay. WC! assunw that, t’hc data 
shown in Fig. k may be dwcribc>d by E;cl. 
(3). In t,lic application of Eq. (3), 1~11 us0 
known valuw for t,hcl rat,ca of production of 
CO2 taken from Fig. 5a, wc assume that 
t,hc ~)rc~c~x~o~l(~~~tial factor of the> rwction 
rat,cl cocfficicwt,, X.“, is indqwndclnt of timcb, 
w calculat,c> the Ib~ltzninnti factor using :m 
activation mcrgy of 10.5 l<cal/lnol(~, and 
wc USC kno\vn valuw of tlict surfaccb oxygm 
conwntration talwll from Fig. 3n. \\icl Ina?- 
now wtmirriat~c~ tho surf:mh covcrngc~ of CO 
as a function of tirncl \vit,hout, inuking any 
assumption conwrning li" (othchr t,han that, 
it, is timcl indqwndcnt) if \VV lmc)\\- the, 
xurfaw CO co~i~c~rit~rst,ioli at, on(~ particular 
point, in tinlo. \I:(> clloosc~ t,o nswrtain thcl 
surfsccl c~onc:c~Iitrtttiotl afkr thcl rwction 
tirncx has rcwhthd 50 wc. This is acconl- 
plishcld in th(l follo\ving way. Th(l rak of 
impinprwnt of CO on t,hc Ir surfncc is 
13 x 10’3 1mkYl1cs/c111” SW. Tlw oxygc’rl 

~onc,c~ntrution on t#hc surface aftm the 
rmction has procwd(~d for 50 WC is approx- 
imat,c4y 5 X 1013 atoms/cm2, and t,hc, corw- 
spondirig production ratcx of CO2 is 2 X 10’” 
mol~~culcs/cm2 sw. Thaw valws, (win if in 
(war by as much as a factor of 2, togc%hw 
with thch CO d(wrption data of Fig. 1, 

indicntcl that. tlw CO ~oncclnt’rnt’ion at the 
30 wc inark in t,lic> watt ion is wsmtiall~ 
qua1 to th(b cyuilibrium covcragr value at 
n pwssuw of 5 X lO-8 Torr nnd a t,ctmprra- 
tuw of 43°K. 7%~ chaqy in tlicx activation 
mc’rgy for dworption as :L funrtion of CO 
cowragc (lmcd on Fig. 1) msuws that, at8 
the ;iO wc niark, tlich CO concc~ntr:ltioli will 
lw approxiniatc~ly 4.5 X 1Ol4 mol~~cult~s/cm2. 
This vttlw is wrtainly c’orrwt, to nitShin n 
factor of 2. ITsing this dwiwd vttlw of the> 
CO cowragc~, \v(k now uw Eq. (3) to d($cbr- 
miw tlicb CO surfuw cow~ngc~ as a function 
of t,imci during t,hcl courw of t,hc: rcw%ion. 
The> rwult is prwwt(~d in Fig. 5b. 

As cwpliasizc~d wrlior, tlicb calculation of 
thci surfaw CO ~onccltltratioI1 aft,w the 
rcw*t ion had prow&d for 50 WC did not 
rcquiw a p~~io~i knowl(~dgc~ of A?. Hoivcwbr, 
onw this surfaw covcrag(’ was indqwn- 
dmtly dwiwd thc~n thcl valutl of P was 
unic~uc~ly d($mnirlc~d. ‘l’hc~ vnlw of P so 
detcmlliwtl is 2 X lo-” (m2/wc, and this 
1~:~s tlwn used in the> subscqwnt8 calculn- 
t,ion of [CO] as :L funrtion of tinic, i.e., 
the wsult prcwntc~d in Fig. 311. This value 
of /P is iri good ugrcwncwt, lvitli that pw- 
viously deduwd front thcl data sho\\n in 
Fig. 4, nnnwly, 1 X 10-l’ mi2/wc. 

