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The adsorption and desorption of CO, 02, and CO* on polycrystalline Rh have been investi- 
gated using flash desorption spectroscopy and adsorption transients. Carbon monoxide adsorbs 
nondissociatively on clean Rh and obeys first-order Langmuir-type adsorption kinetics with 
an initial sticking probability of 0.5 at 330 K. It desorbs following first-order kinetics 
(Edes = 134 kJ mole-i if Y = 10’” set-i) at about 530 K. Oxygen adsorbs with an initial sticking 
probability of about 0.1. Two forms of surface oxygen are produced: one is atomically chemi- 
sorbed and quite reactive with CO ; the other is perhaps a subsurface, interstitial species which 
requires an activation energy for reaction. These desorb as O2 at around 1000 K. Carbon 
dioxide will not adsorb on Rh at 330 K. The carbon monoxide oxidation reaction on Rh has been 
studied using the transient kinetics of the reaction of CO gas with adsorbed oxygen and the 
steady-state kinetics of CO* production from gas phase CO and 02. The reaction proceeds via 
a modified Eley-Rideal path at high temperatures, where chemisorbed CO is negligible. By 
this path, an impinging CO enters a mobile, transiently adsorbed precursor state with a certain 
probability which is a function of chemisorbed CO coverage and temperature. Once in this 
state the CO can visit about 15 sites before reentering the gas phase. If the oxygen coverage 
exceeds 0.18, CO then has almost unit probability of finding, and reacting with, an oxygen 
adatom at one of these sites. At lower temperature, the Langmuir-Hinahelwood path bcromes 
important and adsorbed CO strongly inhibits oxygen adsorption. 

I. INTROI~UCTION 

In this paper we report a study using Rh 
wire in which the adsorption-desorption 
phenomena for CO, 02, and COz, and the 
steady-state and transient reactions pro- 
ducing COZ, are studied in a single system. 
The results illustrate both t’he value and 
the necessity of direct comparisons of 
absolute quantities, such as the rate of 
oxygen adsorption and the overall reaction 
rate. Rh was chosen as the substrate be- 
cause of the recent success it has enjoyed,in 
industrial catalysis and because it has 
received surprisingly little attention in well- 
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controlled surface/absorbate studies (I-13). 
Our measurements provide new information 
concerning the respective individual pro- 
cesses. These processes are both qualita- 
tively and quantitatively similar to those 
on Pt and Pd, though some aspects appear 
unique to Rh. 

These results will also serve as central 
background for a cont’inuing study on Rh 
(14 in which the adsorption-desorption 
phenomena of NO and its reactions with 
CO are investigated. 

II. EXPERIMENTAL 

All experiments were carried out in an 
ion-pumped ultrahigh vacuum (UHV) 
apparatus (base pressure of 1OF Pa) built 
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of stainless st(b(ul, I’ywx, and fuwd silica. 
Hcqpt-grade gascis \vere introduccbd 
through two leak valves. The UHV cham- 
bcr (2.25 liters) was constructed mainly of 
3.8-cm-i.d. stainless steel pipe and was 
connected to the ion pump with a 2..54-cm 
gold-sealed valve. The substrate, an ion 
gauge, and a line-of-sight magnetic deflcc- 
tion mass sprctromrtcr (quipped with an 
electron multiplier) were all located in the 
same region of the chamber. During the 
catalysis expcrimrnts, the ion gauge was 
not operated. It was used to measure back- 
ground pressures and to calibrate the mass 
spectrometer. 

The substrate was a six-turn coil made 
from a 1,5.2.5-cm length of 0.051-cm- 
diameter polycrystallinc Rh wire (99.95ojo 
purity). It was spot-welded, using tiny 
pieces of I’t foil as an interface, to 0.42-cm 
lengths of O.Ol&cm-diameter tungsten wire. 
The latter wcrc spot-welded to heavy 
l’yrcx-covered tungsten rods (O.Pcm-diam). 
At the vacuum wall these heavy leads wcrc 
connected to stainloss steel fcedthroughs. 
The substrate was hcatcd rcsistivcly. Opti- 
cal pyrometry showed that this configura- 
tion gave fairly uniform t’omperaturcs 
(&2ri K) over the whole coil at around 
1000 K. Temperatures during cxperimcnts 
were deduced from applied voltage versus 
temperature plots which were obtained at 
both steady-state and flashing (5.25 K 
XC-~) conditions with a temporarily at- 
tached thermocouple. Optical pyrometry 
was used as a cross-refercncc at high tem- 
peraturcs. The expected accuracy is f2.5 K 
and reproducibility is f10 II;. 

Three types of kinctic experiments were 
performed : flash desorption, transient ki- 
netics, and steady-state kinetics. For all 
three the system was continuously pumped. 
The pumping speed was conductance 
limited (to minimize the effect of ion pump 
variation) and the time characteristic, S/V, 
for 0, was 2.1 SW-‘. 

III. It ISULTS ANl) DISCUSSION 

111.1. SalrLple ‘I’r~eatr/lelrt 

Initially the sample was contaminated 
with many carbon and nitrogen impurities 
which dcsorbed mainly as r\Tz (660 K) and 
CO (> 1000 1~). After a lengthy period of 
high-temperature annealing (1200 Ii), heat- 
ing in OX (1O-4 l’a at 800 and above), and 
intermittently flashing and cooling, these 
carbon monoxide and nitrogen spectra were 
replaced with a single reproducible CO 
dcsorption peak at 530 1~. This CO is 
caused by carbon monoxide adsorption from 
background gas. Pretreatment ended when 
reproducible results for CO dcsorption and 
CO oxidation were obtained. Afterward, a 
brief anneal at 1200 Ii removed adsorbed 
impurities, although occasional trcatmcnts 
in O2 at 800 K were necessary. 

