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Structure sensitivity in the CO oxidation on rhodium: Effect of adsorbate
coverages on oxidation kinetics on Rh  (100) and Rh(111)

M. J. P. Hopstaken and J. W. Niemantsverdriet?
Schuit Institute of Catalysis, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 14 April 2000; accepted 3 July 2000

Temperature-programmed reaction spectroscopy has been used to study the surface reaction
between CO and O-atoms on RB0) and RK111) at a range of different adsorbate coverages.
Comparison of the reaction on both surfaces in the low coverage regime, where the kinetics can be
described by a straightforward Langmuir—Hinshelwood mechanism reveals that the CO oxidation is
structure sensitive, with the rate constant being an order of magnitude higher on(f@)Rhan

on the RI{111) surface. As a consequence, the selectivity of ther@0Oreaction to CQis about

100% on RIG100), whereas on Ri11) the oxidation reaction competes with CO desorption. At low

CO coverage, CO oxidation is an elementary step ofl®%) for a broad range of oxygen
coverages. We report kinetic parametggs=103+5 kJ/mol andv=10'2"%7for §5= 6co— 0 on
Rh(100. The activation energy for CO oxidation on ®B0 decreases continuously with
increasing O-coverage. At low coveraggé,& 0.25 ML) we attribute this to destabilization of CO,
leading to an increase in the G@ormation rate. At higher coveraged$>0.25 ML) O-atoms
become destabilized as well, as lateral interactions between O-atoms come into play at these
coverages. The interactions result in a greatly enhanced rate of reaction at higher
coverages. €2000 American Institute of Physid$0021-9606800)70237-6

I. INTRODUCTION der into islands and reactions may even occur in the oscilla-
tory regime, has received considerable interest from
The oxidation of CO on noble metals such asexperimentalistsand theoreticiarfs in the past decade. Re-
platinum;~> rhodium;~2° palladium?'~2 and  cent scanning tunneling microscof§TM) work by Wintter-
rutheniuni?!%is one of the most studied catalytic reactions|in et al. points to the importance of reactive CO-O pairs at
in surface science. In the context of automotive exhaust cahe boundaries between islands of adsorbed CO and O on
talysis the CO oxidation is important in two respects: first, inPg111).2® On rhodium, the reacting speciesdoand CQgs
the reaction between £and CO, which is most efficiently may either segregate into separate phAsasform mixed
catalyzed by platinum and palladium, and second, in the restructures,’?® depending on coverages and on temperature.
moval of atomic oxygen originating from NO decomposi- Several studies demonstrate that different oxygen struc-
tion, for which rhodium and to a lesser extent palladium argures on rhodium surfaces possess different reactivity toward
the best catalysts. CO oxidation has been studied on differeridsorbed C3%629-3whereas reconstruction has also been
rhodium surfaces, e.g., RHD,** Rh(110,**'**  shown to affect the reactivity on RhL0).® Baraldiet al,®
Rh(100),%"1%1~18 polycrystalline Rh® and supported-Rh  investigating the reaction between CO and preadsorbed oxy-
particle§? as well. gen on RK100), observed a higher reactivity for the recon-
Kinetic studies by Otet al® and Pederet al.™ revealed  structed (2 2)p4g O-structure fo=0.50 ML) than for the
that turnover frequencies of the CO oxidation at high presp(2x 2)-O structure §o=0.25 ML).>? The lower reactivity
sures on rhodium single crystals and supported particles aisf the latter was explained by reduced mobility of CO, pre-
very similar, indicating this reaction to be structure insensi-venting it to overcome the barrier imposed by CO-O repul-
tive. However, under these conditions the surface is largelgion.
covered by CO and the rate is limited by the dissociative  The strong dependence of mechanism and kinetics on
adsorption of oxygen. Kinetic studies at conditions whereadsorbate coverages is an important factor behind the large
oxygen is the majority reactive intermediate, however, dadifferences in activation energies and preexponential factors
reveal rates that depend on structure, as shown by Bowkers reported in the literature. In fact, such parameters are only
et al. for Rh(111) and RK{110)."* Several authors report ki- meaningful for elementary surface reactions in the limit of
netic parameters for the CO oxidation on(Rh1), however, |ow coverages of at least one of the adsorbatés.
these values differ widely, e.g., from activation energies of  The purpose of this paper is to determine the kinetic
70 kJ/mot® to 190 kJ/mof: parameters of the reaction between preadsorbed CO and O
The kinetics of surface reactions under high coveragen RH100) and RHK111) by means of temperature-
conditions, where lateral interactions cause adsorbates to gsrogrammed reaction spectrometry. The results confirm the
structure sensitivity of the CO oxidation reaction, and dem-
aCorresponding author: Phone:31 40 247 3067, Fax+31 40 245 5054, Onstrate in a systematic way the effect of adsorbate cover-
E-mail: J.W.Niemantsverdriet@tue.nl ages on the rate of the reaction.
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5458 J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 M. J. P. Hopstaken and J. W. Niemantsverdriet
Il. EXPERIMENT . T : ‘i
i ; ; ]CO,4*+ O Rh(100) ]
The experiments were done in two stainless steel ultra- e ads 3

high vacuum systems with a base pressure of'{@nbar.