Tlic~ results of Fig. 2 illustrate tlicb cl~angc~s 
in tlicx catalytic prolwrtiw of tlic> Ir(ll1) 
surfaw follo\ving lic~~vg oxidation. Thn 
conipl(~xity of thaw rwults prwmts a 
conlplotcl microscopic ilitc~rprc~tutiori of tho 
rwction nwchunism. Ho\\-ww, a number of 
uwful insights of 3 mow gcwclral nature 
may 1~ obtained. 

In Fig. ?a, during thcb hwting q~lc the: 
incrcmc~ in thcl rat,(l of CC J2 production is 
widmtly dw to tht> dworption of CO 
providing awas of clean surfaw on \vhich 
oxypn can adsorb and sulwqwntly rwct. 
This bcahavior is compl(~tc~ly consistwt 
\vitli a lnrgcb 1~~1~~ of previous I\-ork on 
wrious l’t (1) and l’d (2) surfuccs. Tlic 
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decrease in the rate of CO2 production 
which appears during the heating cycle in 
Fig. 2a near 550°K has also been observed 
previously in the case of CO oxidation over 
Pt (1) and Pd (2). This decrease in the rate 
is almost certainly related to the rapidly 
decreasing equilibrium coverage of CO in 
this temperature regime as demonstrated 
in Fig. 1. The dcsorption of O2 does not 
begin until 800°K. The fact that the rate 
of CO2 production does not decrease so 
rapidly as the equilibrium coverage of CO 
is easily understood. There are two oppos- 
ing cffect,s occurring. The Boltzmann factor 
in the Langmuir-Hinshclwood reaction rate 
expression incrcascs rapidly with increasing 
temperature partially offsetting the de- 
crcasc in the equilibrium coverage of CO. 

It is rat,hcr surprising that during the 
cooling cycle in Fig. 2a, the rate of produc- 
t’ion of COz increases so dramatically. At a 
tompcraturc above 550’K in this pressure 
range and with a heating (and cooling) 
rate of only 4”K/wc, ample time would 
ccrt’ainly bc expected to have clapsed for 
equilibrium to have been cstablishcd. How- 
ever, above approximately 550°K in Fig. 2a, 
a slowly increasing temperature gives a 
quite different CO2 production rate than a 
slowly decreasing tcmpcrature. The fact 
that the data shown in Fig. 2a are com- 
pletely reproducible indicates that. in t,his 
regime the surface reaction is more com- 
plicated than might bc expected. 

The shaded area under Fig. 2a has a 
very straightforward interprct.ation. At 
325°K when the surface is saturated with 
CO, no reaction 1vit.h gas phase O2 can 
occur. Indeed, no oxygen can adsorb on 
the surface when it is sat#urated with CO. 
When the Ir is heated in 8 X 1O-8 Torr 02, 
oxygen can adsorb and react to form CO2 
as t’he CO begins to desorb. As the tcmpera- 
turc incrcascs, the adsorbed CO is depleted. 
Since t,hcre is essentially no CO in the gas 
phase, the rate of production of CO, 
approaches zero with decreasing conccntra- 
tion of adsorbed CO. 

The results shown in Fig. 2b indicate 
t,hat the heavy oxidat,ion of the Ir surface 
cauws significant changes in t,ho character 
of t#hn rate of CO2 production as manifest 
by the charge in the rclativc peak heights 
during the heating cycle The fact that 
Fig. 2b is rcproduciblc during repeated 
heating and cooling cycles in the presence 
of gas phase CO and O2 indicates that this 
change in catalytic activity of the surface 
is not a temporary aberration but rather 
a permanent change. Of course, the original 
catalytic propcrtics of the Ir surface (as in 
Fig. 2a) may be restored by decomposing 
the near-surface oxide by means of a high 
tcmpcraturc (i.e., 2 1270°K) treatment of 
the crystal. 