In a separate apparatus, Auger spec- 
troscopy on a sample of this same wire later 
established the reliability of this cleaning 
proccdurc. The rhodium initially contained 
small amounts of C, S, B, I’, and Si. All 
except Si were readily removed by the 
above procedure. Interestingly, t’he small 
Si Auger signal was completely attcnuatcd 
by small amounts of adsorbed CO or 0. 
After long oxygen treatments above 800 K, 
the Si peak was replaced by a small oxygen 
impurit,y, which was not readily rrmovcd 
by heating to 1200 K or CO exposure at 
800 Ii. It is probably related to the sub- 
surface oxygen discussed below. 

I1I.W. CO Arlsorption-Desorptio,~~ 

In all flash drsorption experiments, the 
Rh was cleaned as above and allowed to 
cool for about 5 min in -lo-’ Pa back- 
ground. After exposure, it was flash heated 
with a ramp that was linear (5.25 K set-l) 
between 400 and 850 Ii but not at lower 
or higher temperatures. 

Exposure of clean Rh at 330 K to gas 
phase CO led to chemisorption and a single- 
peaked (530 K) flash desorption spectrum. 
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FIG. 1. Flash desorption of CO adsorbed on poly- 
crystalline Rh wire for various exposures at 330 K. 
(L I Langmuir = 1 X 1OP Torr set). 

Results for exposures from 0.1 to 16 1, 
(L E Langmuir = 1 X 10-O Torr see) arc 
shown in Fig. 1. The curve shape and 
variation of the peak position with tem- 
perature indicate a first-order desorption 
process (15). Using t’ypical values for the 
preexponential factor (A = 1013 to 10”’ 
set-l) (15, 16) gives an activation energy 
for desorption, Edes, of 134 to 167 k,J mole-‘. 
This value compares to 184 kJ mole-‘, 
which has been reported for the heat of 
adsorption (17, 18). After exposing clean 
Rh to CO, COz was never observed in the 
desorption products, even when the sub- 
strate temperature was yuitc high during 
exposure. 

The variation of surface concentration 
(molecules cm-e) with exposure at 330 K, 
assuming no net surface roughness, is shown 
in Fig. 2. Curve A was determined from 
flash desorption peak areas and was indr- 
pendent of the pressure used for the ex- 
posure. Curve B was determined by follow- 
ing the CO pressure as a function of time 
during exposure to a constant input of CO. 
The difference between the final st,eady- 
state CO pressure and instantaneous CO 
prcssurc, integrated from the brginning of 
the exposure to the t,imr of intorest, gives 
concentration when scaled by S/(AkT). 

The two methods agree to within 10% at 
most exposures. Within experimental error 
the two curves can be modeled by first- 
order Langmuir adsorption with an initial 
sticking coefficient of 0.5. The maximum 
CO coverage of 3.4 X 1Ol4 cm-2 is in 
reasonable agreement with previously 
dcterminrd values, which are around 
5 X lOL4 crnd2 (19). 

These results arc in generally good agree- 
ment, with a rrncnt study by Sexton and 
Somorjai (I), except for a high-temperature 
CO desorption peak (1000 K) which they 
observed when the Rh substrate, pretreated 
by heating to 600 K in 1.33 X 1O-4 Pa of 
CO for 10 min, was exposed to 30 L of CO 
at room tcmpcrature and then flashed. On 
clean Rh, we never observed the appearance 
of a high-trmpcraturc peak, even when the 
substrate was hcatcd to 550 1~ in 6.67 
X lo-” Pa of CO for 30 min. Whereas 
Sexton and Somorjai (1) suggest that CO 
dissociat,ion on Rh is an important process, 
our data suggest the contrary. Broden et al. 
(21) have discussed the dissociative ad- 
sorption of CO on transition metals as a 
function of position in the periodic chart. 
Their results suggest t’hat CO should not 
readily dissociate on Rh. However, Hooker 
and Grant (5) have recently cited evidence 
that vrry slight decomposition of CO may 

EXPOSURE I LANQYUIRS 

FIG. 2. Variation of CO coverage with exposure 
at 33OK. Curve A shows the CO flash desorption 
results while B shows the results of CO lIptake 
measurements. 
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occur even at room temperature. Presently 
we do not understand the difference in the 
two sets of flash desorption resuhs. 

III..!?. CO2 Irderactions with Rh 

Exposure of clean Rh to COz gas at 
330 K gave no CO2 adsorption, as judged 
by t.he COz pressure during exposure and 
by flash desorption after exposure. Even 
for exposures as high as 170 L no COz was 
observed in the flash desorption spectrum. 
A small CO peak was observed, but it can 
be fully accounted for by CO adsorption 
from the background. The inactivity of Rh 
for COz adsorption has previously been 
reported and it is possible that detectable 
dissociative chcmisorption can be ruled out 
on thermodynamic grounds (22). LEED 
results disagree on the subject of CO2 
adsorption, with one study reporting a 
complex diffraction pattern upon CO2 
adsorption at room temperature (4) while 
another reports rapid removal of CO2 
produced in the surface reaction of CO wit’h 
adsorbed oxygen atoms (2). Sexton and 
Somorjai (1) report that CO2 will adsorb 
on Rh. The reasons for these discrepancies 
are not yet clear. However, the presence of 
CO(g) in t,hn background is a problem 
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FIG. 3. Flash desorption of 0, adsorbed on Rh 
for various exposures at 330 K. The temperature 
was constant at 1150 K after about 4.5 min into the 
flash experiment. 
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FIG. 4. Typical pressure versus time profiles for 02, 
CO (O), and CO2 (A) during a titration of chemi- 
sorbed oxygen. The 02 exposure was 36.5 L, the 02 
pressure was 2 X 10Y Pa, and the temperature 
was 330 K. 

because contributions to m/e = 28 from 
CO and CO2 cannot be easily determined. 
Inabilit’y to adsorb CO, may be related 
to subsurface oxygen or the sample 
temperature. 