The experiments with Ri00) were done in a Leybold TPD/
SIMS spectrometer equipped with a SSM 200 mass spec-
trometer system as previously described by Betrgl*® The
experiments on RA11) were done in a home built UHV
system, equipped with a Baltzers Prisma quadrupole mass
spectromete(QMA 200) and an Omicron LEED/Auger sys-
tem, described in detail in a previous publicatiSrBome of

the experiments with Ri00) were repeated in the second
system to verify that the temperature calibration in both sys-
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In both systems, the rhodium crystals @f00) and %" .
Rh(111) orientation with a thickness of about 1.2 mm were o
spotwelded on two tantalum wires of 0.3 mm diameter, 6 ot Y
pressed into small grooves on the side of the crystal. This 21 24 27 3.0
construction allows for resistive heating up to 1450 K. The 4
samples could be cooled to 100 K by flowing liquid nitrogen 1000/T (K*).

through the manipulator. Temperatures were measured wit
a chromel-alumel thermocouple spotwelded to the back o
the crystal.

G. 1. Kinetic plots obtained from coverage-corrected leading edge analy-
is for CO oxidation on R100) and RKi111) at equal reactant coverages.
Kinetic parameters can be derived by plotting the natural logarithm of the

The RK100) crystal surface was cleaned by Cycles of reaction rate constant {,/(6coX 6p)) Vs reciprocal temperature. The acti-
argon sputtering and annealing under oxygen and UHV, agation energyE, and preexponential factar can be determined from the

described elsewheré. The RK111) crystal surface was
cleaned in a similar fashion at slightly higher temperatures,
as described previously.After the cleaning procedure, re-

slope (— E,/R) and the intercepin(v)), respectively. The inset shows the
corresponding C@-TPD spectra for R{100) and R{111).

sidual oxygen was removed and surface order was restorddast at low coverages, first-order in adsorbed O and CO,
by annealing the crystals to 1400 K. Surface cleanliness anghile CO, desorbs instantaneously. Provided both reactants
ordering were checked by Auger spectroscopy, which did nore homogeneously distributed over the surface, the rate of

show any contamination and LEED, which showed sharpCO oxidation r,, is given by the following Arrhenius-
p(1x1) patterns for both crystals. Also, the absence of, CO equation:

during TPD of CO confirms the complete removal of re-

sidual oxygen on both crystals. Fox=0 X OcoX O X ex;{ - E) , (1)
Oxidation of CO to CQ@ was studied by depositing a RT

fixed amount of atomic O at 273 K after which the samplehich can be rewritten

was cooled to 175 K or below to adsorb CO. Carbon mon-

oxide (Hoek Loos, 99.995% puyeand oxygen20% O,/80% Fox | _ Iny— E )

Ar) were used without further purification. The initial cover- OcoX 0o RT

ages of CO were determined from the amount of desorbing,« adsorbate coveragés, and , can be calculated at any

carbon atoms, by integrating the ¢@nd CO desorption

peaks, dividing the CO peak area by the relative difference i (r

mass spectrometer sensitivity for g@nd CO(=1.1), and
adding these contributions. For the saturation coverage
CO on RHK100 we used the value of 0.75 ML for the
p(4,2x y2)R45°— CO/RH100) structurd® and for CO on
Rh(111) the value of 0.75 ML corresponding to tki2x2)-
3CO/RK111) structure®®3® The CO TPD spectra were cor-

lll. RESULTS

_temperature from the CO and GOPD spectra. A plot of
ox! (BcoX 60) versus 1T yields the activation energl,

and the preexponential facterfrom the slope and the inter-
cEept, respectively.

To illustrate the experimental approach and the kinetic

rected for cracking of C®in the mass spectrometer. The analysis we compare the results of CO oxidation experiments
amount of preadsorbed oxygen on(R00) was determined at similar coverages on the two rhodium surfaces. Approxi-
from the amount of C@®formed in TPD, since the removal mately 0.16 ML of O-atoms and 0.07 ML of CO were coad-

of O,ysappeared to be complete in the presence of an equabrbed on each surface. The inset of Fig. 1 shows the TPD

or higher amount of CO. On Rb11) removal of Qqis not

spectra of CQ. The structure sensitivity of the reaction is

always complete, so the amount of oxygen was determinedvident from the significantly faster rate of reaction on
from O,-TPD, using the saturation coverage of 0.50 ML for Rh(100 than on RIi111). A second difference between the
O on RK111).27494IA|l TPD spectra were taken at a heating two systems is that on Rh00) all CO is oxidized to CQ,

rate =5 KI/s.

whereas on RH11) part of the CO desorbs. The main part

Kinetic parameters for the reaction between CO and Of Fig. 1 shows the Arrhenius plots according to Eds.and
were determined on the assumption that the reaction is, &P) over the entire temperature range of the TPD peaks. The



J. Chem. Phys., Vol. 113, No. 13, 1 October 2000

CO, formation rate (a.u.)