The results of Fig. 2c indicate that this 
apparent change in catalytic activity, 
produced by the heavy oxidation of the 
surface, takes tht: form of altering tho 
concentration both of adsorbed CO and 
adsorbed oxygen following the cooling cycle 
of Fig. 2b to 325°K. At 325°K in Fig. 2b, 
both rcactivc oxygen and CO arc adsorbed. 
In contrast, in Fig. 2a at 325’K, essentially 
no reactive oxygen is present at the surface. 
Therefore, the heavy oxidation of the 
surface has made it possible for the crystal 
to cool to 325°K in the presence of gaseous 
CO and O2 and have an appreciable amount 
of reactive oxygen adsorbed as the tcmper- 
ature becomes low enough so that the 
reaction rate between adsorbed CO and 
oxygen is negligible In Fig. 2b, at 400°K 
the rate of COz production is much larger 
for the heating cycle than the cooling cycle. 
This is not difficult to understand since at 
400°K the heating rate is greater than the 
cooling rate. The amplitude of the 400°K 
peak in the heating cycle dcpcnds on the 
magnitude of t’hc heating rate. 

The data in Fig. 3 provide a number of 
&cresting insights int,o the mechanism 
of the CO oxidation reaction over (111) 
Ir. The production of CO2 indicated in 
Fig. 3c is due t)o a surface reaction between 
adsorbed CO and adsorbed oxygen since 
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the Ir(ll1) surface with pre-adsorbed CO 
and oxygen was heat,cd in an UHV ambient. 
This shows that, at least below 450”K, the 
CO, production in Fig. 3a and b is also 
due to a surface reaction between a CO 
admolcculc and an oxygen adatom. This 
type of surface reaction is generally rcfcrred 
to as one which obeys Langmuir-Hinshcl- 
wood kinrtics. The product,ion rate of CO2 
decreases more rapidly above 450°K for 
the data shown in Fig. 3c compared to that 
shown in Fig. 3a and b. This is due partly 
to dcsorption of CO from t#hc surface but 
mainly to depletion of CO lvhich is con- 
sumed in the oxidation reaction. In t,hc 
cast of the dat’a shown in Fig. 3a and b, the 
prcsrnce of CO in t,hc gas phaw will main- 
tain an appreciable concentration of ad- 
sorbed CO t,hrreby permitting the Lang- 
muir-Hinshelwood reaction t,o continue 
until all the reactive oxygen is rcmovcd 
from the surfaw. 

The shoulder at 435°K in Fig. 3b and 
its absrncc in Fig. 3a rcflrct t,hc rffcct of 
lowering t’hc CO pressure and increasing 
the heating rat,c. In the case of the more 
rapid hcat’ing rate at the lower CO ambient 
pressure, as in Fig. 3b, the CO is reacted 
away from the surface via the oxidation 
rcact’ion at a more rapid rate than it is 
replenished from the gas phase. This means 
that the shoulder at 435°K in Fig. 3b is 
analogous t,o t’he peak in Fig. 3c, i.r., the 
maximum in the rate of CO2 produced by 
CO and oxygcan which were adsorbed prior 
to the initiation of the heating. The peak 
which occurs at 495°K in Fig. 3b is t,hus 
due to a reaction betwwn prc-adsorbed 
oxygen and CO which is adsorbed during 
the heating of the Ir. As discussed in the 
previous section, when the analogous Gtra- 
tion experiment indicated in Fig. 3b is 
performed with an ambient of 8 X lo-’ 
Torr CO, an increase in the rate of CO? 
production is obscrvcd with 110 hint of a 
low tcmpcraturt: shoulder, and t,hc trmpcr- 
ature of tha peak and sharp cutoff arc 
lowrcd by 8°K. This indicat,cts that, the 

largrr ambient pressure of CO is sufficient 
to maintain a surface coverage of CO war 
its maximum value (compat,iblc with the 
coverage of co-adsorbed oxygen). This also 
indicates that a depletion of adsorbed CO 
in Fig. 3b above 450°K causes a shift, t,o 
higher t,cmpc>raturcs in t,hc maximum value 
of the CO, productSion ratti. The probable 
rrason for this is that the waction of 
adsorbed oxygcln goes t,o completion mow 
slowly if t,hc concentration of adsorbed CO 
is 1~s t,han the saturation value compatihlc 
wit’h t’hc amount of co-adsorbed oxygen. 