III...& Oxygen Chemisorption and Reaction 
with. Carbon Monoxide 

Clean Rh at 330 K was exposed to 
various amounts of 02 and, after evacua- 
tion, the flash desorption spectra showed a 
maximum near 1000 Ii, as shown in Pig. 3. 
This agrees with other data (23). The 
highest temperature reachrd in these experi- 
ments was 1150 to 1200 1~. Not all of the 
oxygen had desorbed when this tcmpera- 
ture was reached but the dcsorption rate 
was declining rapidly, suggesting that 
desorption was completed after a short 
anneal. This is confirmed by the subsequent 
CO flash desorption spectra which were 
characteristic of clean Rh. We have already 
discussed the possibility that small amounts 
of oxygen remained below the surface. 

If CO was introduced after exposure of 
clean Rh to oxygen, a transient COz peak, 
much like those in I’d (24) and Pt (25,66) 
titration experiments, was observed. The 
time dependence of tha pressures of 02, CO, 
and COz is shown in Fig. 4 for a typical 
experiment of this type. The CO and CO2 
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FIG. 5. Flash desorption spectra for CO, CO,, and 
Oz. (A) The dashed curves were obtained by flashing 
after titrating a surface exposed at 330 K to 63 L of 
O2 at 2.6 X 1O-5 Pa. (B) The solid curves were 
obtained by flashing after titrating a surface exposed 
to 95 L of 02 at 800 K and then cooling to 330 K. 
At both temperatures the O2 pressure was 2.6 X 1OV 
Pa. 

pressures were usually followed simul- 
taneously by rapid (Csec) switching from 
one to the other. After the COP pressure 
had reached the background level and the 
system had been evacuated, flashing thr 
Rh gave CO and COz desorption peaks as 
noted in Curve A of lcig. 5. As expected, 
the CO which had adsorbed during the 
previous titration desorbed around 530 K 
just as in the case of the pure CO/Rh 
system. The CO2 desorption peaked at a 
slightly lower temperature (-490 1~) which 
showed no dependence on initial oxygen 
coverage. Because Rh is inactive toward 
CO2 adsorption at 330 K, we assume that 
the observed COz does not arise from 
molecularly held COz formed during the 
initial titration, but from an activated 
reaction of CO with some form of surface 
or near-surface oxygen. 

The oxygen involved reacts very slowly 
at room temperature. If we assume that 
the oxygen participating in the initial 
titration is kinetically equivalent] to t,hat 
responsible for the CO, produced in the 
subsequent flash desorption, then the very 

small rate at room temperature for the 
latter requires a reaction order of 3.5 in 
oxygen covcragc. Since this seems un- 
realistically high, wc prefrr to divide the 
oxygen into two classes: reactive (t’ype I) 
and nonrc>act,ivr (type II) at room tem- 
perature. This is rcminisccntJ of recent 
observations on I’t (27) and I’d (28, 29) of 
two forms of oxygen, distinguishable on 
the basis of Auger, LEED, and kin&c 
properties. 

On the basis of work function measure- 
ments (8), it has been suggested that a 
clean Rh sample at temperatures around 
600 K will initially accumulate some oxygen 
beneath the surface upon exposure to 02. 
Continued exposure gives chemisorbed 
oxygen above the plane of the Rh surface. 
The subsurface oxygen is an excellent 
candidate for the type II form of oxygen, 
cspccially in virw of our Auger results. 

Exposure of clean Rh at 800 K t’o 95 L 
of 02, followed by cooling to 330 K in 2.6 
X lo-,” Pa of O1 and evacuation, furnished 
an oxygen covcrcd surface which upon 
titration with CO at 330 K gave results 
almost identical to those achieved simply 
by exposure to O2 at 330 K (Fig. 4). After 
titration and evacuation the Rh was flashed 
as before and the results are shown as 
curves B of Fig. 5. Compared to the results 
following O2 cxposurn at, 330 K, the COz 
peak moved to a slightly higher tempera- 
ture and a large O2 peak appeared. Repeat- 
ing this experiment, but stopping the flash 
at 670 K and introducing additional CO, 
gave an additional transient CO, peak. 
Further heating to 1150 Ii after this COz 
transient gave no oxygen dcsorption. On 
this basis we conclude that the O2 desorp- 
tion peak and the transient COz peak 
shown in Fig. 5 originate from the same 
oxygen source. Furthermore, we note that 
a significantly largrr amount of type II 
oxygen is formed by cxposurc at 800 Ii than 
at, 330 K and that, this oxygen is readily 
removed by exposure to CO at elevated 
temperatures. We conclude that the forma- 
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tion of type II oxygen is an activated 
process. This is consistent with the forma- 
tion of a subsurface species (8). Similar 
results have been noted for Pt and I’d 
(SS-SO). On Pd t’he activation energy is 
70 kJ mole-’ (SO), which is typical for many 
metals. 

The surface concentrations (oxygen 
atoms cm-2) are shown in Fig. 6 as a func- 
tion of oxygen exposure of clean Rh at 
330 Ii. Curve A shows the flash dcsorption 
results, curve B1 the type I oxygen, and 
curve Bz the type II oxygen areas. Sum- 
ming B1 and Bz provides curve B which, 
like A, should be a measure of the total 
surface oxygen. Saturation coverage for 
type I surface oxygen was 2.75 X lOI 
atoms cm-2. Clearly, the type II oxygen 
(curve Bz) saturates at very low exposures 
and at a relatively small concentration. 
While thrre are diffcrcnces between A and 
B accounting to as much as 50% of A at 
low exposure, gcncral agrecmmt is found. 
For the purpose of reaction kinetics dis- 
cussed below, wc can satisfactorily model 
these adsorption kinetics with a second- 
order Langmuir-type model with an initial 
sticking coefficient (So’) of about 0.1, 
although we recognize that more accurate 
data might nrccssitatc a more complex 
model. 