"

Oxidation kinetics of CO on rhodium

T T

[6=0.09ML o

0.67

0.58
A e
L 0.30

0.27
0.22

; 0.15 1

; 0.11
! 0.05
' 0.07

0.05
AN

2

PN

TPD of CO, from CO_4. + O,4, 0n Rh(100)

1l 6,=0.16 ML

6,=0.28 ML

0,=0.40 ML

BCO
(ML)
L s
0.39
\__}8,

0.
\ 0.21
0.17

RN S5

0.14

SOOI s &

0.11

0.07
0.04

| 0.03
_ 1 A 1 .

200 300 400 500 600

0.02
I

200 300 400 500 600

200 300 400 500 600

Temperature (K)

200 300 ‘400 500 600

5459

FIG. 2. CG formation from different amounts of CO on oxygen-precovereB6. Oxygen atoms were deposited by adsorbing,&®gas mixture(20%
0,/80% A at 273 K; a heating rate of 5 K/s was applied. Note that the desorption spectra at different O-precoverages have not been scaled with respect to

each other .

fact that these lines are straight for a large temperature inteinitial CO coverage; see Fig. 3. Essentially, as long as
val confirms that at these low coverages the reaction exhibit®-atoms are available all CO is oxided on(RB0). Only at
first-order kinetics with respect to bo#ty, and 6. Hence,

scribed.

A. Oxidation of CO on Rh (100)

saturation coverage. At low coverages, 8@ms in a single
peak. As the total coverage increases, several additionalf the leading edge in the GO PD spectraFig. 2).

channels become available for oxidation. We discuss these At 6,=0.40 ML and low CO coverages, the oxygen
coverage is much higher than that of CO, and the reaction

later on.

Integration of the C@Qand CO TPD spectranot shown
yield the fractions of CO reacted to G@s a function of

T T T T T T T 0.5 T T T T -
051 CO, from CO, 4 + Oq, 1 CO, from CO,4; + O,4e
—_ on Rh(100) —_ on Rh(111)
= 04 . 6p=0.40 ML 5 041
o) , g . o ABeEs
(é 0.3 e 6,=0.28 ML ('EJ 0.3
g B M S .
3 : ¢ 3 ' gm07ML
g 021 /‘ e L a=01smL] g 02 B -
8 P R B L
S 011 O P TR+~ L. TP RO
(& O
0.0 4————— T 0.0t
0.0 0.1 0.2 0.3 04 05 0.6 0.7 08 00 01 02 03 04 05

Initial CO coverage (ML)

Initial CO coverage (ML)

FIG. 3. Amount of CQqreacted with Qito CG, on RH100) (left) and

and Qids

higher oxygen coverage®4=0.28 and 0.40 M), some CO
the kinetic parameters can be derived with good accuracydesorbs in parallel to CQbut also in this case the selectivity
We will discuss the values of these parameters later on, whetowards oxidation is high.
experiments at a large range of coverages have been de- Kinetic analysis as explained in the experimental part
was applied to those spectra which exhibit a single desorp-
tion state. Figure 4 gives an example of activation energies
and preexponential factors obtained for the series of spectra
Figure 2 gives an overview of the temperature-atan oxygen precoverage of 0.09 ML. The peak shifts in the
programmed reactions between fixed amounts of preadFPD spectra to lower temperatures with increasing CO cov-
sorbed oxygen {,=0.09 ML, 0.16 ML, 0.28 ML, and 0.40 erage are reflected in a decrease of the activation energy and
ML), and different amounts of CO from almost zero up tothe preexponential factor. Also note that the change in slope
around 6co=0.1 ML corresponds with the downward shift

becomes pseudo first order in CO. In this case we can also
apply Chan-Aris-Weinber¢CAW1/2) analysis*? This yields

E, (kJ/mole)

110 . r
1 COqgs + Oy / R(100)]
100 - & at ,=0.09 ML|
90 L] E'E 114
. |~
80 ~Ea S
o - 12
707 s ii = T 9
50 log v g 19
40 = 8
0 005 01 015 02 025

Initial CO coverage (ML)