The results in Fig. 4 prow t,hat when the 
variation in oxygen surface covwagc is 
takrn int,o account, the dat#a in Fig. 3a arc 
in good agrwmcnt with a Langmuir- 
Hinshclwood rate expwssion. Howcvcr, 
since the concrnt,ration of adsorbed CO 
and the CO prtwurc arc undergoing only 
wry small changes with tclmperature in 
Fig. 3a, the construction indicated in 
Fig. 4 would also bc in good agrwmcnt with 
an impact,, or Elcy-Ridcal, mechanism. 
The Elq-Ridral ratt‘ c>xprcwGon is 

exp(-E,/kT), (5) 

whcrr P~:~~ is the CO partial pwssurr, dl is 
the molecular weight of CO, and the other 
symbols have the same mc>aning as in Eq. 
(3). The rcason the plot in Fig. 4 also 
agrrcs wit,h the Elcy-Ridcal rate rxprcssion 
is that’ both 111 ([CO]/[CO]O) and 111 (PC”/ 
P”c~) arc approximately zero for the data 
of Fig. 3a. Although the construction of 
Fig. 4 dot>s not uniquely distinguish betwcn 
the two possible mechanisms, it does give a 
valid measure of the activation energy 
for the rraction. The slope of the broken 
line in Fig. 4 (i.e., aft,er correction for the 
variation in oxygen surface covcragc) 
yields a value of 10.5 kcal/mole for the 
activation cnc’rgy of the oxidation reaction 
owr (lll)Ir. The slope of the linear part 



of t,hr solid linr in Fig. 4 which is uncor- 
r&cd for the variation in reactant, covcr- 
ages with t,cmpcrat,urc indicabcs that an 
Arrhcnius plot, of the COs product,ion rat,c 
yields an crroncous value for the acbivatjion 
cncrgy. This is a strong, yet somctimcs 
unappreciated, argument’ for including the 
effect, of variahions in surface coveragcs 
wit,h tempcrat.urc when dctcrmining the 
act,ivat,ion cncrgy of a surface: cat,alyzcd 
reaction. Our value of 10.5 kcal/molo for 
t,hc activation cncrgy is in agroomrnt, with 
t,hc work of Ktippcrs and Plaggo (6) who 
estimated it, to hc Icss than 20 kcal/mole. 

One of the most import,ant implications 
of our isothermal t#itration cxpcrimcnts, 
the rcsultjs of which arc illustrated in Fig. 
;ia, is that, the oxidation react,ion dots not 
proceed via a CO impact, mechanism. An 
impact, mechanism is often rcfrrrcd to in 
the catalysis litcrat’urc as onr which obeys 
an Elcy-Ridcal rate oxprcssion. However, 
thr dcsignat,ion “Elcy-Ridcal mechanism” 
is goncra.lly used loosely t,o dcscribr any 
surface reaction whcrc hhc surface co~~cc~~- 
tration of one of the reacting spccics is 
rather small cvcn though its partsin prcssurc 
in t,hr gas phusc may he rclativcly large. 
It, seems to us highly prohablc t,hat, many 
catalytic reactions which arc said t,o obey 
Elcy-Ridral kinctics arc in no n-ay dcscrib- 
ablo by an impact mechanism at t,hc 
molecular lcvcl. Rat,hcr, many of t,hcsc 
rcact,ions undoubtedly rquirc adsorpt’ion 
of thr reactant as a,n initial step, even if the 
lifctimr of the adsorbed state is quite short 

((b.g., of order a nanosecond to a milli- 
second). It should bc rccallrd that, a nano- 
second is six to scvm orders of magnitude 
longer than the time required for a typical 
electronic structural rcarrangemcnt. Any 
reaction in which both reactants exist on 
the surface in adsorbed st,at,cs prior t,o 
reaction should properly bc dcscribcd by a 
rate quation written in terms of adsorbed 
concentrations, for cxamplc, the Langmuir- 
Hinshclwood rata cxprcssion given in Eq. 
(3). By an impact mechanism, wc mcan a 

reaction in which one gas pliasc reactant is 
incident, upon another adsorbed rcnct,ant, 
and the product, nlolcculc is fvrnlcd in one: 