III.5. Kinetics and Mechatlism of Oxygen 
Titration, 

On Pt, I’d, and Ir (24-28,SO-4s) the CO 
oxidation reaction has generally been de- 
scribed in terms of some form of Langmuir- 
Hinshelwood (LH) or Elcy-Ridcal (ER) 
mechanism or a combination of these. 
Recently, the inadequacy of a simple ER 
mechanism, involving a direct encounter of 
a gas phase CO with a chemisorbod oxygen 
atom, has been noted (26-28). A better 
description, at, tcmpcraturc>s and prrssurcs 
whcrc little CO chemisorbs, is provid(ld by 
a model in which there is a short-lived 
mobile precursor st’atc which impinging CO 
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FIG. 6. Variation in the oxygen coverage with 02 
exposure at 330 K. A ( l ), total oxygen coverage by 
flash desorption; B1 (O), reactive oxygen by CO 
titration; BS (u), nonreactive oxygen appearing as 
CO2 in B; B (A), total oxygen coverage by titration 
(B = B, + Bz). 

molecules enter with a certain probability. 
Once in this state, the reaction probability 
is almost unit’y, so long as the type I oxygen 
coverage (0,) lies above a certain critical 
value (e*,), because the CO species visits 
many sites during its residence time at the 
surface. As a mathematical approximation 
to the more accepted precursor equation 
(44) we write this quasi-elementary reac- 
tion rate equat’ion in the form : 

01 z 
RER= li"ER~Co - J 

( > e*1 
(111.1) 

whrre RER drnotes the Eley-Rideal rate, 
kER the rate coefficient for the Eley-Rideal 
reaction, and pco the pressure of carbon 
monoxide. WC approximate the order (z) 
with respclct to oxygen coverage as zero 
for or > e*I and as unity for B1 < Bag. 

When the substrate temperature is low 
enough and the CO pressure high enough 
to give measurable CO covcrages in the 
absence of oxygen, we expect the oxidation 
reaction to occur (in the presence of oxygen) 
with important contributions from both 
the ER and LH paths. The lattar may be 
writ,tcln as (25, 38, 39, 41, 42) : 

RLH = k~rr8o&:o, (II1.2) 

where eco is the coverage of CO. These two 
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FIG. 7. Variation of the reaction probability per 
CO collision (p) with reactive oxygen coverage (01) 
plotted on logarithmic scales. The data were ob- 
tained for a series of oxygen titrations at 330 K and 
the following nominal CO pressures : (A) 1.7 X 1OW 
Pa, (B) 2.8 X 10eB Pa, (C) 4.8 X lo+ Pa, (II) 
1.49 X 10-h Pa, (E) 1.8 X 10m6 Pa. The initial 
oxygen exposure was 63 1, at 2.6 X lO-5 Pa in each 
case. 

paths represent extremes of the dynamics; 
in the ER case the CO is thought of as being 
in a two-dimensional gaseous state at the 
surface while in the LH case CO is in a 
localized chemisorbed state. Although a full 
description of the system requires inclusion 
of all the possibilities between these two 
extremes, division into two classes is 
nonetheless useful. 

In order to examine the kinetics of the 
oxidation of carbon monoxide on Rh, we 
have extended measurements of the type 
shown in Fig. 4 over a range of initial 
oxygen coverages and CO pressures. At any 
time (t) during these titrations the CO, 
production rate could be determined from 
the instantaneous CO2 partial pressure 
(poo2) and the remaining type I oxygen 
coverage (0, (t)) from 

/ 

fr 
h(t) oI pm, (tyt’, (111.3) 

1 

where t, is the time required to complete 
the transient experiment. 

The reaction probability (p), defined as 
the ratio of the rate of CO2 production 
(Rco,) to the rate of CO collisions is shown 
as a function of & in Fig. 7. In this series of 
five titrations, all at 330 K where CO is 
readily chemisorbed, the initial oxygen 
coverage was near saturation, f%(t = 0) 
‘v 0.9, and the average CO pressure during 
a titration varied between 1.7 X lo-” and 
1.8 X 10e5 Pa. In each case we note that 
the maximum reaction probability occurred 
for 01 = 0.7, i.e., well into the transient 
rather than at the beginning. In each 
titration the maximum reaction probability 
is about 0.13, but as the CO titration pres- 
sure increased the reaction probability at 
low coverages decreased. Thus, the rate of 
CO2 production is first order in CO pressure 
at high oxygen coverage ; at lower coverages 
the order approaches zero. The fact that 
the reaction probability maximizes for 
01 N 0.7 suggests that rvcn at high 01 the 
ER mechanism cannot account for the 
transient kinetic behavior and that chemi- 
sorbed CO plays an important role. For 
01 < 0.4, the inadequacy of the ER path is 
even more obvious because of the weak 
pressure dependence shown by the total 
reaction rate. By comparing the amount of 
CO, produced with the amount of CO con- 
sumed at time t, eco ca,n be estimated. 
Measurements in the region of 01 < 0.4. 
indicate 0~0 > 0.4. Assuming the CO ad- 
sorption is adequately described by a model 
for which the sticking probability drops as 
the total covcragc increases, it is clear that 
t,hc LH path would show an order less than 
unity in poo. Thus, the data in Fig. 7 are 
consistent with a significant LH contribu- 
tion. There is also some indication that an 
ER contributjion must be included since the 
rat,e at high oxygen coverage is very near 
the maximum value. If the rate were all 
LH, the init,ial rate should be very low 
compared to the maximum rate. 
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In E’ig. 8 the time required to reach the 
maximum rate is plotted as a function of 
the initial oxygen coverage (0,i) from O.l*Z 
to near saturation. In t<hcsc cxpcrimrnts 
the CO leak rate was fixed to give a final 
CO pressure of 2.1 X lo-” Pa. The II:li 
path should make its largest cont’ribution 
at t = 0. Sincr the time required to rt>ach 
the maximum rate is greater t,han the 
response time of t’hr system (<lo SPC) and 
is a decreasing function of oxygen covCragC, 
the increasing importance of the LH 
contribution at lower 01 is confirmed. 