FIG. 4. Activation energye, (left axis) and preexponential factor (right
axis) for CO oxidation on RfLO0) at 5=0.09 ML as a function of initial
Rh(100 (right), derived by integration of TPD spectra. The dotted lines are CO-coverage. Kinetic parameters were derived using coverage-corrected
representative for the ideal case of stoichiometric reaction betweggs CO leading edge analysis as in Fig. 1. Dotted lines between experimental data
points are drawn as a guide for the eye.
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= 120 ‘ ‘ ‘ E (G 0) for cracking of CQ. At low coverages, CQis formed be-
_g 1101 T Rh(100) A i tween 400 and 500 K. At higher coverages, a faster, CO
= - formation channel around 350 K becomes available, in good
-fcf 10071 E E\ CO et Oyl co, | agreement with earlier observatich€. This faster reaction
S 9o E i channel is possibly associated with CO in a different binding
8 geometry?’?8 Also note the small upward temperature shift
X 807 ~ L 1 of the CO desorption with increasingto as more O-atoms
o) 1 Rh(111) \P ’ ] are removed, decreasing the repulsion between,Ca&nd
Q E 1 =7 O,4s The amount of CO reacted to G@as been included in
“Qm 601 . Fig. 3 and the activation energies and preexponential factors
w , , , l for oxidation, derived in a similar way as for RIDO), in
1] ' ' ' ' ] Fig. 5.
B Analyzing the spectra in terms of E(R) was not suc-
5 137 Rh(100) 1 cessful f_or t_he spectra at high oxygen coverage of _0.35 ML,
g 127 7 as the kinetic plots could not be fitted with straight lines. As
2 i for low initial CO coverages the coverage of oxygen de-
o creases only slightly during CGQormation, the reaction fol-
8 107 E ] lows pseudo first-order kinetics if\-o. This allows for the
S 9] 1 application of Chan-Aris-Weinberg CAW1/2) analysis,
ST Rh(111) I § ' L 4 which yields_an activation egergﬁaz 70+6 kJ/r_noI _and_ a
] E o2x2)-0 ooty preexponential factop=10"*"*% s™* for CO oxidation in
= 7 . . . . y the limit of zero CO coverage. These values are confirmed
0.0 0.1 0.2 0.3 0.4 0.5 by Redhead analysis, which yieleg =72 kJ/mol, assuming
Initial O coverage (ML) v=10* s (Tha=425 K, B=5 K/s). This value is in-
cluded in Fig. 5.
FIG. 5. Activation energyE, (upper pangl and preexponential factor We also considered GClormation for 65 close to the

(lower panel for CO oxidation on R(L00) and RK111) in the limit of zero .
CO coverage, as a function of the amount of preadsorbed O. Datapointgaturatlon value of 0.50 ML, where O-atoms are reported to

represented by filled symbols, were derived using coverage-corrected leafiorm a 3-domair(2x 1)-structure with O-atoms in rows sepa-
ing edge analysis and the open symbols using Chan-Aris—Weinberg analyated by one Rh-lattice constai{t!®*! The uptake of CO is
zisn"“sdsf_mingtzaemtg g;diArLki_”eC}_icsfa at”hd ﬁ'St'or?etT ki”e]fiiﬁ "”20;0(-2”‘3 limited to only 0.03 ML of CO at saturation. Interestingly,
st?uitur:g;id(l)ines- betweelr? efse?ismenetafzr;g f)(l)ci)r?tsoare Iggawn le a gui(fgcent h|gh-resolutloq Corzes'ele.(:tron SpeCtrQSCOPy ineastires
for the eye. ments by Jaworowsket al=° point to the existence of an

ordered 2G-CO phase withdo=0.50 ML and 6-o=0.25

ML, which we have not been able to realize. At these very
an activation energi,= 74+ 8 kJ/mol and a preexponential high O/CO ratios, oxidation is complete as CO desorption is
factor v=10'"*13 571 in the zero CO coverage limit. As a hardly observed. Formation of G®ccurs in a single state
double check, we applied the Redhead forfiltor »  around 410 K, not shifting witt9co. Analysis by Eq.(2)
=101 571 taking T,,=350 K and 8=5 K/s, which yields an activation energy of 8 kJ/mol and a preexpo-
yields an activation barrieE,=76+5 kJ/mol, consistent nential factor of 18°*%5 s7! for CO oxidation in the zero
with the CAW1/2 analysis. CO coverage limit. As the CO oxidation becomes first-order

The kinetic parameters obtained as in Fig. 4 were exin 6co under these conditions, Chan—Aris—Weinberg analy-

trapolated to zero CO coverage for all four initial sis becomes applicable again, which yields the lower values
O-coverages; these extrapolated values are shown in Fig. 6f E;=69=5 kJ/mol andv=10*5"%% s71,
Both the activation energy and the preexponential factor for ~ As the spectra in Fig. 6 and the quantification in Fig. 3
CO oxidation decrease with increasing O-coverage orshow, oxidation of CO is accompanied by desorption of CO
Rh(100. The preexponential factors are all in accordanceat all coverages. This desorption is at lower temperatures
with the reaction CQis+ O,q4sbeing an elementary stép3*  than observed for CO on oxygen-free (Rh1). At compa-
rable coverages of O and CO, the peak temperatures for oxi-
_— dation on RIi111) are at least 35 K higher than on @00).

