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Metal and metal oxide surfaces are the most common surface N cus-CO  cus-metal
on which reactions occur in heterogeneous catalysis. Thus, to | Dbridge0 / <0
understand the reactivity of these surfaces and the differences 'Z , > J d
between them is of paramount importance. Our concern here is to . Qo @ :

obtain such an understanding from CO oxidation. i
CO oxidation is often used as a model system to understand Y
catalysis due to its simplicity. Since the pioneering work of pLt | 1 &
Langmuirl CO oxidation under both real and ultrahigh vacuum " el v
(UHV) conditions has been extensively studfeéiRecently, some (a) v ' 5 Y (b){ b AP ,-.m,;’
excelllent experimental works haye provided new insight into this Figure 1. The geometrical structures of TSs of GO0 — CO, on metals
reaction®12 Using several techniques, Ertl and co-workers have and metal oxides. The yellow ball represents the metal atom, the gray ball
obtained strong evidence for a new mechanism for CO oxidation represents C, and the red ball represents O. (a) Top view of the structure of
on Ru(0001), that under Dich conditions and moderate temper-  the T?‘ Of” mﬁtﬁls (Rh, Pd,blr, '?(tj) (on RUfaEd Os, the bop?ﬁs—cﬂ:o are |
atures, Ru(0001) is first oxidized into Ru@10) and CO oxidation gx%rets e(incscet:oaoé\ilf?gfe?t. f/igvf'oft‘é'eev¥_§ gneﬂ?g‘#ig:gf gxit d:;)-_s on meta
actually occurs on Rug110)1° More recently, Hendriksen and
Frenken carried out a study of CO oxidation on Pt(110) in a high- Table 1. Calculated Reaction Barriers of CO + O — CO; on
pressure flow reactdf They demonstrated that the oxidized Pt Metals and Metal Oxides*
surface is more reactive than pure Pt for CO oxidation. Very 4d

recently, Reuter and Scheffler carried out a detailed DFT study of metal Ru(0001) Rh(111) Pd(111)
CO oxidation on Ru@110)13 They examined two reaction g?lr)g?rri«(a?\(/gV) égg é% ggé
pathways: (i) the chemisorbed CO (cus-CO) reacts with a lattice  oc—0 distance (A) 175 184 1.90
bridge-O (see Figure 1), and (ii) the cus-CO reacts with an adsorbed metal oxide Ru@110) RhQ(110) PdQ(110)
O atom on a cus-Ru atom (cus-O) (see Figure 1). They found that barrier (eV) A 0.66 0.22 0.03
the first reaction barrier is high, similar to that obtained by Liu, ~©C~O distance (A) 1.80 2.07 2.46
Hu, and Alavil4 while the second barrier, 0.89 €%2is much lower 5d
than that on Ru(000Z#°which is consistent with the experimental [)naertr?e' (V) ?S%(fom) lr(21911) g t%ll)
findings and thus appears to be the pathway for CO oxidation on R parrier (ev) 0.80 059 0.09
RuQ,(110). OC—O0 distance (A) 1.77 1.84 2.02
Although a new mechanism for CO oxidation has been identified Bﬁetal O(Xit\ig figﬂlo) |[)Oé(1110) Pé%(sllo)
: : : arrier (e . . .
by both experimental and theoretical works, there are still two 0C-0 distance (A) 171 185 a4

fundamental issues remaining to be tackled: (i) Is it generally true
that the activity of metal oxide is higher than that of the
corresponding metal for CO oxidation? (ii) If the answer is yes,
what is the origin of the activity increase from metals to metal
oxides? Aiming to answer these two questions in this work, we  First, we determined the most stable initial state (IS) for the
systematically studied CO oxidation on Ru(0001), Rh(111), Pd- co + O coadsorption system on each surface. On all of the metal
(1?1)’ Os(0001), Ir(111), PY(111), and their corresponding metal surfaces, the ISs are similar: CO is on the top site and O is on
Zzgjﬁéﬁi%g)lﬁ?;’hizlg(;elg)(;t:gteéitlgg’rniss?r(ulcltg)r’elsr%f(ileot));(i des either the fcc hollow site (Rh, Pd, Ir, Pt) or the hcp hollow site