It should be noted that it, was impossible 
to reach a fully saturated value of 01 be- 
cause the background CO pressure was 
always about 3y0 of the O2 pressure during 
exposure. Assuming t’hat oxygm adsorption 
is a second-order Langmuir-type process 
and that the reaction probability per CO 
collision is -0.1 (Section III.4), the rate 
of use of O(a) to make CO, equals thr rate 
of oxygen adsorption when thr surfact, is 
90% saturated. 

The variation of the maximum react’ion 
probability v&h initial coverage 0Ii is 
shown in Fig. 9. The data are taken under 
the same conditions as the experiments of 
Fig. 8. These data show an average order 
in BIi of -0.8. Although not a direct mca- 
sure of the reaction order in 81, they suggcbst 
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FIG. 8. Variation of the time at whirh the CO2 
production rate maximizes (&,,) with the initial 
oxygen coverage. The data points are for a series of 
titrations at 330 K in which the CO pressure after 
titration asymptotically approached 2.1 X 10m6 Pa. 
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FIG. 9. The maximum reaction probability (P,,,.~) 
as a function of the initial oxygen coverage for the 
series of experiments shown in Fig. 8. 

an overall picture which is consistent with 
a model which combines the ER and LH 
paths. 

In the context, of this discussion, we 
should point out that Tucker (2) has re- 
ported that, a high coverage (1.2 X 1015 
atoms cm+) oxygen coincidence lattice can 
be formed on Rh(lOO) and this structurfx 
dots not react with CO(g) at room T at 
pressures as high as 5.33 X 10e4 Pa and 
over times as long as several hours. At 
373 I< this structure rracts readily with 
CO(g). Tucker concluded that the reaction 
to produce COz requirrs that a CO molecule 
first be chemisorbed next to an adsorbed 
oxygen atom; i.e., only the LH path is 
operable. This explanation srcms to con- 
tradict our rcbsults. 

111.6. Reaction. of 02(q) with. Adsorbed CO 

When CO was chemisorbcd to saturation 
coverage at 330 I<, there was no measurable 
increase in CO2 pressure when 8 X lO-‘j Pa 
of O2 was introduced for 5 min. Further- 
more, no 0, was observed to drsorb when 
the substrate was subsc>quently flashed. 
We conclude thcrrforc that) CO(a) strongly 
inhibit,s oxygtbn adsorption and that 02(g) 
doc>s not, react dirc>ct,ly with CO(a) to form 
COz. Similar bohavior is well known on 1% 
and I’d (24,25). 
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Fro. 10. Variation of the net steady-state CO, 
production rate (Apco,) and the reaction proba- 
bility per CO collision with temperature for pco 
= ~0, = 3.2 X IO-6 Pa. 

III.7. Steady-State K&et& 

The steady-state rate of COZ production 
for various fixed 02 and CO pressures was 
measured. Figure 10 shows the logarithm 
of the net rate of COZ production (and the 
logarithm of the reaction probability per 
CO collision) as a function of reciprocal 
temperature for a system in which the CO 
and 02 pressures were each fixed at 3.2 
X 10h6 Pa. The rate maximizes near 473 I< 
with a reaction probability of about 0.13. 
Below 4.50 I( the apparent activation energy 
is large (GO-120 k,J mole-‘). Above 475 IC 
the apparent activation energy becomes 
negative (- - 20 kJ mole-‘). At pressures 
near lo-* Pa, Sexton and Somorjai (1) ob- 
served qualitatively similar steady-state 
data except that the peak temperature 
occurred at 523 I< rather than 473 IC. This 
increase in temperature required to reach 
the maximum rate can bc understood in 
terms of the adsorption and dcsorption of 
CO. At higher CO prrssures a higher tem- 
perature is required to lower tic0 to the 
value which gives the maximum rate. (A 
more det,ailrd discussion of t,his idea is 
given below.) 

Figures 11 and 12 show logarit’hmic plots 
of the COZ production rate (and reaction 

probability) as a function of the gas phase 
concentration of O2 and CO, respectively. 
Three temperatures, one from each of the 
three major regions of Fig. 10, were chosen. 
In Fig. 11, the CO pressure was fixed at 
3.2 X lo-” Pa. At low temperatures (410 
I<), whrrc Fig. 10 indicates a positive 
activation energy, Fig. 11 shows the rate 
is first order in O2 at low pressures but 
becomes zero order at higher pressures. 
Similar qualitative behavior is shown for 
the t’urnover region (473 Ii) and the high- 
temperature region (590 I<) but the rates 
at a given 02 pressure are generally quite 
different. The order in gas phase CO 
(Fig. 12) shows different qualitative be- 
havior in the three temperature regions. At 
low CO pressures (relative to poZ) the rat’e 
is first order in CO pressure for all three 
temperature regions. At high relative CO 
pressures, howevrr, the rate is inhibited 
by CO at low trmperatures (410 K), is zero 
order for intermediate temperatures, and 
shows low but, positive order at’ high 
temperatures. 