B. Oxidation of CO on Rh- (111) At high coverages, the difference begomes even larger. As a
The oxidation of CO on RH11) has been described result, the oxidation reaction on RI1) falls largely in the
extensively in the literatur&:'® However, as the kinetic pa- temperature range where CO desorption occurs as well, and

rameters reported vary considerably between different auhe selectivity for CQ formation is significantly lower on

thors, we prefer to determine some kinetic data on this surRh(111) than on Ri100.

face in the same manner as we did for(Ry0), to allow The kinetic parameters for CO oxidation on(Rh1) are

meaningful comparison. completely different than those for comparable CO- and
Figure 6 shows the TPD spectra of €&and CO for fixed O-coverages on Rih00). The preexponential factors for CO

amounts of 0.17 and 0.35 ML O coadsorbed with varyingoxidation on RIi111) are in the range of 16-1¢ s 1,

amounts of CO. The CO TPD spectra have been correctedhich is lower than normally observed for an elementary
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step. This may indicate that CO oxidation on(Rhl) cannot
be described by a simple mean-field Langmuir—Hinshelwoodites, despite the fact that CO and O are adsorbed in different
approach, as we discuss further on.

Finally, Fig. 7 shows the uptake of CO on O-precoveredHowever, on Rl11) the sum of the coverages decreases
Rh(100) and RK111) surfaces. On R00 O-atoms and CO significantly when the surface fills up. When the rhodium

1.0 . . .
i a (6ot go)satI
087 T 1
2 L '
(] \\
g 0.6 § 1
% \\\QM\ BCO,sat
c )
2 044 1
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&
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molecules are mutually exclusive with respect to adsorption

sites, as the sum of; and f.p is constant(~0.82 ML).

surfaces are close to saturation with O-atoms(1R6 can
still accommodate a stoichiometric amount of CO, whereas
on RK111) hardly any CO can be chemisorbed.

IV. DISCUSSION

A. Structure sensitivity of the CO oxidation on
rhodium

The direct comparison of the rate constant for CO oxi-
dation over RKLO0O and RK100 in Fig. 1, as well as the
difference in kinetic parameters at different oxygen cover-
ages collected in Fig. 5, clearly illustrate the structure sensi-
tivity of the CO oxidation reaction in the regime where re-
actant coverages are low. As stated in the Introduction, the
reaction becomes apparently insensitive for catalyst structure
under conditions where CO is the majority reacting interme-

FIG. 7. Effect of O-precoverage on the total saturation coverate ( dijate, i.e., under steady state conditions for CO angp&-
+ 6co)sar and the CO saturation coveraggo s,:0n RN(100 and RK111).

Whereas on RH00) the total coverage is hardly affected over the whole

tial pressures ranging from 1 t6100 mbar at relatively low

coverage range, less CO can be accommodated within the O-structure Mperature~500 K). Under these conditions, the G@r-

higher O-coverage on Rh11).

mation exhibits first-order in the partial pressure of &d
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negative first-order in C&’ Here the reaction is rate-limited T " T " '
by the availability of dissociatively adsorbed oxygen. Hence
under these conditions desorption of CO is required to liber
ate empty sites for dissociation of,OComparison of CO
desorption from RfL11),* Rh(110),**° Rh(100),*%%* and
supported Rh-particlé$shows that the rates of CO desorp-
tion are quite similar on these surfaces. So it appears tha
instead of CO oxidation, desorption of CO is structure insen
sitive. Only weak dependence of the adsorption energy o
surface structure of a molecular adsorbate like CO is in line
with theory prediction$>*’ This probably explains the very
similar reaction rates, observed under high-pressure steac
state experiments. This is the regime investigation by
Goodmarf, Oh2 and Peden and co-workefsBowker et al. ; .
studied the reaction under steady state conditions as a fun - Rh(l 1 1)
tion of temperature on both Rhl1) and RK110.* He ob- " 4 20.22 ML: 8.20.17 ML
- 0=0. i 6,=0.

served that the rates were similar at low temperature, bt
different at high temperature, in full agreement with the no-
tion that CQgs dominates the surfaces at lower angy{at
higher temperatures. A similar conclusion can be drawn fron
the experiments by Schwartzt al. for CO oxidation on
Rh(111) and RK100).” For temperatures higher than 600 K,
the CQ formation rate on R{100) was found to be higher
by one order of magnitude than on Rhl), at comparable
reactant pressures.