conccrt,cd mot8ion. I'cJr cxamplc, in t,ho 
oxidation of CO, the Elcy-Ridcal or impact 
rcact,ion scheme, dcscribcd by Eq. (f,), 
\vould rcquirc that the chemical bond 
between a11 adsorbed oxygen atom and the 
subst’ratc is being broken as a bond between 
the oxygen adatom and the carbon atom in 
a CO molecule is simultaneously being 
formed. This conccrtcd bond scission and 
formation occurs between t,hc oxygen 
adatom and a CO molecule which is not 
adsorbed on the substrate. The impact, or 
Elcy-Ridcal, mechanism of Eg. (5) is not, a 
valid description of our results for CO 
oxidation over (lll)Ir. This may be seen 
quite clearly from the rcsult,s shown in 
Fig. Cia since thtr rate of COZ production 
does not vary directly with thr conccntra- 
tion of adsorbed oxygen, tho latter of lvhich 
is indicated in Fig. 5b. Ncvcrt,hclcss, it 
might be suggested that t,hc rate of produc- 
tion of CO2 is constant for the first 30 WC 
of the reaction, as in Fig. f,a, due to an im- 
pact mechanism in which the cross section 
for reaction bct8wccn incident CO moleculrs 
and oxygen adatoms is sufficiently large 
that, t,hc rcact,ion probability per incident 
CO dots not, dccrcasa below its initial value 
at, sat,uration coverage of oxygen until the 
oxygen coverage is less than 3 X 1014 
atoms/cm2. Howcvcr, Fig. 5a indicates an 
initial reaction probability of approxi- 
mately unity (one COZ molecule produced 
per incident, CO molcculr). Such a large: 
reaction probability would certainly be 
rcasonablc only in the limit, of a vanishingly 
small act,ivation cncrgy. The reason for this 
is that for t,hc: impact mechanism to be 
opcrat ivc, the cncrgy ncccssary t.o surmount 
any activat#ion barrier would have to bc 
localized at’ t,hc oxygen at)om on which t’hr 
CO molcculc is incident or clsc prcscnt, in 
the incident, CO molnculo. The time int,crval 
of the actual impact (lo-l3 WC) is simply too 
short for subst,ant ial oncrgy redistribution 
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to occur. Ho\+wwr, thrw is clwrly an 
activation cw:rgy to t,his waction as Fig. 4 
indicatw This conclusion is subskmtiat,c>d 
by the fact that, the (2 X 2) LEEI) pattwn 
which is obwrvrd upon chrmisorption of 
oxygen on (111)Ir is unaffected by CO 
c’xposurcs of 100 X lo-” Torr SN at a 
cryst,al tclmpwaturc of X%T,“K. 

Th(b incompat,ibility of an impact match- 
anism which procwds with ncnrly unit3 
probability and an apprwiablc activation 
energy barrier (compared to IcT) for that 
process can perhaps be illustrated mow 
clearly by considering numerical values of 
the reaction cross section. If we assume an 
activation energy of 10.5 kcul,lmole, we 
may use the Roltzmann distribution to 
calculate t,hat at 463°K only 1.2 X lo-” of 
the oxygen-iridium complexes will be in 
an activated state 10.5 kcal/mole or more 
above the ground state. There is, of course, 
no assurance that there exists an cxcita- 
tion of the oxygen-metal system which 
would induce a reaction with an incident, 
CO mole&c. However, even if t,herc is 
such an excitation, only 1.2 X lo-” of 
the oxygen atoms can be in that, state 
at 463°K. Thus, WC conclude t#hat the 
incidwt CO n-ould haw to impact, upon a 
very large numbw of oxygen atoms 
simultaneously in ordw to (lxhibit, a reaction 
probability of unity via an impact mecha- 
nism. With an oxygen saturation coverage 
on Ir(ll1) of 7.9 X 10’” atoms,/cm?, t,his im- 
plirs a rcwAion cross section of 1 X 10” A”. 
Crrtainly, a CO molocul(~ with a Van dcr 
Waals radius of approximatcbly 2.5 a cannot 
interact simultawously with all oxygui 
at,oms prtwnt8 in a circular awa on thr 
surface, the diamc%w of which is gwatw 
t,han a 1000 A. Thus, w(’ conclude> that, in 
the CO oxidat,ion wact,ion, if th(w is a 
significant activat,ion energy (compawd to 
kT), the reaction rat,<> can only approach 1 
COZ molecule formcld/incid(lnt, CO molwulr 
if t,hc CO passw through an intwmcdiatct 
adsorbctd stjate. An important8 quwtion for 
futuw studiw to rwolw is bon- st,ronglJ 