In the following paragraphs we discuss 
the mechanism of the CO oxidation reaction 
on Rh. In many respects the discussion 
follows lines similar to those used in 
charact,rrizing CO oxidation ratrs on I’t, 
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FIG. 11. Logarithmic plot of the CO, production 
rate as a function of the oxygen pressure holding 
the carbon monoxide pressure fixed at 3.2 X 10dfi 
Pa. Three fixed temperatures were used: 0 = 410 
K, n = 473 K, and 0 = 590 K. 
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Pd, and Ir (24-28, 80-48). Generally, w-e 
will attempt’ to model the results in t’erms 
of a combination of EIt and LH paths 
relying heavily on the transient work for 
support’. Vor clarity wc have divided the 
discussion into parts corresponding to 
different pressure-temperature regions. 

III.7.1. pof 2 0.Spc0 and T = 590 K. 
At 590 Ii: and pot 2 0.3~~0 t,hc stcady- 
state COs productjion rate can hr expressed 
as 

R co)2 = k5!401)(‘0, (111.4) 

whcrc k:,yO = 1.7 X 10” molrculcs cm-2 
see-’ Pa-‘. This empirical overall rate eyua- 
tion implies that an impinging CO molecule 
incident on the surface reacts with a 
probability of O.OG indcpcndrnt of r)02. 

At this tcmperaturr and over the range 
of CO pressures usrd, the CO flash dcsorp- 
t)ion dat’a imply that only a small CO 
coverage will exist at steady state in the 
absence of oxygen. In the prcwncc of 
oxygen WC cxpcct t,hc covcragc to br even 
smaller. The oxygen covcragc is about 0.5 
(SW below). It is under thcsc conditions 
that the ER path will prcdominatc, if it 
exists. Its importance was pointed to by 
the transient data, and wc will thcrcforc 
take the view that, the Elcy-Ridcal path- 
way prrdominat~w hcrc. By comparing the 
rraction probabilitJy here (0.06) with that, 
drtrrminrd undrr similar coverage rondi- 
tions by thr transient m&hod at) 330 I< 
(0.13), we sw at, most a walily negative 
activation energy. This agrcrs with the 
view of the l<It pat,h as bring essentially 
nonactivatjcd on l’t and I’d (24428, 8.8). 

Consumption of O(a) through dcsorptjion 
as OS is negligiblr at, 590 I< according to 
the flash desorption spectra. An oxygen 
material balance, therefore, shows that the 
CO, production rate is equal to twice the 
O2 adsorption rate at steady stat,e. Thus 
t,he skady-state data drt,ermine an oxygen 
sticking cocfficicnt, of -0.030 for po, = pea 
= 3.2 X lo-” Pa at, 590 I<. Using the csti- 
mated initial sticking probability of 0.1 
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FIG. 12. Logarithmic plot of the CO, production 
rate as a function of the carbon monoxide pressure 
holding the oxygen pressure fixed at 3.2 X 1OV Pa. 
Three fixed tempcrat~wes were llsed: 0 = 410 K, 
A = 47X K, and 0 = 590 K. 

(see Section 111.4) and assuming second- 
order Langmuir adsorption, the fraction 
of ompty sites is about O.;i. If the O2 
prrssurc is increased the oxygrn coverage 
will incrcasc but not the COz production 
rate; we infer that thr rate is indrpendent 
of 01, tho covcragc of reactive oxygen, and 
that a transiently adsorbrd precursor must 
br involved in the EIt mechanism. From 
Fig. 11 tho 02 prrssurc at thr turnovrr is 
between 1.15 and 1.58 X lO+ Pa. Using 
this figure and the reaction probability 
(0.06) tho strady-statr oxygen coverage is 
0.11 < 01 < 0.25. In the calculations be- 
low, thcreforr, wc will use 0*r = 0.18. Thus, 
by our approximate ratr quation [Ey. 
(III.I)], below this covrragc the rate 
depends on 01 while abovc it the rate is 
drtcrmincd only by the probability (0.06) 
of entering the mobile prrcursor state. 
[This transition actually occurs smoothly, 
as would bc prrdicted by a more rigorous 
precursor oyuation (44)]. This suggests 
that on the avcragc a CO which rntrrs t>he 
precursor state can visit about, 15 sit,cs 
brfore reontjcring the gas phasr. On l’t tjhc 
transition coverage is about, 0.5 and the 
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probability of chntclring the mob&: precursor 
state, and thus, tho reaction probability for 
B1 2 0.5, is about’ 0.1 (26). Xon-unit but 
coverage-independent reaction probabilitirs 
imply that only a fraction of the CO 
molecules which impinge o11 t,hr surfacr 
ran enter the precursor state. 

III.7.2. po, 2 pco ant1 T = 47’3 K. When 
pco = poz, this tctmpc>raturc is in the turn- 
over region of Fig. 10. According to Figs. 11 
and 12, thr ratcl can b(b (~xpr(~ss(~d as 

R -k cop - rnpco, (111.5) 

with k473 = 4.5 X 1017 molfculcs cmP2 HOC-~ 
Pa-‘. That is, an impinging CO has a 
constant reaction probability of 0.16. The 
major differences bctwc>en this and the 
590 K expression [Eq. (TII.4)] art’ the 
magnitude of kT (1~~73 = 2.&Q& and the 
applicable pressure rangcx. The smaller kl, 
at 590 11; reflects the nctgative apparent 
act’ivation rnergy over the high-tempera- 
turc region of Fig. 10. The rate coefficients 
differ by a factor of 2.65 and according to 
our interpretation both rc>gions arc charac- 
terized by ER rates which are limited by 
the probability that an impinging CO 
enters the mobile prt’cursor state. It seems 
intuitively rclasonable that the probability 
of entrring such a precursor state will bc a 
decreasing function of T. This effect 
accounts for the high sticking probability 
(0.5) for CO at 330 II; and the very low 
maximum reaction probability (0.06) at 
590 Ii. Perhaps in the future, molrcular 
beam studies will br able to determine the 
probability of entering such a presursor 
state as a function of surface temperature 
and the angle of impact. This kind of 
molecular level data is badly ntardcd. 