The major differences between the two rhodium surface:
with respect to CO oxidation investigated here are: - : . : : ' : : :

« At relatively low O-coverage the rate on RI0O is 200 300 400 500 600
roughly an order of magnitude faster than onRH). Struc- Temperature (K)
ture dependence becomes even more pronounced at h'g']%. 8. Selected Coand CO desorption traces from Figs. 2 and 6 for equal
O-coverage, as the rate on @00 becomes about £Gaster  eactant coverages on B8O and R111. Clearly CQ formation goes to
than on RIf111). completion on RILO0 as only a small excess of CO is seen to desorb,

e As Iong as O-atoms are available, all CO oxidizes towhereas on R{11) desorption and oxidation of CO are competing pro-
CO, on RK100); on RK111) CO desorption competes with 3¢
oxidation, as the rate of CO oxidation is comparable to CO

desorption on R{i111). This is demonstrated in Fig. 8. We 0(0,)/p(CO) ratio”° The fact that CO oxidation is faster

exclude (partia) migration of Qg into subsurface sites on on RK100) than on Rii111) is somewhat surprising. In view

Rh(llt]))?s thepchalf[se fqr t.h'S I(E)v.\;ferei selic[t)lwtytt(é 53(3 of the higher heat of adsorption of atoms on more open sur-
recent X-ray Photoemission DiffractiofXPD) study by faces, while the heat of adsorption of CO on different sur-

§ 48 ; - ; - f ]
Wider et al** shows that subsurface sites only become OCtaces of rhodium is not too different, one might have ex-

cupied at elevated temperature and highe@posures, i.e., pected the rate of reaction to be slower on th@0) surface.

when 6o exc_eed_s 0.50 ML. o The fact that this is not so many have to do with differences
:COledatlon on F‘:mgg)j%?'b'ﬁ kmetlc_parameters in the activated complex or transition state for £fOrma-

(Ea=103+5 kJ/mol, v=1 s at 0o=6co—0) tion, on which information for the case on rhodium is not

repregentatlve of a _true elementary SteP’ V\{hereas the C8/ailable, however. In the transition state for CO oxidation
oxidation on RI111) is characterized by kinetic parameters j 4o closest-packed surfaces of Pt and Ru it appears that

— P /.5+1 1 — .
(Ea_§5i_5 _kJ/moI, v=10 S at 00_0'1_6 ML; Oco partial loosening of the oxygen—metal bond gives the highest
—0) indicative for a more complicated reaction sequence. ;o qyiption to the reaction energy barr8rs:it is well pos-

The total coverage of O and CO, achieved when CO igjpje that this step is energetically more favorable on the

adsorbed to saturation on O-precovered surfaces is signifhoo) surface, owing to the different geometry on the more
cantly larger on RfL00) than on RIf111), as shown in Fig. open surface.

7. Whereas the surp+ 6o is approximately constant and
equal to 0.82 ML on R{L00), the total coverage decreases in . _
monotonous fashion from 0.75 ML for fully saturated CO/ B. Different CO , formation channels on Rh (110)

Rh(111) to 0.5 ML for fully saturated O/R{111). Appar- The overview of temperature-programmed Cforma-
ently, no CO molecules can be accommodated within théion from CQgsand Qqsat different initial coverages in Fig.
(2X1)-0O structure on R{111). This is consistent with the 2 reveals several reaction channels. At low coverages of both
observation of inhibition in the COformation on RIi111) CO,and Qg4 CO, forms in a single peak around 450 K.
for high oxygen coverage, at higher temperature and higi\nalyzing this in terms of the straightforward rate equation

RH(lOIO)

6-0=0.21 ML; ¢,=0.16 ML

Desorption rate (a.u.)

Desorption rate (a.u.)




J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 Oxidation kinetics of CO on rhodium 5463

(2), which expresses first-order kinetics in each reactant 6,< 0.25 ML

yieldsE,= 103+ 7 kJ/mol andv=10'27“%7 571, |n particu- A
lar the preexposrlentlal has a yalue characteristic for an el 04445400

ementary step* and hence, it appears reasonable to at- @ <% 4040
tribute the CQ reaction channel at 450 K to a reaction ZORSOREI0RA0)
between species that are randomly distributed across the st ::61:{%:&
face and encounter each other because at least one the re SRESCIIEIEIEIE
tants, in this case CO, diffuses freely over the surface. AECASEAOOE
previous Monte Carlo simulation of ordering phenomena of

NO on RK111) indicated that diffusion of molecules such as FIG. 9. Structural model for the CO oxidation on ®BO0 for initial

NO and CO started to become detectable at much lower tenf c0/erages below 0.25 MUeft) and abovelright) and low fco. For fo

) . <0.25 ML, O-atoms are arranged in loga]2 X 2)-islands and the first CO
peratures of 200 K already, and that diffusion of these molmolecules are probably linearly adsorbed on the bare metal patches, giving
ecules was by far the fastest surface process at temperaturegs to CQ formation between 425 and 450 K. Upon completion of the
above 250 K5_2 Adsorbed atoms diffuse much more sIowa, 0rderedp(2><2)-0 (05>0.25 'ML) structure on_RhLOO), excess O-atoms
o . are arranged in locat(2X 2)-islands and the first CO molecules are ad-

although mobility of O-atoms on ruthenium at room tem- sorbed in a higher bonding geometry in close proximity tgsOrhis gives
perature has been demonstratéd. rise to CQ formation around 350 K.