th(s CO is bound to the surfaw in this 
adsorb(bd statcb. In th wsults in Fig. 3, 
the CO is cwtainly rhcmiaorbc~d. Ho\vwcr, 
thcrcb might, ~~11 1,~ some rwct,ion condi- 
tions \vhcw a physirally adsorbed CO 
molecule plays th(l rol(> of th(l intc~rnwdiatc~. 

Th(l prwxpon(~ntial factor of the> rcwtion 
rat{’ coc+Iicic~nt, of Eq. (3) \vas caalculattd 
from the data shown in Figs. 4 and 5 and 
n-as found to b(> approximntclp lo-” 
CI~~/SW. This is an c~xtrcmc$~ small value 
for a ratr cwfficiwt, which dwcribcls a 
waction bc$wcc~n two adsorbcld specks. h 
more typical vnlw would b(l lo-” cm?/wc 
(11). This l(‘acls us to propow that csith(lr 
the oxygt~~ or t,h(h CO (or both) is adsorbed 
in a mutually cxclusiw island strwtuw, 
and the watction brt,n-wn thrm occurs only 
at thr boundarks of the> islands. Support, 
for t,his suggwtion comw from our obwrva- 
tion of supwimposod LEE11 pat,twns indic- 
atiw bot,h of adsorbed CO [a(3t X 3k)R30” 
structure] and adsorb(>d oxygen [a (2 X 2) 
structure] upon coadsorption of CO and 
0% (12). This suggclsts that both the CO 
and 02 form sepamte island domains on 
the (lll)Ir surface, and the characteristic 
dimension of wch island is at least 100 A, 
thtb cohrrcww width of thtl incident elwt,ron 
b(lam usrd in the LEEI) c~xpkmcnt,s. This 
island formatjion has t,h(i c>ffwt of limiting 
t,he fract,ion of the adsorbcbd specks which 
can participat,cl in the rcact,ion. Howwr, 
the discwpancy bc~t,wwn t,hcl mcasurcd 
vnluc of lo-” cm?,‘scc and the cxpcct,cld 
valun of 1O-2 cm*/wc is nincl ordrrs of 
magnitJudr. This impliw that, the awragc 
island diamcttcr is on the ordw of a dist,:tnco 
corresponding to lo4 claw-pack(>d adat,oms 
or molwulcs. Sinw this is ovid(>nt,ly quite 
a largcl island size, it, may ~11 b(a that, 
additional, and as get UI~~I~OWI~, plm~o~ntwt 
also ront,ributc> to this wry small prwxpo- 
ncnt,inl factor of t,hc oxidation waction ratcl 
c~cwfficic~nt . 

Two addit,ionnl possiblt~ wasons for t,h(b 
small obwrwd ~)r’c~c~xp(~Ii(~Iitial factor :w 
suggwtcbd from a11 :kctivnt~cd con~plrx 
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formulation of the Langmuir-Hinshclwood 
rate expression (IS). One possibility is an 
unusually small value for the transmission 
corfficient, i.e., the probability that once a 
hypothetical activated complex reaches the 
saddle point in the relevant potential 
cncrgy surface, it will then subsequently 
attain that region of phase space which 
constitutes the products of t,he chemical 
reaction (14, 15). 

A second possibility is an unusually 
large negative value for the activation 
entropy of the reaction. If wc consider the 
prcexponcntial factor of the rate coefficient 
to be a product of a frequency factor kT/h 
and an exponential of the activat,ion 
entropy, we find that a value of approx- 
imatrly -43 Cal/mole-“K is necessary for 
agreement with our experimental dat’a. 
This implies that, the activated complex is 
considerably less mobile than the react,ants, 
and this suggestion has been offered prc- 
viously for abnormally small obscrvcd pre- 

cxponcnt,ial fact’ors in dcsorption rractions 
(f&19). 