III.7.3. po, < 0.3 ~CO and 1’ = 590 K. 
For this set of conditions, the overall rate 
of COZ production is close to first order in 
poz (Fig. 11). As we would expect for such 
a situation, the calculated coverage is 
always less than 0*1 (0.18). In this situa- 
tion, the overall rate is determined princi- 
pally by the oxygen adsorption rate. Ac- 

cording t,o Fig. 12, wh(hn /JC,, cxccacds lo-” 
l’a, tho order with rcspcct to pco begins to 
dcclinc slowly and approaches zero at 
5 X lo-” Pa. At this point the rate is very 
high, so high that using the procedure out- 
lined in Section 111.7.1, the estimated 
fraction of empty sites is 1.07 (i.e., only a 
tiny CO or 0 covcragc). Apparently the 
ratcl of 0, adsorption is n(‘ar its maximum, 
the valuo rc>achcd for a &an surface, but 
t,ho rclaction ratt> is high clnough to make 
the oxygen covcragc quita low. Since the 
rate is 0, adsorption limited, further in- 
cr(‘ascs on Waco do not increase the rate. 

III.s’.4. pco > poz and 1’ = 473 K. The 
ratcl can 1,~ ctxprc>ssed as 

R co2 = I c473po,, (111.6) 

whcrc k47a = 4.5 X lOI molecules cme2 
SIX-~ Pa-l. We have not determined the 
order in CO prrssurc in the low total 
prtassurc region and 16473 may be a function 
of pco. The total covcxragc is only about 0.1 
(SW method of calculation in Section 
111.7.1) and the rate is again determined 
by the oxygen adsorption rate. Adsorption 
proccsscls arc oftc>n csscntially unactivated, 
and this is why the Icft-hand part of the 
473 and 590 K curves of Fig. 11 are very 
close together. Notice the turnover to zero 
order in poz. This turnover occurs at higher 
ir)02 at 473 K than at 590 K because of the 
larger ER rates available at 473 Ii, which 
keeps the oxygen coverage low at higher 
1’02. 

At higher total pressures the order in 
po() is (Fig. 12) zero. Note that the rate at 
473 K drops well below that at 590 K. As 
in Fig. 11, the saturation point at 473 K 
occurs at higher l~02/po~~ than at 590 K. 
Our intcrprc%ation is that the presence and 
cffrct of chemisorbrd CO is pronounced in 
Fig. 12 whereas it is not in E’ig. 11. Thus, 
along t,hc high poo portion of Fig. 12, 
CO(a) inhibits the oxygen adsorption rate 
at 473 Ii and keeps it below the maximum 
value observed at 590 K. Since CO(a) is 
significant, it is necessary to mention the 



300 CAMPBELL AND WHITE 

additional &act of tho LH mechanism. 
Our data arc’ not sufliciently accuratcn at 
this point, to ascribe the relative impor- 
tanccs of the LH and ER pat,hs, although 
a further study (2.3) will greatly help in 
this respect’. 

III.$‘.5. pco > O.Spo, and T = 410 K. 
The empirical ratr equation in this region is 

R CO2 Oc pozpco-“~“. (111.7) 

On the basis of the adsorption model used 
in Section 111.7.1, the total covrragc 
0T > 0.6 in this region. Since the CO flash 
desorption spectra show that 410 I< is just 
barely into the dcsorpt,ion region, w(’ expect 
the accumulation of rclativrly large 
amounts of CO. That’ is, we expect imping- 
ing CO’s to pass from the precursor state 
to a relatively long-lived chemisorbed 
state. The lifetime of the chemisorbed 
species is lengthened markedly upon lowcr- 
ing the tcmpcrature from 473 to 410 II; 
because the desorption rate drops by about 
a factor of 200. 

As compared to 573 and 473 Ii, t’hc rates 
at 410 I< and relatively low O2 prrssurrs 
are all markedly lower, indicating that a 
significant amount of rclat’ively unrcactivc 
CO has accumulated. This chcmisorbrd 
CO serves to inhibit the O2 adsorption rate, 
thereby inhibiting the CO2 production rate. 

At the intersection of the two linear parts 
of the 410 Ii curve of Fig. 11, the total 
coverage is about 0.7 and a significant 
fraction of this must be CO. This is large 
enough to make any further increases in 
CO serve mainly to inhibit the ratcl of CO2 
production as observed. Under such condi- 
ditions the steady-state rate of CO2 produc- 
tion is controlled by the oxygen adsorption 
rate and the first-order dependence on ~0~ 
is expected. Because of the facility of the 
LH path at 410 I< on Rh (dS), it will be 
important here. 

III.7.6. po, > Spco and 2’ = 410 K. The 
steady-state rate of CO2 production is given 
here by 

Rcoz = k~~opco. (111.8) 

The general situation involves high cover- 
ages of oxygen, 01. For example, when 
(J 0 z = I) X lo-” Pa and pro = 3.2 X lo-” 
I%, the calculated total coovtrrago (0-r) is 
0.87. Since the rate is first order in pco and 
zero order in l)02 we expect most of this 
coverage to be oxygen. If so, 01 will be large 
enough to make the ER contribution to 
the rate bc independent of poz as observed. 
The rate constant, Ic410, actually varies 
somewhat with prexsurc~. For the lo~v- 
prassurc rrgion (lrft-hand side of Icig. 12), 
k,,, = k473. At much higher pressures 
(right-hand side of lcig. ll), k,,,, falls 30% 
below k473. 