Considering reaction around 450 K as the reference case
for the limit of low reactant coverage, we see that increasing
the precoverage of O-atoms but keeping the CO coveragthat such surfaces can still accommodate about 0.25 ML of
low (below about 0.10 M) leads to an intrinsically faster CO.
reaction, characterized by a lower activation energy, and a These considerations suggest we have the following re-
preexponential factor that changes only insignificaiflig.  action channels for dsand CQgs0on RH(100):
5). The reason that the reaction goes faster with increasing ¢ Low coverage of @ and CQgs Reaction between
number of oxygen atoms in the low coverage regindg ( isolated species, characterized by a ,ClOrmation peak
<0.25 ML) is probably that the O-atoms enhance the elecaround 450 K.
trostatic potential of the surface with a long range effect that  * #0<<0.25 ML: O,¢spresent locally irp(2x 2) islands,
is similar but opposite in sign as small amounts of alkalireaction of CO adsorbed initially adsorbed on free rhodium
do>* As a result the CO becomes destabilized on the entiréVith O-atoms at the perimeter of these islands,,@@®ma-
surface. This leads to enhanced mobility and, probably alsdion between 400 and 450 K. At higher CO coverages, reac-
reactivity toward O. tion within the islands, between 3(_)0 and 400 K.

In the high coverage regime@§>0.25 ML) the reaction * 60>0.25 ML: Oy present in a complet@(2X2)
rate is probably increased due to repulsive interactions bedtructure, with locally &(2x2) structure. At low CO cov-

tween O-atoms, as evidenced both from TPBingle crystal erage all CQqsis inside thep(2>< 2) and reacts to Cpt?e-
adsorption calorimetry(SCAC),*® and density functional Ween 300 and 400 K. At higher coverages of fDeaction

theory(DFT) calculations”%8This leads to a decrease in the 9¢CUS in thec(2x2), with a sharp C@formation peak at

oxygen binding energy and hence a lower reaction barrier fo??oﬂl](' We l\llvgnder i t?'z pelak II<S _assoua;fteld VIZ'J\? the lifting
CO oxidation. DFT calculations for CO oxidation on noble © € well-doclimented - CIoCKWISE—anticlockwise -recon-

) struction of the RL00) surface upon saturation with
metal surfaces reveal that the most important part of the enx 3, 50_62

ergy barrier for CO oxidation is caused by part|ally4lgo_glsen- The splitting up of the 350 K CeXormation into a lower

ing the O-atom in the transition state for €f@rmation:. : . o
This also explains the observed trend in increasing activit)?nd a higher temperature g@ormation channel with in-

o . . . creasing CO coverage as seen in the right part of Fig. 2 is
for CO oxidation going from lef{Ru) to right (Pd in the 9 g gntp g

o . . . due to depletion of oxygen atoms. &g decreases below the
periodic table, concomitant with the decrease in the OXY9€Ritical coverage of 0.25 ML, CO molecules will segregate to

binding energy. _ the bare metal patches, in-between ¢B&2)-O islands and
Oxygen atoms are known to Qfdef on.(EEt]O) and this  pence reaction proceeds in the lower reactivity channels.
strongly affects the CQ<+O,4sreaction at higher coverages,

as evidenced by Fig. 2. We propose the structural model of o
Fig. 9 to explain some of the observed shifts in the,CO C. Kinetic parameters CO oxidation

formation. For oxygen coverages below 0.25 ML, the  Kijnetic parameters for CO oxidation on different
O,¢satoms arrange in islands @(2x2) geometry® The  rhodium surfaces as measured by various researchers are pre-
first CO molecules will adsorb on the free metal patches, agented in Table I. As we have stated before, there is large
CO prefers to bind linearly, as has been observedcatter in the kinetic data for Rtl1). This can partly be
experimentally’® When the free metal is filled, additional explained by different reaction conditions. Under high pres-
CO has to penetrate the O-islands. According to Fig. 7, thisure conditions, when the surface is almost completely cov-
is well possible on the Ri00 surface. However, for Qs  ered by CO and the rate is limited by the availability of O,
coverages above 0.25 ML, the atoms in excess of 0.25 Mlthe activation energy amounts to ca. 110 kJ/fM8E°Impor-
occupy centered positions in ti@x2) cell and atd,=0.5 tantly, the preexponential factor is*0s ! in all cases, sug-

ML the c(2X 2) structure is complet®. Figure 9 indicates gesting that this is indeed an elementary step. These kinetic

6> 0.25 ML

+0+0+0+0

(ORI 2
*0‘0*6*0 Local

4 4 4 $CO4 ¢ ¢ QP
RXORAORIAORHAOR O-islands
@O+ +4+4+90

+0+0+0+:0
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TABLE I. Kinetic parameters for CO oxidation on Rh-surfaces.