An additional possibility is t,hat the 
activated complex theory point of view is 

not a valid description of the oxidation 

reaction of CO on the (111) surface of Ir. 

As has been discussed previously (20, 21), 
for either extremely st,rong or extremely 

weak coupling between the reactants and 

the substrat,e, activated complex theory 
breaks down, and the prccxponcntial fa&ors 
bccomc wry much smaller. 

Although it is by no means clear which, 

if any, of these phenomena (in addition t,o 
the presence of indeprndcnt islands on the 

surface) is relevant to the CO oxidation 
reaction on Ir(lll), it is interesting that 
Bonzcl and Burton (1) in a st,udy of the 

Langmuir-Hinshclwood waction between 
oxygen and CO on Pt (110) rcportcd thn 
reaction rate coefficient to bc 1.8 X lo-l1 
cm2/scc and the activation energy to be 
7.9 kcal/molc. 

Our major c~onclusions may bc summa- 
rizcd as folio\\-s : 

1. Heavy oxidation of t)hc Ir (111) surface 
(c.g., 700°K in 2 X lo-’ Torr O2 for 
10 min) causes complex changes in the 
catalytic properties of t,he surface under 
ccrt.ain conditions in the CO oxidation 
reaction. These changes are associated with 
the formation of a nonstoichiometric oxide 
in the near-surface region. 

2. All our results indicate that the 
oxidation reaction procncds via a Lang- 
muir-Hinshelwood mechanism in which 
both CO and oxygen arc chcmisorbed on 
the (lll)Ir before t’hry react. WC find no 
evidence for an Elcy-Ridcal mechanism 
(assuming this is defined as an impact 
mechanism in which a CO molecule incident, 
upon an adsorbed oxygen atom forms a 
CO2 moloculc wit,hout passing through a 
surface int#ermcdiatc as adsorbed CO). 
If the definition of the Elcy-Rideal mccha- 
nism is cxt,endcd t,o include reaction with CO 
which adsorbs on the surface for even a 
brief time (r:.g., physically adsorbed CO), 
then the clarit,y of its microscopic distinc- 
tion from t,hc Langmuir-Hinshclwood 
mechanism is obscured. 

3. The analysis of our rrsults of titrating 
(i.e., reacting) oxygen chemisorbed at 
saturation coverage on an Ir(ll1) surface 
wit’h CO, both at constant tempcraturc 
and with linearly increasing temperature, 
leads to t,ha same rate expression of the 
Langmuir-Hinshelwood type, namely, 

Rco = 10-ll[CO][O] 

- 10.5 kcal/mole 
x cxp 

( > 
cmm2 see-‘, 

kT 

where Rcoz is the rato of production of 
CO2 per square centimeter of Ir(ll1) per 
second, and [CO] and CO] are the con- 
centrations of adsorbed molecular CO and 
atomic oxygen per square ccntimetcr. The 
activation energy to this reaction is 10.5 
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kcal/mole, and the prcexponential factor 
of the reaction rate coefficient is lo-” 
cm2/scc. 

4. The cxtrcmely low value of the prcex- 
poncntial factor of the Langmuir-Hinshcl- 
wood reaction rate cocfficicnt, lo-l1 cm2/scc, 
is consistent wit,h our LEED observation 
of the formation of ordered islands contain- 
ing cxclusivcly chcmisorbed CO and oxygen. 
The value of lo-” cm2/sec implirs t,hat 
these islands arc quite large on (lll)Ir, 
on t,hr> order of 10,000 A in mean diameter. 

5. It appears that the essential difference 
between Ir (111) and various surfaces both 
of Pt and Pd insofar as CO oxidation 
cat,alysis is concerned is that the rcact’ion 
between adsorbed CO and adsorbed oxygen 
occurs very rapidly at room tcmpcraturc 
both on Pt and Pd, but at tho same rat,c 
only at slightly elevated tcmpcraturcs on 
Ir(ll1). 
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