We must now att,cmpt to explain why, 
if the ER rate is saturat’ed in 01 in this 
region, the overall rate constant at 410 Ii 
is less than or equal to that at 473 I<. Our 
previous model for the ER rate predicts 
that the> saturation rate> at 410 I( will be 
larger than at 473 Ii, r&lrcting an increased 
probability for a CO to cntcr the precursor 
state. If we assume in addition, howcvcr, 
t)hat the probability of cntcring the prc’- 
cursor state d(lcrcases as a function of the 
covoragcl of chcmisorbcd CO, then we can 
undrrstand both the smaller 1~~1~ and its 
gradual fall with prcssurc. This assumption 
is also pleasing in that, together with the 
large initial probability for entering the 
precursor state at 330 I< (-0.5, per Section 
III.7.1), it provides an explanation for the 
adsorption rates obscrvod for CO (Section 
111.2), while maintaining a precursor model 
for unification with thcsa COz dat’a. A 
decreased probability could arise because 
of a chemical effect on the surface potential 
wells or a stcric effect on the trajectories 
of the impinging molecules. 

III.?‘.‘?‘. Temperature Depewlence. The 
tcmperatuie dcpcndencc of the data is of 
considerable interest. As an example we 
discuss hrrc the data of l+ig. 11, in particular 
PC0 = po* = 3.2 X lo-” Pa. Below 450 I< 
the rate is limited by oxygen adsorption 
because the CO coverage is high and 
sevcrcly limits the rat)e of oxygen adsorp- 



tion. With increasing temperature t’hc CO 
dcsorption rate incrcascs rapidly, Icaving 
empty sites which scrvc to incrcasc the 
oxygen adsorption rate. The apparent low- 
temperature activation eiwrgy of GO to 120 
kJ mole-’ rcflcct’s the activation onrrgy for 
CO desorption. The inhibitory effect of 
adsorbed CO is gradually lost as the tem- 
perature is raised and bccomrs negligible 
when the tcmpcraturc cxcecds 5.50 Ii (i.e., 
well past the peak of the CO flash desorp- 
tion spectrum). As the inhibition dies, thr 
apparent activation cncrgy drops rapidly. 
Above 425 I<‘, the rate is characterized by 
an ER path since the CO coverage is wry 
low and the oxygrn covcrage is high. 

The dcsorption of oxygen as 02 is not 
significant at the tcmperaturcs discussed 
here. The role played by the type II 
(nonreactive) oxygrn has not bcrn dis- 
cussed here. However, its influcncc may 
be significant, especially above 473 K whcrc 
conversion to the rractive form occurs 
readily. It may also have an effect on the 
catalytic activity of the Rh (1). 

One apparent diffrrcncc in the Rh data 
rcportnd horc and those rcportcd for I’d 
(32) is the temperature dcpcndence of the 
pressures of oxygen and carbon monoxide 
which exist at the turning points of lcigs. 11 
and 12. On l’d (8%‘) such variations were 
not noted, although a systematic study of 
this point was not made. Recrntly, wc 
have observed such variations on 1% (SS) 
although not nearly so pronounced as on 

Rh. This appears to be the result of the 
stronger role played by the ER path in 
the case of Pt. 

IV. CONCLUSIONS 

Carbon monoxide adsorbs nondissocia- 
tively on Rh at 330 I<. Based on the oxida- 
tion reaction kinetics, this adsorption is 
probably limited by the rate at which CO 
enters a mobile precursor state. The proba- 
bility that a gas phase CO which strikes the 
surface will enter this precursor state 

dccrcases strongly with CO coverage and 
mildly with t,cmprraturr. The kinetics of 
CO adsorpt,ion can be approximated by a 
first-order Langmuir-type equation and an 
initial sticking probability of 0.5 at 330 Ii. 
Chcmisorbcd CO dcsorbs following first- 
order kinctics at about 530 I\. 

Oxygen adsorbs dissociatively on Rh at 
330 Ii, populating a reactive and a non- 
reactive state, with an initial sticking 
probability of 0.1. The reactive form of 
surface oxygen can be readily removed 
with CO at 330 Ii, but’ the nonreactive 
form, which probably resides under the 
surfact’, requires elrvatcd temperatures 
(-490 Ii) for reaction. The transient rcac- 
tion of adsorbed oxygen and CO(g) indi- 
cates that both the Langmuir-Hinshelwood 
and the Elcy-Rideal pathways are signifi- 
cant in COz production at 330 I<. Surface 
oxygen desorbs from Rh at -1000 Ii. 

An understanding of the rat)e of CO, 
production by the catalytic combination of 
carbon monoxide and oxygen over Rh relics 
heavily? on a quantitjative understanding of 
the adsorption-drsorption phenomena of 
CO, OS, and C&. For cxamplc, knowledge 
of thr total covcragc under steady-state 
conditions can bc readily extracted from a 
comparison of the rate of reaction and the 
oxygrn collision frcqucncy, provided the 
initial sticking probability of oxygen is 
known. Also very usrful is a quantitative 
knowledge of the CO rraction probability, 
for this information led directly to the 
concept of a mobile precursor state for CO 
adsorption and CO, production. 

The carbon monoxide oxidation reaction 
on Rh is similar to that on I’t and Pd. At 
low tcmporaturcs, both the Langmuir- 
Hinshclwood and Eley-Rideal paths are 
significant. Adsorbrd CO strongly inhibits 
the rate of oxygen adsorption and therefore 
rraction. At higher tcmpcratures, the modi- 
fied Elcy-Ridcal path predominates. It 
involves the reaction of a weakly adsorbed 
mobile CO precursor with chrmisorbed 
oxygen. This precursor model is certainly 
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more phasing from a molecular dynamic 
point of view t)han previous throrics which 
combined the Langmuir~Hinshc~l~~o~)d path 
and a classical Elcy-Ridcal path. The 
precursor state is very closely related in an 
equilibrium thermodynamic sense to both 
gaseous and chemisorbed CO, and, as such, 
can be applied with advantage to situations 
in which both the gas phase pressure and 
CO coverage appear to affect the rate. 
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