E. v
Surface Method (kJ/mo) (s Conditions Ref.
Rh(111) UHV conditions, 655 10751 Low 6q; low O¢o This
TPD (leading edgg 80+6 10+0+05 High 6o ; low fco work
UHV conditions 102-2 1023203 High 6o ; low co 9
Molecular beam reactive
scattering
10-300 mbar, steady 106 o Low 6q; high 6o 6, 10
state CQ production
10-300 mbar, steady 88 - T<425K 7
state CQ productions
UHV conditions, 188 - Low 6q; low fco 4
TPD (isostere analysjs 117 - High 6o ; low 6co
Rh(112) 10-300 mbar, steady 121 o Low 6 ; high 6o 8
Rh/Al,O4 state CQ production 126 18 Low 6o ; high 6o
Rh-wire Kinetic modeling 60 1% High 65 ; low 6o 19
105 1099 Low 6o ; high fco
RNh(110 Molecular beam 71 10 Low 6o ; high 6o 14
Kinetic modeling
Rh(100) UHV conditions, 10%5 102707 Low 6q; high 6co This
TPD (leading edge 75+8 10t+12 High 6o; low 6o work

parameters most probably reflect the kinetics of CO desorpmight also provide a good explanation for why the activation
tion from a CO-saturated surface as this frees up empty sitesnergy is apparently lower on Ri.1) than on RI100).
necessary for the adsorption of oxygen. Steady-state experi-
ments consider the overall reaction mechanism; €0,
—C0,4, and thus they are not very informative with respecty, concLUSIONS
to surface reaction step Gt Oygs—CO,g+2*. TPD ex-
periments only reflect the latter step, as the reactants are We have used Temperature-Programmed Reaction Spec-
preadsorbed. Our experiments indicate that oxidation of CQroscopy to monitor the reaction between Ggand Qg 0n
in the low coverage limit on RA00) is an elementary step, two different Rh-surface<;100) and(111). We find that ap-
whereas on RH.11) it is not. This is most probably due to a plication of coverage-corrected leading-edge analysis, i.e.,
nonhomogeneous distribution of the adsorbates ofi Rl plotting the natural logarithm of the desorption rate divided
Mixed structures of CO and O on RI11) are only observed by the actual coverages of the reactants versiis Wbrks
when the O-atoms are well-order&c?®However, in the ab- remarkably well to analyze the TPD spectra and to determine
sence of a well ordered O-overlayer, segregation of the read¢he kinetic parameters. The main results from this work are:
tants in islands is reportédThis implies that CO oxidation » Oxidation of CO on rhodium surfaces is a structure
on RH111) cannot be described by the simple Arrhenius-sensitive  reaction. The  surface reaction  step
equation(1), as reaction only occurs along the island perim-CO,gst 0,35~ CO, 4 is intrinsically faster on R{100) than on
eters. Surprisingly, this does not seem to occur on the morBh(111).
open RI100 surface, although formation of O-islands has ¢ As a consequence, selectivity to €@ generally
been reported® Surface structure might play a decisive role higher on R(100). On RH100) reaction between CQ,and
in this issue, as the absolute atom-density or{1R@ is  O,4sgoes to completion, whereas on (Rh1) oxidation and
lower. This would imply that the oxygen structures on desorption of CO are competing channels.
Rh(100) are more open than on RiL1) at equal coverage. At low CO coverage, CO oxidation is an elementary
Possibly, this enables CO to penetrate more easily within thetep on RKL00) for a broad range of oxygen coverages. We
oxygen structures on Rb00), whereas restricted mobility of report kinetic parametersE,=103+5 kJ/mol and v
CO on RI{111) prevents CO to mix within O-islands. Thisis =1027%"for 5= 6c5—0.
in agreement with Fig. 7. e The activation energy for CO oxidation on @00

We cannot, however, rule out that the CO oxidation oncontinuously decreases with increasing O-coverage. At low
Rh(111) is dominated by steps as recently was found to becoverage §5<0.25 ML) we attribute this to destabilization
the case for the dissociation of,ldn Ru0001).%% This would  of CO, leading to an increase in the C@rmation rate. At
also lead to a low value of the preexponential factor, and ihigher coverage §o>0.25 ML) O-atoms become destabi-
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lized as well, as lateral interactions between O-atoms com&A. J. Jaworowski, A. Beutler, F. Strisland, R. Nyholm, B. Setlik, D. Hes-
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