) (Ru, Os). Similarly, the ISs on the metal oxides are also alike, with

may not be ones in real catalysis: The structure of Pd oxide has . } )
our calculations showing that the top site of cus-M atom €M

not been well defined experimentally. However, this will not affect i
the main purpose of this work, identifying general reactivity trends RY» Rh, Pd, Os, Ir, and Pt) is favored by both CO and O. We then
located the TS for COF O reaction on each surface. We found

on the metals and their metal oxides.
In this study, total energy calculations using the DFT-slab that all of the TSs on the metal surfaces are alike (Figure 1a) and
approach with GGA-PBE functional and plane wave basis set were all of the metal oxides possess similar TSs (Figure 1b), too. The
performedt>2 Ultrasoft pseudopotentials were used to describe the important structural parameters of the TSs are listed in Table 1.
ionic corest®® The surfaces were modeled by four layers of metals The reaction barriers are also listed in the table. It shows clearly
and nine layers of metal oxides (details in ref 16). that the barrier on each metal oxide is significantly lower than that
on the corresponding metal surface. These results indicate that in
general the metal oxides are indeed more reactive than their

aR-barrier refers to the reduced barrier as defined in the text-OC
distances are the bond lengths at the TSs.
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Figure 2. Reaction barrier as a function of the total chemisorption energy
(CO and O) in the IS for 4d metals and their oxides (a), and 5d metals and
their oxides (b).
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corresponding metals for CO oxidation. The calculated results on rigyre 3. Reaction barrier as a function of the 0 distance in the TS.
Ru and Pt are also consistent with recent experimental observa-The solid line is a first-order exponential decay curve viterbeing 0.96.

tions10.11

To understand these results, we carried out detailed amalyses.diStance of OC-O. Therefore, the stronger the G@etal and the

First, we found that there is a relationship between the total O—metal bonding, the shorter the GO distance, and the higher

chemisorption energy of CO and O in the IS and the barrier, as
shown in Figure 2 (4d metals and metal oxides in Figure 2a and
5d metals and metal oxides in Figure 2b). It can be seen that the
stronger the chemisorption is in the IS, the higher the barrier.
Therefore, one may expect that the increased reactivity of metal
oxides as compared to their corresponding metals is simply due to
the fact that the CO and O bond less strongly on the oxide than on

the metal. However, this explanation is not complete; the total bgrners) _f°”°W a general pattern: ) : )
distance is at the TS, the higher the barrier. Finally, it should be

emphasized that metal oxides may well form in other reactions
under elevated pressure conditidf8? Thus, the results reported
here are of general significance, not only for CO oxidation but also
for other reactions.

chemisorption energy of the IS on OgfD10) is slightly higher
than that on Os(0001), but the barrier on Q&Q0) is still much
lower. Careful examination of the IS and the TS structures reveals
that there is an additional reason (maybe more fundamental) for
the high reactivity of metal oxides. From Figure 1, one can see
that on metal oxides the O atom is on the top site of a cus-metal

the barrier is.

In summary, this work represents a systematic theoretical study

of CO oxidation on metals and metal oxides. We show that the
barriers on metal oxides are generally lower than their corresponding
metals for CO oxidation and the higher activity of metal oxides is

attributed mainly to the surface geometric effect. We also illustrate
that the barriers from both metal oxides and metals (reduced

the shorter the-@Chbond
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on the hollow site, while it is activated from the hollow site to the
bridge site in the TS. This means that an extra energy cost, the
activation for the O atom to move from the hollow site to the bridge

site, is counted in the barrier on the metal surfaces as compared to

that on the metal oxides. Indeed, if we decompose the CO oxidation
on metals into two steps, (i) the O atom moves from the hollow
site to the bridge site, and (ii) the CO and the O move together to

achieve the TS, the energy cost from the second step, the so-called

reduced barrier in Table 1, is then comparable to the barrier on the
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